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NASA's Plankton, Aerosol, Clouds, ocean Ecosystem (PACE) satellite mission is
scheduled to launch in 2022, with the Ocean Color Instrument (OCI) on board. For the
first time reflected sunlight from the Earth across a broad spectrum from the ultraviolet
(UV: 350 nm) to the short wave infrared (SWIR: 2260 nm) will be measured from a single
instrument at 1 km spatial resolution. While seven discrete bands will represent the
SWIR, the spectrum from 350 to 890 nm will be continuously covered with a spectral
resolution of 5 nm. OCI will thus combine in a single instrument (and at an enhanced
spatial resolution for the UV) the heritage capabilities of the Moderate resolution Imaging
Spectroradiometer (MODIS) and the Ozone Monitoring Instrument (OMI), while covering
the oxygen A-band (O2A). Designed for ocean color and ocean biology retrievals, OCI
also enables continuation of heritage satellite aerosol products and the development of
new aerosol characterization from space. In particular the combination of MODIS and
OMI characteristics allows deriving aerosol height, absorption and optical depth along
with a measure of particle size distribution. This is achieved by using the traditional
MODIS visible-to-SWIR wavelengths to constrain spectral aerosol optical depth and
particle size. Extrapolating this information to the UV channels allows retrieval of
aerosol absorption and layer height. A more direct method to derive aerosol layer
height makes use of O2A absorption methods, despite the relative coarseness of
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the nominal 5 nm spectral resolution of OCI. Altogether the PACE mission with OCI
will be an unprecedented opportunity for aerosol characterization that will continue
climate data records from the past decades and propel aerosol science forward toward

new opportunities.

Keywords: aerosol, oxygen A-band, hyperspectral, PACE, remote sensing, UV

INTRODUCTION AND OVERVIEW

Uncertainty in Understanding Aerosol

Processes

Aerosols contribute the largest uncertainties in estimating climate
forcing (Boucher et al., 2013). Reducing these uncertainties
requires knowing global aerosol concentrations and distribution,
and aerosol chemical, physical and optical properties. We also
need to understand how aerosols affect other atmospheric
constituents, especially clouds (Boucher et al., 2013). The process
in which aerosols modify clouds to affect Earth’s energy budget
is still poorly understood (Rosenfeld et al., 2014a; Seinfeld et al.,
2016; Fan et al., 2016). Even more uncertain is how aerosol-cloud
interaction affects precipitation onset and amount, influencing
floods, droughts and the availability of fresh water (Andreae and
Rosenfeld, 2008; Tao et al., 2012; Rosenfeld et al., 2014b).

The challenge to understanding these processes lies within
the multiple pathways that aerosols, clouds and Earth’s energy
balance intertwine (Koren et al., 2008; Stevens and Feingold,
2009; Morrison and Grabowski, 2011; Altaratz et al., 2014).
Aerosols can act as cloud condensation nuclei (CCN) or as ice
nuclei (IN), which means that variation on the concentrations or
composition of aerosols can exert an influence on cloud evolution

Abbreviations: AATSR, Advanced Along Track Scanning Radiometer; ABI,
Advanced Baseline Imager; AERONET, Aerosol Robotics Network; Al, Aerosol
Index; AirMSPI, Airborne Multiangle SpectroPolarimetric Imager; ALH, aerosol
layer height; AOD, aerosol optical depth; AVIRIS Airborne Visible InfraRed
Imaging Spectrometer; BRE, bidirectional reflection function; CALIOP, Cloud-
Aerosol Lidar with Orthogonal Polarization; CALIPSO, Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations; CCN, cloud condensation nuclei; CPL,
Cloud Physics Lidar; DOAS, differential optical absorption spectroscopy; DoF,
degrees of freedom; DSCOVR, Deep Space Climate Observatory; DT, Dark Target;
EPIC, Earth Polychromatic Imaging Camera; FME fine mode fraction; GOES,
Geostationary Operational Environmental Satellite; HICO, Hyperspectral Imager
for Coastal Ocean; IN, ice nuclei; IR, InfraRed; LUT, Look Up Table; M_C6,
MODIS Collection 6; MAIAC, Multi-Angle Implementation of Atmospheric
Correction; MAP, multi-angle imaging polarimeters; MERIS, Medium Resolution
Imaging Spectrometer; MISR, Multi-angle Imaging SpectroRadiometer; ML_M,
MODIS-Like applied to MODIS inputs; ML_V, MODIS-Like applied to VIIRS
inputs; MODIS, Moderate Resolution Imaging Spectroradiometer; MSI, Multi-
Spectral Instrument; NASA, National Aeronautics Space Administration; NIR,
Near InfraRed; O2A, oxygen A-band; OCI, Ocean Color Instrument; OCO,
Orbiting Carbon Observatory; OLCI, Ocean and Land Color Instrument; OMI,
Ozone Monitoring Instrument; OMPS, Ozone Mapping and Profiling Suite; PACE,
Plankton, Aerosols, Clouds, Ocean Ecosystems; PARASOL, Polarization and
Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations
from a Lidar; PM, particulate matter; POLDER, Polarization and Directionality
of the Earth’s Reflectance; RMSE, Root Mean Square Error; SLSTR, Sea and Land
Surface Temperature Radiometer; SPEXone, Spectro-Polarimeter for Planetary
Exploration-1; SSA, single scattering albedo; SWIR, Short Wave Infra Red;
TANSO-CAI, Thermal And Near infrared Sensor for Carbon Observation -
Cloud and Aerosol Imager; TOA, top of atmosphere; TOMS, Total Ozone
Mapping Spectrometer; TropOMI, Tropospheric Ozone Monitoring Instrument;
UV, ultraviolet; VIIRS, Visible Infrared Imaging Radiometer Suite.

through a microphysical path (Koren et al., 2008; Altaratz et al.,
2014). Observational and modeling studies have found a myriad
of resulting changes in clouds linked to changes in aerosols
via this microphysical path including changes to cloud albedo,
cloud macrophysical properties, cloud “lifetime;” lightning and
precipitation (Twomey, 1977; Albrecht, 1989; Kaufman and
Nakajima, 1993; Rosenfeld and Woodley, 2001; Kaufman et al,,
2005a; Khain et al., 2005; Koren et al., 2005, 2010, 2012; Rosenfeld
etal., 2008; Li et al., 2011; Van den Heever et al., 2011; Yuan et al.,
2011, 2012; Shi et al., 2014). Furthermore, because aerosols alter
radiative absorption and scattering they can change atmospheric
heating rates that will affect atmospheric stability and surface
heat fluxes, which in turn affect cloud formation and evolution
(Johnson et al., 2004; Koren et al., 2004, 2008; Feingold et al.,
2005; Kaufman and Koren, 2006; Altaratz et al., 2014; Shi et al.,
2014). We also know that aerosol-cloud interaction is a two-way
street. Clouds can produce aerosols via nucleation in aqueous
chemistry (Eck et al, 2014), and clouds can remove aerosols
from the atmosphere through wet deposition (Chin et al., 2000).
These intertwined processes occur in regimes that span 12 orders
of magnitude from the microscale (aerosols ~0.1 pm) to the
synoptic scale (global ~10° km). Mapping and understanding
cloud, aerosol and energy balance processes across 12 orders of
magnitude of spatial scale is required to fully understand today’s
climate. The next challenge is to understand how these processes
will evolve in a future changed climate.

In addition to their role in climate and hydrological processes,
aerosols pose a serious global health threat. Particulate matter
(PM) and aerosols that pollute ambient air are a major global
cause of death and disease, having been found responsible
for 3.2 million deaths per year as well as being the 9th
leading risk factor for premature death globally (Lim et al,
2012). The relative toxicity of specific PM types — components
having different size and chemical composition—is still poorly
understood (Franklin et al., 2017). However, it has been
shown that smaller (sub-micron) particles could be especially
harmful since they can penetrate deeper into the lung (Franck
et al, 2011). Aerosol particles can be lofted far from their
sources and even transported across oceans to other continents
(Kaufman et al., 2005b; Yu et al., 2012, 2013). Therefore,
air pollution mitigation is a global problem because local air
quality can be affected by sources far upwind. Some aerosols
contain valuable minerals needed by terrestrial and marine
plant life and, therefore, the transport and deposition of these
aerosols can be an important source of micronutrients for
otherwise nutrient-limited biomes (Jickells et al., 2005; Yu et al.,
2015), or modify ocean chemistry and impact ocean biology
(Tto et al., 2016).
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An Integrated Approach to

Characterizing Aerosol

An integrated approach is required to achieve sufficient
understanding of the processes that aerosols affect. The approach
requires modeling at all scales and observational data to inform
and constrain these models. In situ data collection provides
indispensable information about aerosol composition and
detailed particle properties, but is limited to the surface layer or is
brought aloft by infrequent aircraft or balloon sampling. Ground-
based remote sensing observations such as the AERONET
(Holben et al., 1998), other sun/sky radiometer networks, and
lidars provide frequent measures of total column or vertically
resolved aerosol properties However, these instrumented stations
are typically limited geographically to continental land masses
of wealthy countries, hence leaving the developing world and
much of the world’s oceans undersampled (Knobelspiesse et al.,
2004; Smirnov et al., 2009). Global statistics are beyond reach
of these ground, aircraft or balloon observational systems, and
models would be under-constrained if relying only on ground
or suborbital observations. Only space-based remote sensing
provides relatively frequent and consistent observations of the
total atmospheric column.

Satellite Aerosol Remote Sensing Since
2000 With Imaging Spectro-Radiometry

Since the launch of Terra and the A-train constellation of satellites
starting at the end of 1999, aerosol remote sensing reached a
new era. The MODerate resolution Imaging Spectroradiometer
(MODIS) and Multiangle Imaging SpectroRadiometer (MISR)
on Terra, MODIS on Aqua, Ozone Monitoring Instrument
(OMI) on Aura, Medium Resolution Imaging Spectrometer
(MERIS), Sentinel-3 Ocean and Land Color Instrument (OLCI),
Sentinel-2 Multi-Spectral Instrument (MSI), Polarization
and Directionality of the Earths Reflectance (POLDER)
on the Polarization and Anisotropy of Reflectances for
Atmospheric Sciences coupled with Observations from a
Lidar (PARASOL) and Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) on Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations; have combined to provide
an unprecedented view of the global aerosol system. Focusing
on passive remote sensing from radiometers, algorithms have
extracted information from spectral measurements in the visible
and shortwave infrared (SWIR) portions of the spectrum (i.e.,
MODIS), from spectral measurements in the ultraviolet (UV)
portion of the spectrum (i.e., OMI and the earlier Total Ozone
Mapping Spectrometer (TOMS) instrument from which OMI
draws its heritage), and from multi-angular measurements
in the visible and near-infrared (NIR) [i.e., MISR, Advanced
Along Track Scanning Radiometer (AATSR) and POLDER].
Algorithms have also extracted information from multi-angular
measurements of polarized reflectance in the visible (POLDER),
but discussion of polarimetry is outside the scope of this review
and will be covered in a companion paper by Remer et al. (2019),
hereafter referred to as “Part 2.” The different information
acquired by these different satellite sensors has enabled the
community to produce reliable measures of total column

ambient aerosol loading (aerosol optical depth - AOD) over a
variety of land types and over the ocean (Boucher et al.,, 2013;
Myhre et al., 2013), and even recently AOD in the column above
clouds (Torres et al.,, 2012; Jethva et al., 2013, 2014a,b, 2016;
Meyer and Platnick, 2015; Sayer et al., 2016). In addition, space-
based measurements have produced information on aerosol
microphysical properties: particle size parameter (Remer et al.,
2005), single scattering albedo (SSA) (e.g., Jethva and Torres,
2011; Torres et al., 2013), particle non-sphericity (deviation from
spherical shape, e.g., Kalashnikova and Kahn, 2006; Kalashnikova
et al., 2013), and combinations of size, absorption and shape
to categorize aerosol type (e.g., Kahn and Gaitley, 2015). Note,
however, that, despite the unprecedented view from space,
uncertainties remain because these retrievals are fundamentally
underdetermined, contributing to large differences among
satellite products in regional and seasonal patterns. Additionally,
differences and uncertainties in calibration, sampling, cloud
screening, treatment of the surface reflectivity, and aerosol
retrieval algorithms contribute to overall retrieval uncertainty
(e.g., Li et al., 2009; Kokhanovsky et al., 2010).

Limitations of Current Aerosol Satellite

Remote Sensing

The information content of a single-look multispectral or
hyperspectral sensor such as MODIS or OMI is limited, especially
when neither spans the entire solar spectrum. MODIS does
not measure in the UV, while OMI measures in the UV, but
misses all wavelengths longer than 500 nm. In addition, OMTI’s
13 km x 24 km footprint makes quantitative aerosol retrievals in
all but the most cloud-free situations impossible. Both MODIS
and OMI standard aerosol retrieval algorithms must rely on
a series of assumptions in order to retrieve AOD and any
other aerosol property. Multi-angle measurements of the same
scene such as MISR or AATSR increase the information content
because the instrument becomes sensitive to a wider array
of aerosol properties with fewer assumptions. Even so, MISR
and AATSR still are limited to determining “aerosol type,” a
qualitative constraint based on a combination of size, absorption
and shape. Aerosol type, while important for a wide range
of applications, is not the same as determining quantitative
particle properties such as size distribution, SSA or complex
refractive index.

For retrieving these quantitative particle properties from
space even more information is needed, such as with a
multi-wavelength, multi-angle polarimeter of sufficient accuracy,
wavelength range and resolution (Mishchenko et al, 2004;
Cairns et al., 2010; Knobelspiesse et al., 2012; Kokhanovsky,
2015). Such instruments will be discussed more fully in Part 2
(Remer et al., 2019).

New contemporary algorithms applied to the traditional
sensors are enhancing aerosol retrieval capabilities despite the
inherent limitations. For example, an advanced type of algorithm
only now making its way toward operations is a multi-pixel
algorithm called the MAIAC (Lyapustin et al., 2011). MAIAC
requires multiple days of views of the same scene in order to
constrain surface reflectance for the aerosol retrieval. At the
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beginning of the MODIS era 18 years ago, holding onto a week’s
worth of information at each pixel would have overwhelmed
computer resources. In addition to computer resources, some
algorithmic options require a data base containing, for example,
spectral surface reflectance characteristics to be acquired for
a particular sensor and then used in the operational forward
processing stream. Thus, these algorithms generally are not
optimal at launch and only achieve high accuracy and precision
after the statistics of the data base have been acquired. The
Deep Blue family of algorithms is an example of this type of
algorithm (Hsu et al., 2004, 2013). For some purposes waiting for
an algorithm to mature is entirely appropriate (e.g., accumulating
long-term data records, offering constraint on aerosol and
climate models). For other purposes such as near real-time
hazards warning and other aerosol air quality applications, at-
launch algorithms are highly desirable.

Single-view radiometers (e.g., MODIS and OMI) have
provided decades of insight into the global aerosol system and
new observational methods to constrain estimates of climate
change (Boucher et al, 2013), study aerosol-cloud interaction
(Koren et al., 2005, 2010, 2012), follow intercontinental transport
of particles (Yu et al,, 2012, 2013) and improve particulate air
pollution forecasts (Al-Saadi et al., 2005). Enhancement to these
heritage capabilities using single-view radiometry, even at launch,
is possible, despite the limitations of the viewing geometry and
lack of polarization information, but will require sensors that
measure in additional wavelengths, cover a broader spectral range
and/or at a finer spectral, spatial or temporal resolution.

Outline

This paper explores the potential for aerosol remote sensing and
characterization in the PACE era, primarily from the OCI that
has been designed to continue and even enhance heritage aerosol
algorithms over both ocean and land. Section “Aerosol Remote
Sensing for the PACE Mission” begins with a brief description
of the PACE observatory, the two types of instruments on the
observatory and the possibility for remote sensing of aerosols
from the observatory. This is followed by discussion on the
abilities and challenges of adapting current aerosol algorithms
to OCI measurements in order to continue heritage aerosol
time series beyond the lifetimes of today’s sensors and missions.
Section “Advances Beyond Heritage. 1: Broad Spectral Range

Retrievals From OCI” explores the potential of using OCI’s broad
spectrum from the UV to the SWIR to retrieve an enhanced
set of aerosol characterization products. These products include
spectral AOD, a measure of particle size, SSA and aerosol layer
height (ALH). Section “Advances Beyond Heritage, 2: Oxygen
A-band Information Content on Aerosol Profiling” describes
advances beyond heritage remote sensing by exploring the
possibilities of retrieving ALH by capitalizing on OCI’s 5 nm
spectral resolution through the oxygen A-band (O2A). In Section
“Advances Beyond Heritage, 2: Oxygen A-band Information
Content on Aerosol Profiling,” we also broach the possibility
of improved aerosol profile retrievals from the combination of
multiangle observations in the O, A-band. Part 2 of this study
(Remer et al., 2019) explores this in more detail. Finally in
Section “Discussion and the Path Forward,” we discuss the results,
identify the gaps that still exist before OCT’s full potential as an
aerosol instrument can be realized, and provide suggestions for
the path forward.

The algorithm concepts presented in this paper illustrate the
potential for aerosol remote sensing from OCIL. These concepts
are not the official, operational, set of algorithms as these will
require additional vetting. The focus of this paper is OCIL. For
further analysis of PACE aerosol remote sensing with multi-angle
and polarimetry, we refer the reader to the companion paper in
this same issue (Remer et al., 2019).

AEROSOL REMOTE SENSING FOR THE
PACE MISSION

The PACE mission offers the aerosol community new
opportunities for retrieving and characterizing aerosol from
space. There are two levels of opportunity based on the two types
of instruments the mission intends to fly. First there is OCI (Del
Castillo et al., 2012) that will measure reflected sunlight from the
Earth across the broad spectrum from the UV (350 nm) to the
SWIR (2250 nm) all at nominally 1 km spatial resolution. The
spectrum from 345 to 890 nm will be spectrally continuous with
a spectral resolution of 5 nm, while the SWIR wavelengths will
be measured in seven discrete bands. Opportunities from OCI
will be based on the heritage of products already being produced
from similar instruments such as MODIS and OMI. Table 1

TABLE 1 | Instrument specifications for MODIS, OMI, and OCI.

MODIS

OMI OocClI

UV to NIR bands 0.41, 0.44,0.47, 0.49,
0.53, 0.55, 0.55, 0.66,
0.67, 0.68, 0.75, 0.85,

0.87,0.91, 0.94, 0.94 pum

1.24,1.68, 2.13, 3.7, 3.9,

3.9, 4.05, 4.46, 4.5, 1.38,
6.6,7.2,85,9.7, 11.0,

12.0,13.2, 13.6, 14.1 um

2330 km
2 days

0.25, 0.5, and 1 km

SWIR to Thermal infrared

Swath width
Global coverage
Ground pixel

Hyperspectral continuous
0.264-0.504 um

Continuous 0.345-0.89 um
plus discrete bands at 0.94

and 1.04 pm

None 1.25,1.38,1.62, 2.13,
2.25 um

2600 km 2660 km

1 day 1 -2 days

13 x 24 km 1 km
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compares the characteristics of MODIS, OMI and OCI. At the
very least OCI will be able to continue the aerosol record begun
from MODIS and OMI, providing opportunity to collocate and
compare with similar aerosol algorithms applied to the Visible
Infrared Imaging Reflectance Suite (VIIRS) and the constellation
of geosynchronous satellites planned for the PACE time frame
[Advanced Baseline Imager (ABI) on Geostationary Operational
Environmental Satellite — Series R (GOES-R), etc.]. In addition to
continuity, aerosol science from PACE OCI will advance beyond
the capabilities provided by heritage instruments because OCI
offers moderate spatial resolution in the UV region and fine
spectral resolution through the oxygen-A band.

The second type of PACE instrument will be a pair of multi-
wavelength, Mulit-Angle Polarimeters (MAPs). The PACE MAPs
have the high potential to push beyond traditional limitations in
characterizing aerosol retrievals with new capabilities that include
retrievals of particle size distribution, complex refractive index,
SSA, aerosol height distribution and simultaneous retrievals of
aerosol properties with surface (ocean and land) reflectance
(Waquet et al., 2009; Chowdhary et al., 2012; Xu et al., 2016, Xu F.
et al., 2017; Gao et al., 2018; Stamnes et al., 2018).

Aerosol products for the PACE mission will be derived from
OCI alone and from the MAPs alone. However, there is also
opportunity to develop and use advanced algorithms that make
use of all instruments in synergy. PACE aerosol products will
at minimum, match aerosol products currently available from
the OMI, MODIS and VIIRS sensors, and include the UV
aerosol index (AI), spectral AOD over land and ocean, and
fine mode fraction (FMF) over ocean. The FMF is a measure
of the relative effect that this mode has on the reflectance
at top-of-atmosphere as compared with the effect of the total
aerosol of all sizes on the reflectance (Remer et al., 2005).
Note that in the MODIS aerosol context the fine mode refers
to a lognormal particle size distribution with effective radius
less than 0.5 pwm. Advances from this minimum set will
depend on algorithm development as applied to OCI and the
PACE polarimeters.

Masking and Other Preliminary

Necessities

Fundamental to any aerosol retrieval is the need to identify scenes
applicable for useful retrievals. This process, called masking,
includes identifying and excluding scenes containing clouds,
snow/ice, sun glint, and more from retrievals. In the PACE
mission some masking will improve, others will be worse,
while some will remain essentially the same as heritage aerosol
algorithms. With the added information content for PACE,
some retrievals that would have been masked for the heritage
algorithms, may be able to proceed. For example, aerosol
retrievals above clouds and otherwise unfavorable surfaces
may be possible.

OCI lacks thermal infrared (IR) observations, which in terms
of clouds, will lead to a degraded cloud masking capability
compared to heritage MODIS and VIIRS datasets. However,
compared to heritage OMI/TOMS-alone datasets, improved
spatial resolution and expanded wavelengths into the SWIR

will allow for significantly improved cloud masking. The OCI
1.38 wm channel is especially important for detecting thin cirrus
clouds. In addition, the 1.38 pwm channel may offer possibilities
for “correction” rather than blunt masking by removing the net
radiative effect of the cirrus in an adjustment of the measured
top-of-atmosphere radiances, and then using those previously
cirrus-affected pixels to derive information about the aerosol
and/or surface beneath. Furthermore, the pair of SWIR channels
centered at 2.135 and 2.25 pm will provide information on
cloud thermodynamic phase unavailable from previous sensors
(Coddington et al., 2017).

Masking is also typically required to remove the impact of
the direct and diffuse solar radiation reflected by the sea surface
and other sea surface features that can significantly enhance NIR
and SWIR. Highly scattering non-aerosol targets on the ocean
surface include whitecaps, foam and bubbles, sea ice, floating
vegetation, high calcite waters, high sediment waters, optically
shallow waters (e.g., with bright coral or sand) and regions
with concentrated floating plastics (Frouin et al., 1996; Li et al,,
2003; Marmorino and Smith, 2005; Balch et al., 2011; Dierssen
et al., 2015; Fogarty et al., 2017; Garaba and Dierssen, 2018;
Garaba et al,, 2018; Perry et al.,, 2018). The most widespread of
these is enhanced reflectance due to the production of whitecaps
that occur over vast regions of the global ocean, particularly
in the Southern Ocean (Albert et al, 2016). The heritage
approach to mask whitecaps uses wind speed measurements to
estimate the whitecap fraction, but such relationships are only
climatological and do not predict instantaneous whitecap fields.
Moreover, new measurements of whitecaps indicate that they
have more spectral features across the visible to SWIR and new
approaches are being tested to predict their contribution to
at-sensor radiance without the reliance on climatological wind
speeds (Dierssen, 2019). It is expected that improvements in
assessments of wave conditions and whitecap fraction will help
constrain the large uncertainty in emission fluxes for sea spray
aerosols (Albert et al., 2010).

OCI Continuation of TOMS/OMI Heritage

OCI, like OMI, is a hyperspectral resolution imager with
continuous spectral coverage at 5 nm spectral resolution that
spans a wavelength range from the UV into the NIR. From
an aerosol retrieval perspective OCI is an improvement on
OMI as its spatial resolution will nominally be 1 km instead of
13 km x 24 km, and its continuous spectral range extends to
885 nm, while OMI’s ends at 500 nm. However, OCI’s spectral
resolution of its contiguous channels is 10 times coarser than
OMTI’s in the UV and visible.

The TOMS/OMI heritage products include both the
qualitative UV Al (Herman and Celarier, 1997; Herman et al.,
1997) and the quantitative suite of aerosol characteristics that
include extinction AOD and SSA at 380 nm (Torres et al., 1998,
2002, 2005, 2007). The quantitative OMI aerosol retrieval fits
two measured UV channels to the values of pre-computed
reflectances stored in a Look Up Table (LUT). Aerosol type
and layer height are constrained from ancillary information,
leaving the algorithm to choose between different values of AOD
and aerosol absorption (Torres et al., 1998, 2002, 2007). In the
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case of OMI-like aerosol algorithms applied to OCI inputs,
we can expect a direct translation of the OMI technique to
OCI measurements. There is already experience in porting the
basic UV algorithm from its original application with TOMS
observations to OMI. OCT’s coarser spectral resolution should
not be a detrimental factor in applying the heritage algorithm,
and because OCI has much finer spatial resolution than OMI,
clouds should be less of a factor in the retrieval. This should
significantly increase the overall availability of high quality
retrievals, especially in cloudier conditions.

In addition, the wavelength pairs in the OCI oxygen A- and B-
band spectral regions (~690 and ~765 nm) and in their adjacent
continuous regions (~680 and ~780 nm) will allow the retrieval
of the height of desert dust and carbonaceous aerosol layers
using inversion schemes developed for the Earth Polychromatic
Imaging Camera (EPIC) sensor (Xu X. et al, 2017; Xu et al,
2018b) (see Discussion and the Path Forward). The retrieved
ALH will better constrain the OMI-like AOD/SSA retrieval
resulting in more accurate products than current attainable
from the OMI inversion. Thus, the OMI-like approach will be
optimized on the account of OCI’s both fine spatial resolution and
extended spectral coverage.

OCI Continuation of MODIS/VIIRS

Heritage

Multiple heritage aerosol algorithms are encompassed by the
MODIS/VIIRS era. Of these, the most pertinent to the discussion
that follows is the Dark Target (DT) over ocean retrieval (Tanré
etal., 1997; Remer et al.,, 2005; Levy et al., 2013). In this algorithm
measured top-of-atmosphere reflectances in six spectral bands
(0.55, 0.66, 0.87, 1.24, 1.63, and 2.13 pwm) are fit to calculated
reflectances in a LUT. The table is constructed under the
assumption that the aerosol size distribution can be represented
by two lognormal distributions, one with effective radius larger
than 0.5 wm (the coarse mode) and one with effective radius
smaller than 0.5 wm (the fine mode). A successful match yields
the spectral AOD and one or two size distribution parameters.
Greater detail of this method will be given in Section “Advances
Beyond Heritage. 1: Broad Spectral Range Retrievals From OCI”
as this heritage algorithm forms the basis of Step 1 of the proto-
algorithm developed for application to OCI inputs.

OCT’s hyperspectral range spans four of the MODIS bands
used by the MODIS DT aerosol over ocean algorithm and
further extends to include six discrete bands in the SWIR thereby
spanning the range of wavelengths needed by any of the heritage
aerosol algorithms, even those not specifically discussed in this
paper. OCI spatial resolution of 1 km is less desirable than
MODIS’ 0.5 km, and OCI is missing MODIS’ thermal IR channels
used in cloud masking. Recent studies have shown that this could
make a difference in maintaining continuity, but still achieve
desired accuracy of key retrieved aerosol parameters (Levy
et al,, 2015). Thus, the OCI configuration of wavelengths, spatial
resolution, swath width and temporal sampling is sufficient to
produce AOD over land and ocean, from the UV to the SWIR,
and the MODIS FMF over ocean to the accuracies and precisions
of heritage MODIS products.

Even though the OCI configuration spans the same parameter
space of heritage MODIS algorithms, a seamless continuation of
the heritage product time series is not guaranteed. Experience
in porting MODIS retrievals to VIIRS has revealed the subtleties
of the transfer. Issues arise in translating band spectral response
functions from old sensor to new sensor, changes in gas
corrections resulting from differences in spectral response
function and the creation of specific LUTs for the new sensor.
Other issues are introduced by differences in spatial resolution
and lack of auxiliary channels used for masking (e.g., clouds).
Finally, calibration of radiances from one sensor to the next
may differ, introducing offsets that may either be static from
pre-launch differences and also time-dependent from on-
orbit corrections.

Figure 1 illustrates some of these issues based on experience
in porting the MODIS DT algorithm to VIIRS. The porting
process consisted of (1) creating a LUT for VIIRS based on the
VIIRS channels that paralleled the LUT used by the MODIS
retrieval, (2) degrading the MODIS spatial resolution to match
the VIIRS spatial resolution, and (3) applying a cloud mask to
both MODIS and VIIRS inputs that used only wavelengths and
spatial resolution common to both sensors. Then the MODIS
algorithm could be applied to the (spatially) degraded MODIS
inputs using the MODIS LUT. This resulted in a product labeled
“MODIS-like on MODIS” (ML_M). “MODIS-like” is not the
same as the operational Collection 6 MODIS algorithm (M_C6)
because ML_M used different spatial resolution and different
masking than M_Cé6. Figure 1A shows the seasonal mean AOD
(March-April-May) of the MODIS-like algorithm applied to
MODIS inputs, and Figure 1C shows the difference between the
MODIS-like algorithm and the original operational true MODIS
algorithm. Differences in algorithm applied to the same inputs
are small, but regionally can reach magnitudes of £0.05 AOD.
These differences are attributed mostly to differences in sampling
caused by masking differences.

Figure 1B shows the seasonal mean AOD for the same
MODIS-like algorithm applied to VIIRS inputs. Comparing
Figures 1A,B demonstrates the consistency in the products after
the porting. Figure 1D is the difference between applying exactly
the same algorithm to the inputs of the two sensors. Here,
differences in AOD can be as large as +0.07 AOD over land,
and systematically biased 0.02 to 0.10 over ocean. The take home
message from Figure 1 is in comparing Figures 1C,D. Figure 1C
shows the difference in retrieved AOD due to algorithmic
difference (with same inputs) is relatively small, while Figure 1D
shows relatively large differences in AOD due to different inputs
(with same algorithm). Input reflectances, not the algorithm, are
the major challenge to overcome in matching retrieved AOD
data sets from different sensors. The differences in Figure 1D
have been traced to fundamental biases in the input radiances of
specific channels and could be eliminated with calibration that
forces the instruments to be the same. Achieving continuity in
the aerosol record between any two sensors, such as MODIS and
VIIRS, requires a period of overlap during which differences can
be identified and calibration adjusted, if necessary.

In Figure 1 we demonstrate differences in the results of
applying the same algorithm to both MODIS and VIIRS input
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FIGURE 1 | (A,B) Global seasonal mean AOD at 550 nm (March-April-May) as derived from the MODIS-like retrieval algorithm applied to MODIS input radiances (A)
and applied to VIIRS input radiances (B). (C) Difference between (A) and the corresponding seasonal mean AOD at 550 nm produced from the operational MODIS
aerosol retrieval algorithm. (D) Difference between (B) and (A). Reprinted from Levy et al. (2015), under Creative Commons Attribution 3.0 License.

reflectances. Now we attempt to determine which of the two
satellite sensors is returning the more accurate AOD product
by comparing satellite retrievals against collocated ground-
based AERONET measurements. Figure 2 shows the differences
between satellite retrieval and AERONET AOD as a function of
AERONET AOD. In Figure 2B, we can see the same positive
bias of ML_V for ocean retrievals against AERONET as we
saw ML_V against ML_M in Figure 1D. This suggests that the
VIIRS radiances are the ones requiring calibration adjustment.
We note that the MODIS and MODIS-like algorithms employ
a different set of wavelengths in their retrievals over ocean
and land. Calibration biases in particular wavelengths will not
necessarily affect AOD retrievals the same over ocean and land.

If all reflectance measurements made by OCI are well-
calibrated, we anticipate similar magnitude differences between
heritage aerosol products and OCI aerosol products based
on heritage algorithms as is illustrated in Figure 1C. These
small differences, due to the coarser spatial resolution of OCI
and its lack of IR channels that MODIS uses for masking,
are unbiased and within the expected uncertainty of heritage
products. However, as Figures 1D, 2 demonstrate, inexact
instrument calibration, even within specified uncertainties of
sensor characterization teams, has the potential to increase
differences in retrieved AOD and create biases that are outside
heritage expectations.

ADVANCES BEYOND HERITAGE. 1:
BROAD SPECTRAL RANGE RETRIEVALS
FROM OCI

Irrespective of the challenges described above, OCI-alone can still
advance aerosol characterization beyond heritage expectations by
allowing for new algorithms that make use of the information
content available from a broad spectrum spanning the UV to the
SWIR. This is essentially merging the capabilities of OMI and
MODIS into a single sensor with common geometry and spatial
resolution, instantaneous viewing and the same calibration. This
configuration will permit retrieval of aerosol loading (spectral
AOD), a measure of particle size (FMF), a measure of aerosol
absorption (SSA), and ALH. Thus, OCI should be able to retrieve
four parameters to characterize aerosol, while OMI and MODIS
heritage algorithms separately could each only retrieve two of the
four parameters, while assuming values for the remaining two.
Aerosol layer in this context is an optically effective scale height.
Other satellite sensors past and present have also measured
reflectances from the UV to the SWIR. These include the Thermal
And Near infrared Sensor for Carbon Observation - Cloud
and Aerosol Imager (TANSO-CAI) with four wavelengths (380,
674, 870, and 1620 nm) at 1 km spatial resolution (eoPortal
directory: GOSAT) and the Tropospheric Ozone Monitoring
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FIGURE 2 | Differences between satellite retrieval of AOD and collocated AERONET measurements of AOD from a global data set of satellite-AERONET
collocations, sorted according to AERONET AOD and binned with equal number of collocations in each bin. Red dots indicate mean of each bin, boxes enclose one
standard deviation in each bin, whiskers extend to two standard deviations and blue center line of each box denotes the median. (A,C) Is for the MODIS-like retrieval
algorithm applied to MODIS input radiances. (B,D) Is for the same MODIS-like retrieval algorithm applied to VIIRS input radiances. (A,B) is for aerosol retrievals over
ocean, and (C,D) is for retrievals over land. Reprinted from Levy et al. (2015), under Creative Commons Attribution 3.0 License.

1 * L |

1 1 J
0.6 0.0 0.2 0.4 0.6
AERONET 0.55 um AOD

Instrument; (TropOMI) with three spectral regions (270-495 nm,
710-775 nm, and 2305-2385 nm) at 7 km spatial resolution
(European Space Agency [ESA], 2013). Data from TANSO-CAI
and TropOMI may be able to provide a test bed for OCI algorithm
development, although to date, there are no published studies
describing full spectrum aerosol retrievals from these sensors.
Reflectances in the UV spectrum (e.g., those used in the
OMI aerosol algorithms) are primarily sensitive to three aerosol
characteristics: aerosol loading (AOD), aerosol absorption, and
height of the aerosol layer. Unfortunately, heritage measurements
in the UV provide only two pieces of independent information.
Thus, retrievals are unconstrained, requiring assumptions to
constrain one of the three aerosol parameters in order to retrieve
the other two. The traditional tactic taken and applied to TOMS
and OMI aerosol algorithms is to constrain aerosol height with
assumptions based on climatology and then retrieve loading
and absorption in the form of AOD and SSA. The retrievals,
especially SSA, are also susceptible to assumptions of (i) surface
reflectances, particularly in extremely oligotrophic oceans, and
(ii) aerosol particle properties used by the retrieval, including
particle size and most importantly the spectral signature of
absorption through the UV and blue regions of the spectrum.
Meanwhile, aerosol retrievals based on the visible-NIR-
SWIR spectrum (e.g., those applied in the MODIS and VIIRS
aerosol algorithms) are primarily sensitive to only two aerosol
characteristics: aerosol loading (AOD) and a measure of relative
particle size based on spectral AOD. In addition to spectral
AOD, particle size can be represented by a parameter denoted

as FMF, which is usually thought of in terms of the ratio of fine
mode AOD at 550 nm to total AOD at 550 nm. The retrieval
in the visible-NIR-SWIR is less sensitive to ALH or aerosol
absorption. Some MODIS algorithms that make use of the blue
wavelengths retrieve and report SSA, but those products have
not been validated.

Making use of the complementary capabilities of OMI and
MODIS was an early goal of both science teams. Soon after
the OMI-alone aerosol retrieval had been validated, attempts
were made to join OMI’s sensitivity to absorption and layer
height with MODIS’ sensitivity to loading and size. With both
instruments being in the A-Train, and measuring less than 8-
minutes apart, it was theoretically possible to create such a
combined OMI-MODIS retrieval. However, the endeavor to
merge Level 1 radiance data from the two instruments faced
significant challenges in terms of non-uniform calibration, spatial
resolution and viewing geometry. Instead, a retrieval was devised
that used Level 2 retrieval products from each instrument.
MODIS spectral AOD was extrapolated into the UV, thereby
constraining the UV AOD and allowing OMI to return a
constrained SSA and ALH that compared well to independent
observations (Satheesh et al., 2009). This tactic was never
implemented operationally, due to lack of investment to bring
the idea to maturity. Recently Gass6 and Torres (2016) provides
additional demonstration of the concept.

The EPIC sensor on Deep Space Climate Observatory
(DSCOVR) currently deployed on the L1 point (Marshak
et al., 2018) merged measuring capabilities in the near UV,
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visible and NIR (including channels in the oxygen-A and
B-bands) into a single instrument. A successful method to derive
ALH from EPIC’s oxygen A- and B- channels was developed
(Xu X. et al,, 2017) and the results compared to independent
observations over the oceans. Most recently, Xu et al. (2018b)
also demonstrated the method over dark vegetated surfaces.
The application of this inversion technique to OCI observations
will go a long way into addressing the need of constraining
the ALH in OMI-like near UV retrieval applications. We will
further address O2A retrievals for OCI in section “Advances
Beyond Heritage, 2: Oxygen A-band Information Content on
Aerosol Profiling.”

OCI Broad-Spectrum Prototype
Algorithm

Here we present a novel, OCI prototype algorithm developed
specifically for a single instrument spanning the complete range
from the UV to the SWIR and therefore moves beyond the
Satheesh et al. (2009) technique. The algorithm requires a
uniform calibration, spatial resolution and viewing geometry
across the broad spectrum. The algorithm is based on the DT
aerosol over ocean algorithm (Tanré et al., 1997; Remer et al,
2005; Levy et al., 2013) that was developed for MODIS, and has
since been ported to VIIRS and other sensors. The prototype
algorithm expands the DT algorithm to include UV channels that
are used to retrieve SSA. This prototype algorithm is presented
here for the first time.

The OCI prototype algorithm begins first by identifying
applicable ocean scenes for retrieval and discarding non-
applicable scenes with clouds/cirrus, ice, glint or suspended
sediments in the water. The algorithm then ingests reflectances
of the identified ocean scene in six wavelengths (550, 650, 880,
1240, 1640, and 2110 nm), as well as ancillary data in the
form of total column ozone and surface wind speed. The water
leaving radiance is assumed null at all wavelengths, except at
550 nm, where it is assumed equal to 0.005. The measured
reflectances are compared with modeled top-of-atmosphere
(TOA) reflectances, and the best fit between satellite-measured
and modeled TOA spectral reflectances is used to determine the
aerosol characteristics and aerosol loading (AOD) of the scene.
Modeled TOA reflectances are computed for a combination
of one fine mode model (out of four) and one coarse mode
model (out of five). In all nine models aerosols are assumed
to be spherical particles with minimal absorption. The latter
assumption is justified by the fact that the algorithm at these
wavelengths is not sensitive to particle absorption. Thus the DT
retrieval returns the AOD, a choice of a fine mode and a coarse
mode, each defined with a specific size distribution, and also the
relative weighting between fine and coarse modes, resulting in a
bimodal size distribution.

The first step, as described above, is unchanged from the
traditional DT algorithm first developed for MODIS. To the first
order, because of the selected wavelengths, the DT algorithm
is sensitive to aerosol loading and to particle size distribution
but insensitive to absorption variation (Tanré et al., 1996, 1997).
The nine DT aerosol models represent particles with minimal

absorption with imaginary parts of the refractive index spanning
0.001-0.0035 (Remer et al., 2005). The choice of the imaginary
part of the refractive index in these wavelengths was based on
ground-based measurements, evaluated later by total column
sky radiometer retrievals (Tanré et al, 1997; Dubovik et al,
2002). However, because the primary sensitivity of the retrieval
using wavelengths of 0.55 pum and longer is to aerosol loading
and size distribution, the effect of uncertainties in assumed
absorption properties is to introduce manageable uncertainty in
the retrieval of the primary aerosol characteristics. The traditional
DT algorithm was not able to distinguish between particles of
the same size, but different absorptions, nor able to retrieve a
quantitative measure of absorption.

The creation of a second step, an appendage to the traditional
DT algorithm that uses the returns from the first step, provides
quantitative measures of aerosol absorption from measured UV
reflectances. The other inputs are OCI-measured reflectances
at 354 and 388 nm. In this second step we use expanded
LUTs of the nine traditional models to include the two new
UV wavelengths, and in addition allow the imaginary part of
the refractive index to vary between four distinct values in
these two new wavelengths. Size distribution and the real part
of the refractive index are spectrally extrapolated to the UV
from the original values assigned to each of the nine models
for visible and SWIR wavelengths, and are kept constant as
those models’ imaginary parts of the refractive index are allowed
to vary between four different values. These four imaginary
parts of the refractive index represent four different models
representative of different degrees of aerosol absorption. These
are referred to as “absorption models;,” even though one is
purposely non-absorbing. The range of the imaginary part
of the refractive index varies from 0.000 to 0.011. Thus the
prototype algorithm LUT consists of 36 models: nine original DT
models, each expanded into four possible absorption models in
the UV spectrum.

The LUT of step 2 consists of top-of-atmosphere reflectances
at 354 and 388 nm for a variety of geometries, a variety of
AODs at 0.55 pm extrapolated to the UV wavelengths using
the extinction optical properties of each of the 36 models and
for four ALHs.: 1.5, 3, 6, and 10 km. Thus for a specific
geometry and a specific AOD at 0.55 pm determined from step 1,
there are computed reflectances from 144 possible situations (36
models X 4 layer heights). Note that the expansion into multiple
absorption properties and layer heights for each size distribution
only affects the computed top-of-atmosphere reflectance in the
two UV wavelengths. There is no change in the LUT values
of the original six wavelength bands of the first step. As such,
step 1 and step 2 are only linked because the outputs of step
1 become the inputs to step 2. Step 1 already has determined
the size distribution that best fits the observations, choosing one
fine mode and one coarse mode from the nine possible models
and combining them into a bimodal distribution with a retrieved
reflectance weighting parameter (FMF). This retrieved bimodal
size distribution and the retrieved spectral AOD are the outputs
from step 1 that are input into step 2. These inputs from step 1
constrain the step 2 retrieval in the UV into just 16 possibilities (4
absorption levels x 4 layer heights) out of the original 144.
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In the traditional UV aerosol retrievals (Torres et al., 1998)
the measured reflectance in the UV wavelengths is sensitive to
four aerosol properties: loading (AOD), absorption, layer height
and aerosol type (size distribution). The retrieval then assumes
two of the four properties and uses the spectral dependence of the
UV reflectances to determine the remaining two parameters. For
example, the retrieval might assume aerosol type and layer height
to retrieve AOD and absorption (Torres et al., 1998). The spectral
dependence of the UV reflectances is key in pulling out two pieces
of information in the retrieval. Here in the OCI proto-algorithm,
we do not need to assume two properties because Step 1 provides
that information, and we use the spectral dependence of the UV
reflectances to determine both absorption and layer height from
the 16 possibilities in the LUT. The proto-algorithm returns the
interpolated layer height and interpolates the SSA from the values
of the two absorption models closest to the observations.

Figure 3 demonstrates this prototype algorithm applied to
custom granules of merged MODIS and OMI Level 1 radiances.

We tested the algorithm through a series of experiments
in which we simulate TOA spectral reflectance from forward
calculations using the aerosol models described above, and
then retrieve from these calculated reflectances using the proto-
algorithm. Doing such an experiment for a range of AOD at
550 nm (0-3.0) and doubling the normalized water leaving
radiance to 0.010 from the UV to 0.66 wm, we found the
algorithm retrieved the correct input parameters in 100% of the
cases when AOD > 0.30, but only 56% of the cases when the
AOD was less. This suggests that we can expect little sensitivity

to ocean color as long as AOD at 550 nm exceeds about 0.30.
When AOD is less than this threshold, preliminary results
obtained from theoretical studies suggest that absorbing aerosol
can still be identified and separated from non-absorbing marine
aerosol, even if the absorption cannot be quantified. Identifying
absorbing aerosol depends on spectral signatures in the UV
region that differ from spectral signatures of chlorophyll in Case
I (open ocean) waters.

One of the expected products from this prototype algorithm
is an optically effective aerosol layer scale height. Retrieving this
parameter should be possible, given that the AOD and aerosol
model are sufficiently constrained by Step 1 of the algorithm.
However, this algorithm will not be the only means of obtaining
height from PACE instruments. As will be shown in Section
“Advances Beyond Heritage, 2: Oxygen A-band Information
Content on Aerosol Profiling,” there is sufficient information
in the OCI channels that cover the O2A to constrain aerosol
height independently. In addition one of the MAPs on PACE
will be measuring the polarized signal in the UV and deep blue
wavelengths. ALH can also be retrieved from the polarized signal
in these wavelengths (Wu et al., 2016). Thus, there will be at least
three independent methods for characterizing ALH from PACE.
Not only will this redundancy confirm the OCI broad spectrum
retrieval of layer height, but in doing so, it will also increase
confidence in the retrievals of the other parameters produced by
the proto-algorithm.

Validation of the prototype retrieval demonstrated in Figure 3
is based on collocations with SKYNET retrievals. SKYNET is a
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FIGURE 3 | Examples of the proto-type OCI algorithm described in the text applied to custom-built collocated MODIS-OMI granules where the OMI reflectances are
mapped to the MODIS granule at the MODIS spatial resolution, although the OMI reflectances maintain their original geometric meta data. The (left) column shows
the true color MODIS granules. (Center) Shows the standard MODIS AOD at 550 nm retrievals and the (right) column shows the resulting single scattering albedo
at 388 nm using the OMI UV reflectances. (Top) Row is for a smoke case over the ocean (23 October 2007, 21:40 UTC). (Bottom) Row is for a dust case over

ocean (13 March 2006, 15:25 UTC).
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ground-based network of autonomous sun/sky radiometers, like
AERONET, except SKYNET also makes sky scans in the UV,
and retrieves SSA in the UV. This provides a direct comparison
with the satellite retrieval’s primary product without spectral
extrapolation to the visible. Collocations with SKYNET retrievals
are rare, and so far validation of the prototype algorithm has been
inconclusive. The reason SKYNET was selected for validation
and not AERONET is that originally AERONET instruments did
not perform a sky scan at 380 nm and therefore no absorption
retrieval was produced in the UV. Subsequently some AERONET
stations do produce absorption products in the UV, but the same
problems encountered with SKYNET collocations would also
apply to AERONET.

Part of the difficulty in proving this retrieval with the merged
MODIS-OMI data sets is the original problem of possible
inconsistent calibration, spatial resolution and geometry. The
work done so far demonstrates feasibility and identifies/quantifies
sensitivities. The exact retrieval algorithm to be applied to actual
OCI observations may take advantage of advanced computer
power and two decades of experience and need not follow
the MODIS or OMI heritage procedures, as was presented
here. Although any OCI aerosol algorithm will make use
of the same information content and be challenged by the
similar uncertainties.

ADVANCES BEYOND HERITAGE, 2:
OXYGEN A-BAND INFORMATION
CONTENT ON AEROSOL PROFILING

OCI offers two new capabilities that permit advancing aerosol
retrievals beyond heritage. In Section “Advances Beyond
Heritage. 1: Broad Spectral Range Retrievals from OCI” we
explored the first of these capabilities: the broad spectrum
from the UV through the SWIR at a common 1 km spatial
resolution and in a single instrument. In Section “Advances
Beyond Heritage, 2: Oxygen A-band Information Content on
Aerosol Profiling” we explore the second of these capabilities:
the continuous 5 nm spectral resolution through the O2A (758-
778 nm) region. This capability through the O2A can be mined
from the single-view OCI measurements to retrieve ALH, but
if it can be measured from a multi-angle instrument, such
as the PACE MAPs, information on aerosol layering in the
atmosphere increases. Both of these situations will be addressed
in this section.

Oxygen A-Band Absorption From Single-
and Multi-View Radiometry

Radiance measurements in the O2A are sensitive to the vertical
distribution of atmospheric scatterers, which in principle allows
for the retrieval of aerosol height from future instruments
with hyperspectral capability. OCI has continuous spectral
measurements through the O2A and, while much coarser than
an ideal (quasi-line-by-line) hyperspectral coverage such as by
Orbiting Carbon Observatory (OCO)-2/3 sensors (Crisp et al.,
2004), it may have sufficient spectral resolution to achieve similar

results. We therefore address here aerosol height estimation via
spectral analysis of O, absorption in the visible-NIR spectral
region. The O2A method to be shown in this section is governed
by spectral gas absorption, and not the interplay of Rayleigh
and aerosol scattering used by radiometric and polarimetric
UV and blue-channel visible measurements (Torres et al., 1998;
Wu et al,, 2016). The spectral gas absorption method is less
affected by confounding factors that create ambiguities in the
scattering methods (Kalashnikova et al., 2011; Wu et al,, 2016).
For example, in the prototype algorithm described in Section
“Advances Beyond Heritage. 1: Broad Spectral Range Retrievals
from OCI,” retrieval of ALH can be confounded by unknown
AQOD, absorption or particle size distribution. Determination
of the height of a layer of scattering particles using spectral
analysis of an absorbing gas is grounded in differential optical
absorption spectroscopy (DOAS) (Hebestreit et al., 1999). DOAS
is normally used to infer the unknown amount of absorbing gas
of known cross-section across a known path. If, as is the case for
atmospheric O;, where both the amount and cross-section of the
gas are accurately known, one can infer the effective path through
the gas. This in turn becomes a means of locating the layer of the
aerosol scattering contributions in the atmospheric column.

The ability to use oxygen absorption for the retrieval of aerosol
height from passive sensors has been described extensively in
the literature (Gabella et al., 1999; Min and Harrison, 2004;
Corradini and Cervino, 2006; Pelletier et al., 2008; Dubuisson
et al, 2009; Kokhanovsky and Rozanov, 2010; Frankenberg
et al, 2012; Sanghavi et al, 2012; Ding et al, 2016; Xu X.
et al., 2017, Xu et al, 2018a,b, Zeng et al., 2018; and others).
Therein, the need for the highest possible spectral resolution
has been clearly demonstrated. Indeed, the better the spectral
resolution, the more samples of weak to strong absorption there
are, yielding better vertical resolution in the scattering layer
height estimate, and possibly its thickness as well. In other
words, a coarse aerosol profiling becomes possible using a passive
sensor system. However, compared with active (lidar) approaches
to aerosol profiling, the complications of passive DOAS-based
methods, including multiple scatterings and surface reflections,
increase retrieval uncertainty. To ensure detectability, the aerosol
loadings should therefore be significant. Previous theoretical and
observational studies (Corradini and Cervino, 2006; Dubuisson
et al., 2009; Kokhanovsky and Rozanov, 2010) have suggested an
AOD at 550 nm in excess of ~0.3 is necessary to infer height to
within a few hundred meters. Our present analysis shows that
AOD in the O2A bands > = 0.1 (equivalent to ~0.15 at 550 nm
for an Angstrom exponent of about unity) may suffice over a dark
surface such as water.

OCI, at a nominal resolution of 5 nm, will have 3 or 4
spectral bands in the O2A, but only at a single viewing angle.
One of the proposed PACE MAPs, Spectro-Polarimeter for
Planetary Exploration-1 (SPEXone) (Hasekamp et al., 2019) has
hyperspectral radiometry at 2 nm resolution up to 770 nm
for five viewing angles. However, SPEXone would provide only
one piece of O2A information per pixel, namely, the ratio
of a continuum channel and an in-band channel, but will be
available at five viewing angles. One of the questions that we
explore here is whether observing at different view angles is

Frontiers in Earth Science | www.frontiersin.org

July 2019 | Volume 7 | Article 152


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Remer et al.

PACE Aerosol Characteristics From OCI

essentially equivalent to sensing of different penetration depths
in the atmosphere above the layer, assuming a plane-parallel
atmosphere? In other words will SPEXone or another multi-
angle instrument enhance OCT’s ability to use DOAS to profile
aerosol layers, or will the information content from both sensors
essentially over lap? However, first we demonstrate that OCI
alone has sufficient spectral resolution to discriminate between
different ALHs for less aerosol loading than literature suggests.
Then we will proceed with a more formal analysis of DoF for both
OCI and a MAP modeled on SPEXone. The point of that exercise
is to see if OCI can profile aerosol layers on its own, in addition
to discriminating layer top height, and then see if merged OCI
and MAP O2A observations can improve the aerosol profiling
offered by OCI alone.

To begin we examine whether or not OCI will be able to
discriminate ALH. The upper-left panel of Figure 4 illustrates
the O2A spectrum displayed as a DOAS ratio for a single surface
reflection (where surface albedo is immaterial). That is, spectral
radiance normalized by the continuum value (A = 754 nm), in this
case, for nadir viewing and a solar zenith angle of 60°. Notional
bandpasses for a (mono-view) hyperspectral sensor with 5 nm
resolution are also shown (top) along with that of a plausible
in-band MAP channel (bottom).

When this study was performed, the rational hypothesis is
that we will have no control over how OCI will sample the O2A
spectral region.! Our operative assumption for this study is that
it will be a randomly positioned overlay of adjacent 5-nm-wide
channels. The upper-right panel of Figure 4 therefore shows how
the oxygen DOAS ratio spectrally averaged in the upper-left panel
varies as a function of where the first hyperspectral channel starts.
We see that there are cases when the three values required to
cover the A-band are quite widely separated; there are also cases
are when two of the three values nearly coincide, thus leaving
effectively only two effective O, optical depths to use. We proceed
with the simulation below using an in-between sampling where
two of the three available DOAS ratios are relatively close.

In the lower-left panel of Figure 4, we used the most likely
spectral sampling of the A-band by the OCI (Agtart = 756.5 nm)
to compute signals for two ALH s, along with the anticipated
measurement error bars. These synthetic reflected spectra are for
optically thin (single-scattering, AOD at the O2A band = 0.1)
aerosol layers in 0-2 and 3-5 km altitude ranges. Notice the
lesser absorptance (larger in-band radiance) for the elevated
layer. Instrumental uncertainties at the 2% level are shown for the
two DOAS signals, noting that such radiance ratios are typically
more precisely known than are the individual radiances where
absolute radiometric error is typically 3% or more. This is because
some part of radiometry error (e.g., calibration drift) is the same
across (in this case, spectral) pixels. The difference between the
two spectra is clearly outside the anticipated measurement error,

! At the time of finalizing this report, it has since been decided that OCI’s on-board
spectral sampling at 2.5 nm will be used to optimize the information content of
the A-band channels. Gao and Davis (1997) show how Nyquist (or better) sub-
sampling can be used to reconstruct exactly any version of the spectral registration
at 5 nm resolution. This means that the conclusions we reach here about OCI’s
aerosol profiling capability are to be considered as a worse-case scenario from
which we can build as the PACE mission is implemented.

and we can conclude that there is sensitivity to ALH, at least at
this coarse level of discrimination.

This impact of aerosol height on the measured signal will
naturally be stronger as the AOD and SSA increase, with the usual
tradeoft between the two aerosol optical properties (scattering
and absorption). In short, if AOD and SSA are reasonably well
quantified from other spectral regions/channels of OCI and/or
MAP instruments, we anticipate workable retrieval accuracy for
ALH from the O2A, at least sufficient to discriminate between
low altitude (background and/or near sources) and high altitude
(long-range transported) aerosol scenarios.

To rigorously quantify the retrievability of parameterized
aerosol profile using O2A spectroscopy, supplemented or not
with simultaneous multi-angle observations, we use Rodgers
(2000) Bayesian formalism. Specifically, we use the non-
dimensional DoF for retrieved parameter x, Ay = l—cxz/da,xz,
where x can be either aerosol layer top pressure prp or its
pressure thickness Ap. We use o, x to denote the “a priori”
uncertainty expressed as a standard deviation that quantifies
our uncertainty about the parameter before making the radiance
measurements and performing the retrieval; similarly, ox denotes
the “a posteriori” (post-observation/retrieval) uncertainty on the
targeted parameter. The DoF varies, by definition, between 0 and
1. If Ax approaches unity, then we have considerably reduced
the uncertainty on x thanks to the observation and retrieval;
conversely, if Ay approaches 0, then we have gained very little
new information and the uncertainty remains almost as large
as the prior value. We have assumed o, ¢ = 250 hPa (layer
top is anywhere between, say, ~1 to ~6 km in altitude), and
Oa, Ap = 150 hPa (translates to ~1.2 km in physical layer thickness
near the surface, and ~2.5 km at 6 km altitude). Measurement
error on the DOAS ratios used in the retrieval was set at £1.5%
and error assigned to the non-retrieved (actually, otherwise-
retrieved) aerosol optical thickness t, was set to £0.025, while t,
itself was set to 0.1 in accord with the simple black-surface/single-
scattering forward model f(x) for any given “state vector” x =
(Prop»Ap)- The vector-valued function f(x) contains all the DOAS
ratios across the OCI spectral channels that cover the significantly
absorbing parts of the O2A (cf. Figure 4, lower-left panel),
as predicted by the simplified (black-surface/single-scattering)
radiative transfer model. In a separate simulation discussed in
Section “Aerosol Layer Height Retrievals Using EPIC/DSCOVR’s
Oxygen A- and B-band Channels,” f(x) predicts DOAS ratios for
both the OCI and the MAP, assuming five angles are used in
the principal plane (0°, £30°, £60°). In this case, the forward
model f(x) is thus a function of n = 2 variables, plus another
aerosol parameter (AOD) assumed known but within known
uncertainty; f(x) maps these aerosol properties to DOAS ratios,
formally in a vector space with either m = 3 dimensions (one
for each of OCI’s A-band spectral channels). For details about
how to derive oy and Ay from the above information, we refer to
Rodgers (2000). For details about the adopted radiative transfer
model, we refer to Davis and Kalashnikova (2019), who also
summarize the required elements of optimal estimation theory
from Rodgers (2000).

Figure 5 shows Ay for x = pyop (upper panels) and x = Ap
(lower panels). On the left, the retrieval uses only OCI spectral
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FIGURE 4 | (Upper left) Synthetic spectrum of the O, A-band at 0.05 nm resolution, normalized in DOAS-style to continuum level, for a typical airmass of 3 (e.g.,
sun at 60°, nadir view). An anticipated spectral coverage by the OCI hyperspectral sensor (4 channels, each 5 nm wide) is indicated above in orange, and a
reasonable assumption for the single MAP channel is indicated below in blue. (Upper right) Evolution of DOAS ratios with 2% error for an airmass of 3 for the 4
hyperspectral OCI channels needed to completely cover the A-band as a function of where the 1st one starts. One good, two bad, and one average scenarios in
terms of ratio separations are color-coded in green, red and orange, and the latter values are used in the lower left-hand panel. (Lower left) Reflected DOAS ratios
for optically thin [AOD(O2A) = 0.1] boundary layer and lofted aerosol layer in the 0-2 km (solid) and 3-5 km (dashed) zones, respectively, assuming the sun is 60
from zenith and nadir viewing geometry. (Lower right) Bidirectional reflection function (BRF) for the MAP signal as a function of view angle. Even at typical
radiometric noise levels, assumed to be 3%, the two aerosol layer elevations are easier to distinguish here than in lower-left, using instrument error magnitude as unit
of signal distance. Reprinted by permission from Springer Nature: Davis and Kalashnikova (2019).

data. In all cases, Ay is plotted as a function of the aerosol layer’s
top pressure (horizontally) and pressure thickness (vertically).
We note that there is some dependence on the latter but none
on the former. We also note that much information is gained
from the spectroscopy about pyop. Specifically, we have A, ¢ in
the interval [0.922, 0.928], hence o, p in the range of 67-70 hPa.
In turn, this yields an error in aerosol layer top altitude of ~100 m
for low altitude aerosol scenarios to 2150 m for lofted layers,
which is somewhat better or comparable to accuracy estimates in
the above-cited literature. In contrast, Figure 5’s lower left-hand
panel shows that very little information is gained about Ap since
its DoF is in a very low range of 0.0690-0.0735.

The result of these sensitivity studies shows that the top
pressure, hence altitude, of an aerosol layer can be retrieved using
O2A spectroscopy at the relatively modest spectral resolution
(5 nm) of the OCI sensor that is planned to launch on PACE.
The often-stated lower limit of 0.3 in AOD at 550 nm may be
relaxed to 0.1, as long as the underlying surface is very dark, to
achieve an uncertainty of ~0.15 km on aerosol layer height.

Now the question is whether or not DOAS applied to a multi-
angle instrument improves on OCI's abilities.

Returning to Figure 4, the lower right-hand panel shows
DOAS ratios for multi-angle measurements for the boundary
layer (0-2 km) aerosol and its lofted (3-5 km) counterpart for
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Davis and Kalashnikova (2019).

Ay (OCI+MAP)

500
400 0.948
0.946
0.944
m 0.942
0.940
0.938
0.936
0.934
0.932
400 500 600 700 800 900
Prop [mbar)
Az (OCI+MAP)
500
400 0.18
0.17
= 0.16
0.15
0.14
0.13
0.12
0.1
0.10

400 500 600 700 800 900
prop [mbar]

a sensor with just one in-band channel, as indicated in the upper-
left panel. Viewing angle is sampled in the MISR pattern (Diner
etal, 1998): nadir, 26.1°, £45.6", £60°, and £70.5", with “ + ”
meaning “fore” and “-” meaning “aft” looks that correspond
respectively to forward and backward scattering in the northern
hemisphere for in MISRs descending sun-synchronous orbit.
Again, the anticipated DOAS ratio measurement error of 2% is
indicated, demonstrating that, here too, there is sensitivity to
ALH, in addition to the one conveyed by OCI spectroscopy.

Moving on to Figure 5 where DoFs are displayed, we used a
separate simulation where f(x) predicts DOAS ratios for both the
OCI and the MAP, assuming five angles are used in the principal
plane (0°, +30°, £60°). In this case, the forward model f(x) is still
a function of n = 2 aerosol profile variables, plus AOD (assumed
known but with known uncertainty). In this set-up, f(x) is a
formal measurement vector with m = 8 dimensions (OCI’s and
MAP’s A-band observations).

What happens to the above DoF assessment if the
spectrometer is supplemented by a multi-angle radiometer
with non-polarized O2A band channels? We assume an in-band
channel as shown at the bottom of the upper left-hand panel
of Figure 4, and an out-of-band/continuum channel that can
combined into a DOAS ratio for each of the sampled viewing
angles. The outcome is displayed in the right two panels of

Figure 5 for five angles (nadir, +30°, +60). We note the
similarity with the left-hand panels but the ranges for the DoFs
are different. In the upper panels, the range of A increases from
[0.922, 0.928] to [0.930, 0.950], which corresponds to a modest
reduction of Oa,pt by ~10%. In contrast, App increases quite
dramatically from [0.0690, 0.0735] to [0.09, 0.19] and, moreover,
the trend of Axp with Ap has changed direction. This range,
however, is still not enough to build a credible retrieval of 5p
with any confidence. Rather, we can interpret it as a gain in
information that can be used to constrain somewhat better the
uncertainty on Ap that, in the retrieval of its top pressure piop,
should be treated as a non-retrieved (hence necessarily prescribed
but uncertain) property of the aerosol layer under consideration.

The bottom line of this theoretical exploration is that PACE
will be able to discriminate different altitudes of ALH, but will
not be able to profile that height, even by combining OCI with
multi-angle measurements.

Aerosol Layer Height Retrievals Using
EPIC/DSCOVR’s Oxygen A- and B-Band

Channels

Oxygen A-band techniques have already been adapted to other
sensors currently taking data, and results validated. For example,
Xu X. et al. (2017) have retrieved ALHs over ocean surfaces
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using radiances measured in the oxygen A- and B-bands from
the EPIC sensor on the DSCOVR satellite. EPIC measures earth-
reflected solar radiances in ten narrow bands. Two of these
bands are located in the oxygen A- and B-bands centered at 764
and 688 nm with bandwidth of 0.8 and 1.0 nm, respectively.
Two corresponding continuum bands are placed at 680 and
780 nm. The ALH retrieval uses DOAS ratios as described above
providing one piece of information by comparing an in-band
value with the continuum in both the oxygen A- and B-bands,
Figure 6A shows the results plotted against collocated CALIOP-
measured ALH s over ocean. Most recently, Xu et al. (2018b)
extended the retrieval algorithm for smoke ALH over vegetated
land surfaces (Figure 6B). Assuming that CALIOP-derived
aerosol extinction profiles represent an accurate representation
of ALH the retrieval accuracy from EPIC’s oxygen bands was
0.45 km over ocean and 0.58 km over vegetated land surfaces.
Although OCI has a spectral resolution (~ 5 nm) coarser
than the spectral width of EPICs oxygen A and B channels,
theoretical studies show that OCI can resolve oxygen absorption
signals and infer ALH. The addition of SPEXone, one of the
PACE MAPs with finer spectral resolution through the O2A
region, may improve the situation, but the study we have
done suggests limited enhancement to OCI’s basic sensitivity
from the MAP. Furthermore, SPEXone’s narrow swath width
will not cover the entire OCI domain. Therefore, the ability
to infer ALH from OCI-alone will be important to constrain
retrievals of other aerosol parameters from the PACE broad
swath instruments, including retrievals of aerosol absorption
information as described in Section 3, microphysical retrievals
from the other PACE polarimeter without O2A capability and will
also benefit atmospheric correction for OCI, especially through
the shortwave end of its spectrum.

DISCUSSION AND THE PATH FORWARD

PACE offers multi-tiered opportunities for aerosol remote
sensing. At the most basic level, OCI will allow continuation of
heritage aerosol retrieval algorithms developed for and applied
to MODIS, VIIRS and OMI. Continuation aerosol algorithms
include the MODIS/VIIRS DT and Deep Blue family of
algorithms and products, the OMI UV AI, the OMI UV-derived
aerosol products, and new algorithms such as MODIS MAIAC.
There are no foreseen barriers to porting these algorithms directly
to OCI and we anticipate comparable validation results over
both ocean and land surfaces. However, experience in porting
aerosol retrievals from MODIS to VIIRS, or OMI to EPIC,
suggest points of difficulty that will need to be addressed.
Shifts in wavelengths will require new gas corrections and
re-calculation of any empirical spectral relationships in the
algorithm. Algorithms that depend on acquisition of statistics
of surface characteristics will require time to acquire and build
these new LUTs. Absence of thermal IR channels may affect
cloud masking and introduce differences from heritage sensor
results. Furthermore, consistency of sensor characterization will
be a significant issue. Homogenizing calibration from existing
sensors to new sensors, such as OCI will be necessary in order

to maintain consistency across aerosol Climate Data Records.
We recommend planning for collocations between OCI and
other satellite sensors in the overall mission strategy. All of these
recommendations are supported by first-hand experience in the
transfer from MODIS to VIIRS, or in OMI to EPIC.

In addition, OCI alone offers a step up from current sensors in
terms of its broad spectrum and 5 nm spectral resolution. These
additional abilities show promise of obtaining new information
on aerosol absorption and ALH. OCI is equivalent to merging
MODIS and OMI into a single instrument and extending OMTI’s
spectral range into the SWIR, co-registered and with common
calibration and common moderate spatial resolution. For the first
time we will have UV channels available for aerosol retrievals
at the same resolution as the visible-SWIR channels. Note that
OMTI’s spatial resolution is 13 x 24 km, and the Ozone Mapping
and Profiling Suite (OMPS) is 50 km, whereas OCI’s spatial
resolution is 1 km. Using the broad-spectrum retrieval we will
be able to characterize aerosol absorption, layer height, AOD
and a measure of particle size across the broad OCI swath, over
ocean. Meanwhile, OCI’s spectral resolution of 5 nm is sufficient
to resolve the signal through the oxygen-A band, and will permit
independent retrievals of ALH. Independent retrievals of aerosol
height from the UV and oxygen-A band offer an opportunity
for redundancy. However, these advances are only possible when
aerosol loading is sufficiently high, so that the aerosol signal
overwhelms ocean variability. This is more important to the UV
to SWIR retrieval than it is when applying O2A algorithms.
We also see that oxygen-A band retrievals can be applied to
multi-angle measurements that increase confidence in the OCI-
alone retrieval of ALH, but still do not allow for profiling
of aerosol layers.

A potential limitation to applying the UV proto-algorithm to
the aerosol over global oceans is the requirement of moderate
to high aerosol loading (AOD at 550 nm > 0.30). We need
this requirement to be assured that the atmosphere dominates
the OCI-measured signal in the UV and is not affected by
variable conditions in the ocean. In testing, we found that the
retrieval correctly identified input aerosol absorption 100% of
the time despite perturbation to ocean spectral reflectance when
AOD > 0.30, but only 56% of the time when the AOD was less.
The fraction of retrievals that meet this threshold and would be
available for retrieval is small, globally. According to the first
5-7 years of MODIS aerosol product over ocean, only about
10% of the 1 degree grid squares met this requirement (Remer
et al., 2008). However in certain regions and seasons, namely
March through May in the north Pacific, March through August
in the north tropical Atlantic, and December through August
in the north Indian Ocean, the seasonal regional mean AOD
approaches or exceeds 0.25, suggesting a significant number of
retrievals would be possible. Even in the vast areal extent of the
ocean where seasonal mean AOD is near background levels, an
occasional aerosol event from volcano or wildfire would likely
exceed the threshold and be retrievable. These belts of persistent
moderate to high aerosol loading are key regions where better
characterization of aerosol absorption properties and height will
constrain estimates of aerosol effects on regional circulations,
cloud processes and the hydrological system (Samset et al., 2018).
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Heritage and new aerosol algorithms can be developed from
PACE sensor measurements for both ocean and land surfaces,
and in some cases over clouds, as well. The PACE mission will be
able to produce global aerosol products. However, because of the
high interest in the mission’s ocean objectives, we comment now
specifically on the aerosol over ocean retrieval. Heritage aerosol
algorithms have served us well and “heritage plus” algorithms will
continue to serve us well when applied to OCI measurements
over open ocean in Case 1 waters. However, in coastal regions,
where traditional assumptions of the ocean spectral signal breaks
down, backscattering from suspended hydrosol particles (e.g.,
phytoplankton and sediment) in unanticipated spectral ranges
can be misinterpreted as aerosols, leading to overestimation
of AOD at low aerosol loading and interfering with new
retrievals making use of the UV and hyperspectral capabilities.
Furthermore, adjacency effects between water and shore also add
to the complexity in near-shore regions (Bulgarelli et al., 2014).
These greater challenges in complex situations require a new
instrument, and that is the MAP. While not completely immune
from these complex situations, the MAP increases information
content, which can be exploited to better separate atmospheric
from oceanic and land signals. The MAP is the subject of a
companion paper in this same issue (Remer et al., 2019).

There exists strong synergy between atmosphere and ocean
retrievals, for PACE. Products derived from each sensor and
from each discipline will provide essential information to
each other’s algorithms, constraining aerosol characteristics
and ocean properties for each other, either in near real
time, statistically over time, or for reprocessing. The aerosol
loading limitations of the above described methods prevents
their direct use for atmospheric correction over most of the
world’s oceans, but does not prevent exploration of more
sophisticated methods that might retrieve aerosol and ocean

properties together. Simultaneous retrievals of aerosol and
ocean properties, or aerosol and land properties are possible.
We did not deliberate on the aerosol/land retrievals, but we
did consider the possibilities of aerosol/ocean retrievals. These
possibilities are discussed more fully in other papers appearing
in this special issue (Chowdhary et al., 2019; Frouin et al., 2019;
Remer et al., 2019).

Currently there is a severe lack of appropriate space or field
data to use as a test bed for algorithm development. Hyperspectral
data to simulate OCI observations can be provided by spaceborne
HICO or AVIRIS, but neither cover the full spectral range of
OCI, and both sensors tend to target scenes when and where
aerosol loading is minimal. High altitude hyperspectral imagery
that extends into the UV, and is complemented by bands in
the SWIR, similar to the OCI design will be essential for
preparation of the PACE mission. Such imagery should target
aerosol events and various cloudy scenes, over land and ocean,
as well as oceanic targets. These images will aid PACE cloud,
atmospheric correction and Inherent Optical Property algorithm
development, as well as aerosol algorithms. We note that
maintaining calibration of such an instrument, especially in the
deep blue and UV part of the spectrum is currently challenging,
with commonly used sensors such as AVIRIS declaring known
issues in this spectral range. Not having reliable full spectrum test
data is a serious technical gap in preparing for the PACE mission.
Furthermore, such instruments are rarely deployed with airborne
MAPs. Existing data in cloud free conditions for with both types
of instruments are extremely rare (Gao et al., 2018). We note that
AVIRIS, CPL and the Airborne Multiangle SpectroPolarimetric
Imager (AirMSPI: a MAP) will fly together during the FIREX-
AQ campaign, which should begin to build the necessary test bed
for algorithm development, but it is only a start from what will
actually be needed.
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The PACE mission will be an unprecedented opportunity for
aerosol characterization. The combination of the broad-spectrum
hyperspectral radiometer and multi-angle polarimeters, used
independently or synergistically, will be able to continue
heritage global aerosol remote sensing while opening up new
opportunities for aerosol characterization on several levels. In
addition, the PACE mission unites aerosol, cloud and ocean
communities as they work towards meeting intertwined technical
and research challenges. We anticipate PACE leading a surge
of new understanding that crosses traditional atmosphere-ocean
boundaries, leading to new science and societal benefits.
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