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The Plankton, Aerosol, Clouds, ocean Ecosystem (PACE) mission presents new opportunities and new challenges in applying observations of two complementary multi-angle polarimeters for the space-based retrieval of global aerosol properties. Aerosol remote sensing from multi-angle radiometric-only observations enables aerosol characterization to a greater degree than single-view radiometers, as demonstrated by nearly two decades of heritage instruments. Adding polarimetry to the multi-angle observations allows for the retrieval of aerosol optical depth, Angstrom exponent, parameters of size distribution, measures of aerosol absorption, complex refractive index and degree of non-sphericity of the particles, as demonstrated by two independent retrieval algorithms applied to the heritage POLarization and Directionality of the Earth's Reflectance (POLDER) instrument. The reason why this detailed particle characterization is possible is because a multi-angle polarimeter measurement contains twice the number of Degrees of Freedom of Signal (DFS) compared to an observation from a single-view radiometer. The challenges of making use of this information content involve separating surface signal from atmospheric signal, especially when the surface is optically complex and especially in the ultraviolet portion of the spectrum where we show the necessity of polarization in making that separation. The path forward is likely to involve joint retrievals that will simultaneously retrieve aerosol and surface properties, although advances will be required in radiative transfer modeling and in representing optically complex constituents in those models. Another challenge is in having the processing capability that can keep pace with the output of these instruments in an operational environment. Yet, preliminary algorithms applied to airborne multi-angle polarimeter observations offer encouraging results that demonstrate the advantages of these instruments to retrieve aerosol layer height, particle single scattering albedo, size distribution and spectral optical depth, and also show the necessity of polarization measurements, not just multi-angle radiometric measurements, to achieve these results.
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INTRODUCTION

NASA's Plankton, Aerosols, Clouds, ocean Ecosystems (PACE) mission offers unique and new opportunities for characterizing aerosol from space. Part of the challenge of PACE will be to advance and combine our current infrastructure and algorithms to take advantage of PACE's new and unique observations from a combination of synergistic satellite instruments.

PACE will carry three instruments. The primary instrument is the Ocean Color Instrument (OCI). This is a radiometer that spans the spectral range, hyperspectrally, from near 350 to 885 nm, measuring at 5 nm spectral resolution. OCI also includes seven discrete bands in the shortwave infrared (SWIR) centered at 940, 1,038, 1,250, 1,378, 1,615, 2,130, and 2,260 nm. In addition to OCI, PACE is expected to carry two multi-wavelength, multi-angle imaging polarimeters (MAPs). One of these is Spectro-Polarimeter for Planetary Exploration-1 (SPEXone: Hasekamp et al., 2019), an instrument contributed by the Netherlands. The other is Hyper Angle Rainbow Polarimeter-2 (HARP2), an instrument contributed by the University of Maryland Baltimore County (UMBC). SPEXone uses the spectral modulation technique (Snik et al., 2009) to achieve a highly accurate hyperspectral polarization from 385 to 770 nm. Spectral resolution for scalar radiometric intensity is 5 nm in the continuum and 2 nm in the Oxygen-A band, and for polarization 15–45 nm (polarimetric spectral resolution increases with wavelength). SPEXone's swath width is 100 km, with 5 × 5 km spatial resolution sampled at 2.5 × 2.5 km pixel resolution, and it views each Earth target at five different angles. HARP2 uses a Philips prism beam splitting technique with stripe filters to achieve accurate polarization in four discrete wavelengths (440, 550, 670, and 870 nm), but across a broad swath of 1,550 km. HARP2 is hyperangular, viewing each nominally 2.5 km pixel at 10–60 different angles. Thus, the two polarimeters together offer synergistic opportunities, compensating for wide vs. narrow swaths, and hyperangle vs. hyperspectral capabilities. Table 1 shows the characteristics of each MAP, including the differences in polarimetric accuracy.


Table 1. Characteristics of the two PACE MAPs.
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In this paper, we present an overview of the opportunities and challenges of using a multi-angle polarimeter (MAP) for aerosol characterization in a PACE context. We will briefly review our heritage operational space-based multi-angle radiometers and polarimeters, and how they have contributed to our current understanding of aerosol characterization. We will present an analysis of information content for aerosol characterization from a MAP, as compared to a radiometer like OCI, and then discuss specific issues of making a MAP retrieval of aerosol. Throughout this paper we will refer to a generic MAP that is neither SPEXone nor HARP2 but can be applied to either sensor or to others that might participate in other missions. Because the emphasis of PACE, as a mission, has been focused on ocean biology, we will address the specific challenges of retrieving aerosol characteristics over oceans, although observations from the PACE MAPs will be used to characterize aerosol over land, as well. Despite the focus in the over ocean retrievals of aerosols here, this paper does not directly address atmospheric correction. Instead, Frouin et al. (2019) explores atmospheric correction or the retrieval of normalized water-leaving radiance in the PACE era. The at-launch aerosol retrieval algorithms to be applied to the individual PACE MAPs have not been formulated in detail at this time, and therefore, this paper cannot provide specifics on the eventual operational algorithms or exact final PACE aerosol products.

One of the challenges of PACE will be the attempt to extract additional information from the ultraviolet (UV) wavelengths. The use of UV observations by the OCI radiometer for aerosol retrievals is addressed in this issue in a separate paper (Remer et al., 2019), but here we present a summary of the results of a theoretical sensitivity study (Zhai et al., 2017b) that highlights the importance of polarimetry to constrain the uncertainty introduced by the UV (Kahn et al., 2016). Note that we discuss these results from the perspective of aerosol characterization. Frouin et al. (2019) addresses the challenges of the UV specifically for atmospheric correction, whereas Chowdhary et al. (2019) touches upon ocean color contributions to spaceborne UV observations.

The inclusion of MAPs in the mission has elevated PACE capabilities for global aerosol characterization to new levels. While the focus of this paper is aerosol characterization, a MAP, with its enhanced information content, provides the opportunity for simultaneous retrievals of aerosols and surface properties. Success of a simultaneous retrieval depends on the availability of radiative transfer models that are sufficiently accurate to make use of the full information content measured by a MAP. Such radiative transfer models need to couple ocean and atmosphere and need to represent all processes and constituents appropriately. An extensive exploration of the current state of ocean and atmospheric radiative transfer modeling is presented in Chowdhary et al. (2019) and will only be briefly discussed here in the context of aerosol characterization.

HERITAGE MULTI-ANGLE AND POLARIMETER AEROSOL CHARACTERIZATION

Cloud Masking and Other Scene Selection Processes

Heritage quantitative aerosol remote sensing algorithms, especially those applied to single-view radiometers like the MODerate resolution Imaging Spectroradiometer (MODIS) and the Ozone Monitoring Instrument (OMI), needed to constrain their retrievals by making assumptions regarding the scene observed by the instrument. A scene with clouds or certain surface types such as snow/ice that does not conform to algorithm assumptions will be identified and then excluded from retrieval. Included in that screening for single-view radiometers would be sun glint over water. Recent algorithms for these single-view heritage instruments have begun to retrieve aerosol above clouds (Waquet et al., 2009b; Torres et al., 2012; Jethva et al., 2013, 2014, 2016; Meyer and Platnick, 2015; Sayer et al., 2016), but these algorithms still require identification of the cloud scene in order to choose the correct algorithmic path. Single-view polarimetry will not add much value for cloud identification, as polarimetry is not sensitive to water droplet clouds, except by accident when the single-view coincides with the rainbow peak.

The situation has been less restrictive for heritage multiangle radiometers and polarimeters. Multiangular satellite observations, such as from Multi-angle Imaging SpectroRadiometer (MISR) instrument (Diner et al., 1998) provide additional information for scene selection that cannot be discerned from single-view radiometers. For example, MISR uses multi-angular smoothness and spatial correlation tests to assist in cloud screening as part of the aerosol retrieval algorithm (Martonchik et al., 2002). Multi-angle instruments also have the advantage that some of the view angles always avoid glint so that every scene can be viewed at some non-glint geometry (see e.g., Harmel and Chami, 2013). An example using MISR to fill in glint-induced gaps in MODIS-Terra aerosol optical depth (AOD) product over the ocean is shown in Figure 1. This increases the availability of retrieved aerosol characteristics over oceans. The information contained in multi-angle polarimetry has also been shown to be sufficient to perform masking by simply assessing the goodness of fit in the retrieval process, thereby avoiding deterministic thresholds inherent to single-view techniques, which may inadvertently over- or under-screen the data (Stap et al., 2015). The PACE MAPs have the capabilities to make use of new techniques that avoid masking, and to have the capabilities to mask when needed. Advanced algorithms developed for these instruments should address scene selection with the same rigor as they apply to characterizing the aerosol once scene selection has been accomplished.


[image: image]

FIGURE 1. Complementary MISR and MODIS coverage over dust plumes transported over the Atlantic. The narrower MISR swath partly fills in areas that would otherwise be lost to sun glint masking in the broader MODIS swath. MODIS AOD data (right and left of the MISR swath) is plotted together with the narrower MISR swath for two successive days in this dust plume event. AOD data in the middle of the MODIS swath is missing because of glint masking. MISR can retrieve AOD despite glint because only 2–3 out of nine MISR cameras view the scene in glint while other cameras point at the same scene, but at non-glint angles. These can be used for retrievals. Adapted with permission from Kalashnikova and Kahn (2008), John Wiley & Sons.



A comprehensive study of cloud detection by PACE that includes discussion of both OCI and MAP capabilities and limitations can be found in Platnick et al. (2018).

Heritage Aerosol Retrievals From Multi-Spectral Multi-Angular Radiance Measurements

The concept of using satellite multi-angle measurements to derive aerosol properties over land and ocean has a long history (Martonchik and Diner, 1992; Wang and Gordon, 1994). The first satellite sensor providing opportunity to test the concept was the dual angle Along Track Scanning Radiometer 2 (ATSR-2) that surveyed each pixel twice, once in the forward direction at 52–55° view angle and then near nadir at 0–22° view angle (Flowerdew and Haigh, 1995). Aerosol retrievals were devised to make use of the dual-look information to separate aerosol signal from surface reflectance and bi-reflection directional function (BRDF) over land (Flowerdew and Haigh, 1996). Soon after an algorithm making use of both multi-angle and spectral information was applied to ATSR-2 data and validated (Veefkind et al., 1998). Since then a series of algorithms have been applied to the multi-angle observations of ATSR-2 and its successors (e.g., Holzer-Popp et al., 2002; Kokhanovsky et al., 2009; Kolmonen et al., 2016; de Leeuw et al., 2018).

While the European multi-angle aerosol retrieval effort has focused on ATSR-2 and its successors, NASA's primary heritage multi-angle instrument is MISR. MISR has been on orbit, observing Earth and retrieving aerosol characteristics since soon after Terra launch in 2000. Besides retrieving AOD, MISR's multi-angle capability has been used for additional aerosol characterization. Previous MISR studies demonstrate the ability of multi-angular radiances to distinguish dust from other airborne particles (e.g., Kalashnikova and Kahn, 2006; Kalashnikova et al., 2013) over the ocean surfaces, and show the value of such observations for separating aerosol and surface scattering over non-black ocean waters (where the red and near infrared radiance emanating from the ocean is not zero, Limbacher and Kahn, 2017). As a demonstration of multi-angular capabilities, Limbacher and Kahn (2017) introduced a coupled, self-consistent retrieval of aerosols over open oceans with Chlorophyll-a concentration [Chla] < 1.5 mg/m3, with a primary goal to correct MISR ocean retrievals of AOD at low aerosol loadings. Because MISR-based ocean reflectance is derived self-consistently with aerosol amount and type in a physical retrieval, it can potentially provide a more robust atmospheric correction for collocated MODIS-Terra ocean retrievals.

Currently, the only plans to continue multi-angle radiometry without polarization after MISR are with the European Sea and Land Surface Temperature Radiometer (SLSTR) instrument, a follow-on of the Advanced Along Track Scanning Radiometer (AATSR), on the European Space Agency (ESA) Sentinel-3 mission, which was launched in 2016. These instruments measure the same scene at two view angles (Grey et al., 2006), which is less advantageous than a 9-camera MISR-like observation. Future multi-angle sensors will combine multi-angle capability with polarimetry. However, there are paths forward for multi-angle radiometry beyond MISR and AATSR that would provide additional capability for aerosol characterization that do not require polarimetry. One such configuration would be for a multi-angle instrument with hyperspectral capabilities. Such a configuration could resolve the Oxygen A-band signal through different slant paths from multi-angle views and enhance the ability to derive the heights of cloud (Ferlay et al., 2010) and aerosol (Davis and Kalashnikova, 2019) layers. There are no current plans for such an instrument featuring radiometry alone. Instead, all multi-angle instruments in the queue are combined with polarimetric capability, although SPEXone on PACE will combine polarimetry with multi-angle hyperspectral views out to 770 nm, and may provide the information described by Davis and Kalashnikova (2019) on coarser resolution. Currently, SPEXone, HARP2, NASA's Multi-Angle Imager for Aerosols (MAIA), and the European Multi-viewing, Multi-channel, Multi-polarization Imager (3MI) are the only planned instruments with multi-angle capability that could continue the NASA MISR aerosol record. These are all multi-angle polarimeters (MAPs) that exceed MISR's capabilities by adding information for aerosol characterization associated with polarimetric measurements and enhanced spectral coverage, though MAIA will not provide continuous, near-global coverage, and instead will observe a globally distributed set of discrete target areas (Diner et al., 2018).

Heritage Multi-Angular and Polarimetric Observations

The POLarization and Directionality of the Earth's Reflectance (POLDER) (Deschamps et al., 1994) instrument, was a MAP that enjoyed three deployments into space. The first two were relatively short due to catastrophic failures in its spacecraft (Advanced Earth Observation Satellite—ADEOS), not in the sensor itself. The third POLDER, aboard the Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar space craft (PARASOL) (Tanré et al., 2011), produced a 9-year data record. POLDER could potentially retrieve AOD and ocean reflectance simultaneously, and, to some extent, could characterize absorbing aerosol amount. POLDER's first-generation aerosol retrieval was the very first attempt to use polarization measurements. The standard aerosol algorithm was originally very conservative in its output, limiting itself to producing only MODIS-like aerosol products (AOD and size) and using simplified radiative transfer assumptions (Deuzé et al., 2000).

In addition to the original operational stream, a more comprehensive, although computationally expensive, retrieval algorithm (Dubovik et al., 2011, 2014) has been applied to POLDER measurements, This is the Generalized Retrieval for Aerosol and Surface Properties (GRASP) that produces an expanded product line that includes additional quantitative aerosol properties (size, complex refractive index, fraction of non-sphericity, and scale height). This algorithm uses a multi-pixel approach that assumes limited temporal variability of surface reflectance (over land) or limited spatial variability of aerosol characteristics (over both land and ocean). Progress has been made in speeding up processing, and at present, the whole archive of 9 years (2004–2013) POLDER-3/PARASOL data and 18 months of POLDER-1,2/ADEOS-1,2 have been processed (Dubovik et al., 2019). Figure 2 illustrates the retrieval results for single scattering albedo. These results are preliminary in that complex situations have not yet been properly addressed, and thus, snow/ice, heterogeneous scenes, and clouds are likely introducing errors in the plotted values. Even so, the GRASP/POLDER products are showing, over all expected global patterns, good agreement with the Aerosol Robotics Network (AERONET) inversions and have recently been used for the quantification of emissions of biomass burning and mineral dust aerosols over Africa (Chen et al., 2018).
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FIGURE 2. Annual mean aerosol absorption properties for 2006 derived from PODER-3/PARASOL observations using the GRASP algorithm reporting single scattering albedo (SSA) at 670 nm (Top) and using the SRON retrieval algorithm (Hasekamp et al., 2011; Fu and Hasekamp, 2018) reporting absorbing aerosol optical depth (AAOD) at 550 nm (Bottom). Adapted with permission from Lacagnina et al. (2017), John Wiley & Sons. Note that SSA is an intrinsic aerosol property while AAOD is dependent also on the aerosol loading. Direct comparisons of the two maps are not possible. However, very high AAOD should roughly correspond to low SSA, and vice-versa. Also, please note that the GRASP results are still preliminary and may be affected by cloud, snow/ice, surface heterogeneity, and other contamination issues.



A separate POLDER algorithm development effort is also underway at SRON, the Netherlands Institute for Space Research (Hasekamp et al., 2011; Fu and Hasekamp, 2018), which like GRASP is computationally expensive but more fully exploits the information content inherent in a POLDER observation than did the first generation algorithm (Tanré et al., 2011). For example, the SRON algorithm produces aerosol size, single scattering albedo (SSA) or absorbing AOD (AAOD), complex refractive index, and degree of particle non-sphericity. An example of the algorithm to characterize global aerosol particle absorption (AAOD) is shown in Figure 2 (Lacagnina et al., 2017). Both the GRASP and SRON retrievals have been validated against direct sun measurements and compared with inverted sky radiances from AERONET, and both report a significant ability to quantify column aerosol particle properties. The advances represented by GRASP and SRON to more fully exploit the multi-angle and polarimetric capabilities of POLDER and increase its aerosol characterization ability are already offering new insight in a variety of long-standing global aerosol questions. These include quantifying of emissions of biomass burning and mineral dust aerosols over Africa (Chen et al., 2018), evaluating global model aerosol absorption (Lacagnina et al., 2015), computing the direct radiative effect of aerosols (Lacagnina et al., 2017), and aerosol typing (Russell et al., 2014).

MULTI-ANGULAR POLARIMETRIC INFORMATION CONTENT FOR AEROSOL RETRIEVAL OVER OCEAN

There is strong consensus within the aerosol community that a multi-angle polarimeter is part of the essential next step in improving our understanding of the global aerosol system, reducing uncertainty in estimates of aerosol forcing of climate, improving knowledge of aerosol-cloud processes, advancing space-based air quality monitoring and forecasting, and documenting important aerosol events. The POLDER missions provided the first taste of multi-angle polarimetry. As technology advances to include hyperspectral capability, possibly broader wavelength ranges and higher polarimetric accuracy, the expectation is that aerosol characterization will also advance. As noted above, multi-angle radiometry is an important step up from the single-look instruments, and polarimetry allows even better characterization of particle properties from space.

Tanré et al. (1996) quantified the information content or degrees of freedom inherent in a 6-wavelength, single look, unpolarized satellite observation of aerosol over Case 1 ocean waters using principal component analysis. Their conclusion is that these six wavelengths resulted in only 2–3 degrees of freedom, expressed as the aerosol loading, the weighting between modes and if one mode was dominant, then also the effective radius of the dominant mode. The six wavelengths spanned the MODIS spectrum (0.55–2.13 μm). OCI, extending to hyperspectral and into the UV, should add information content to the MODIS-like measurements, and the possibility of using this information to retrieve absorption and aerosol layer height was explored in a companion paper (Remer et al., 2019). However, the most significant increase in information content (often expressed as Degrees of Freedom for Signal, DFS) can be made with multi-angle polarimetry, thus offering the potential for more complete, and accurate, aerosol characterization (Hasekamp and Landgraf, 2005; Hasekamp, 2010; Knobelspiesse et al., 2012).

Figure 3 shows the results of a study that compares the information contained in an observation by an example multi-angle polarimeter, the European 3MI instrument (Manolis et al., 2017; Fougnie et al., 2018) to that of OCI. For this study, we assumed 3MI has a polarimetric accuracy (expressed in terms of Degree of Linear Polarization—DoLP) of 1%. This study was performed for a scene parameterized from the “maritime” aerosol model in Smirnov et al. (2003) and a simple Case-I ocean reflectance model based on Chlorophyll-a and wind speed, as described in Table 2. Note that the (isotropic) wind speed parameterizes both the ocean surface reflected sunglint (Cox and Munk, 1954), and the spectra and quantity of sea foam (Koepke, 1984; Frouin et al., 1996). It follows the Bayesian information content methods described in Rodgers (2000) and implemented for aerosol and ocean scenes as in Knobelspiesse et al. (2012). This type of analysis can also be used to determine the expected measurement uncertainty of other parameters not included as free parameters (italicized in Table 2), so long as they uniquely express the derived parameter. We used this property to derive Single Scattering Albedo for the combined aerosol state, which is a function determined largely by the imaginary refractive index, but also depends on other properties (real refractive index, size distribution and fine mode fraction). See section 2.1 in Knobelspiesse et al. (2012) for more details.
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FIGURE 3. (Top) Calculated degrees of freedom (information content) from OCI (black) and a multi-angle polarimeter, the European 3MI instrument (red), as function of calculated Aerosol Optical Thickness (AOT). The different lines represent different chlorophyll concentrations in the simulated ocean. Note that 3MI is used as a generic example of a MAP, and is not expected to fly on PACE. (Bottom) Calculated uncertainties in simultaneous retrievals of single scattering albedo (bottom left) and fine mode effective radius (bottom right) for the two instruments, following the same color scheme. The dashed line indicates the uncertainty requirements of these parameters, defined by the PACE Science Definition Team report (NASA, 2012).




Table 2. Scene parameterization for results in Figure 3.
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The top plot in Figure 3 shows the DFS for each instrument for aerosol retrieval over ocean, given 12 free parameters describing the aerosol and ocean state (as in Table 2; the maximum DFS value is 12). Since the aerosol loading in a scene determines how well microphysical properties can be retrieved, this analysis has been repeated for five different AOT's, represented as the abscissa in each plot. This analysis is an expression of measurement uncertainty in terms of desired retrieval parameters and is therefore independent of the retrieval algorithm method. Like any simulation, this represents a parameterization that may not span the entire range of geophysical reality. However, these simplifications are consistent for all tested measurement systems, so this is a powerful means to compare in a relative sense, and to some extent covers differences for varying geometries. Furthermore, Knobelspiesse et al. (2012) has shown that calculated uncertainties are insensitive to the simulated value of aerosol intensive properties (size distribution and complex refractive index) so this analysis is representative of most scenes, as long as the extensive properties (AOT, Chl-a) are assessed at various values. This is why we chose to represent our results in terms of varying AOT, and for different magnitudes of [Chl-a]. These results show that the 3MI DFS is much higher than that of OCI alone. This means that 3MI can independently determine most of the aerosol and ocean parameters in the simulation, while OCI would need to “add” information via the use of assumptions of particle properties based on empirical information. The ability to determine SSA (bottom left) and fine size mode effective radius (bottom right) are shown as predicted uncertainties. The gray dashed lines indicate the MAP uncertainty requirements for these parameters from the PACE Science Definition Team report (NASA, 2012). Thus, 3MI with an assumed polarimetric accuracy of 1% would meet those requirements for simple scenes such as this, while OCI alone would not be able to do so. The PACE MAPs are expected to have even better polarimetric accuracy and should perform as well, or better, even in more complex situations than the simple case presented in Table 2 and shown in Figure 3.

CHALLENGES IN EXPLOITING MAP INFORMATION CONTENT OVER OCEAN

Full exploitation of MAP information content faces several challenges. The relative newness of such algorithms, and the complexity of simultaneous retrieval of multiple parameters, is a barrier to full operational exploitation. This complexity can lead to computationally expensive algorithms that are difficult to implement on a global scale. Radiative transfer calculations at the heart of retrieval algorithms must be confirmed as being appropriate for the measurement uncertainty of a MAP instrument, and these measurement uncertainty models need to be developed, validated, and incorporated into a retrieval. Furthermore, validation of aerosol optical properties retrieved from these algorithms can be challenging for some parameters. Fortunately, the PACE mission can benefit from the history of such development for POLDER, the Aerosol Cloud Ecosystems (ACE) mission study, and the variety of MAP prototypes that have been deployed on aircraft for research field campaigns, and other instruments (Dubovik et al., 2019).

The difficulty of aerosol retrieval algorithm development is illustrated with the data processing experience of the POLDER mission, which in the original operational algorithm over the ocean reported a limited parameter set (Aerosol Optical Thickness and the Ångström exponent) and relied on only two of the three polarimetric channels (670 and 865 nm) (Deuzé et al., 1999, 2000). Many algorithms have been developed since that time, and some of them (such as GRASP) have specifically tackled the issue of computational expense. A complete review of such algorithms can be found in Kokhanovsky et al. (2015), and descriptions of more recent algorithms include those by Gao et al. (2018) and Stamnes et al. (2018). In addition to modern advancements of computational power since the era of original POLDER algorithms, some have investigated the exploitation of alternate methods to converge to a retrieval solution efficiently, such as utilizing fast Neural Networks (Di Noia et al., 2017). In some ways, the algorithms required for proper exploitation of MAP information content may require different paradigms than those that were appropriate for the era of single view angle multi-spectral instruments.

Measurement uncertainty, and the estimated uncertainty of retrieved aerosol products, is of particular importance to MAPs. This is because the retrieval algorithms mentioned above must weigh the relative importance of the hundreds or thousands of individual observations (at various geometries, spectral channels, and polarimetric states) that comprise a “measurement” of a scene. Polarimetric observations of DoLP are several factors more accurate than the corresponding radiometric observations and have an entirely different relationship with regards to systematic and random errors. The relative importance of these errors and the correlations between errors of different observations can have an impact on the uncertainty of the retrieved geophysical products (Knobelspiesse et al., 2012). Measurement uncertainty has been characterized for some airborne polarimetric instruments (Diner et al., 2010; Harten et al., 2018; Stamnes et al., 2018), but coordinated validation of these uncertainty models is difficult and limited (Knobelspiesse et al., 2019).

Validation of aerosol products beyond Aerosol Optical Thickness and Ångström exponent also presents a challenge. While AERONET (Holben et al., 1998) represents the standard to which most aerosol satellite products over land are compared, and its extension, the Maritime Aerosol Network (MAN, Smirnov et al., 2009), can be used over the oceans, both are limited in the validation capability for other aerosol optical properties. AERONET does not measure aerosol optical properties directly, and AERONET aerosol optical property retrieval quality is highest for AOD > 0.4 (Dubovik et al., 2000); MAN instruments do not have sky scanning capabilities, and cannot be used for aerosol retrievals. While other measurements besides these networks do exist, they are limited by the same fundamental information constraints. In situ observations, on the other hand, must contend with the difficulties of accounting for temporal and spatial scale, and have their own measurement uncertainties. Aerosol chemical properties from commonly used in-situ sensors are measured with 15–30% accuracy, for example, size-resolved aerosol black carbon (BC) mass from Soot Photometer (SP2) has 30% relative uncertainty, while bulk aerosol chemical composition from Aerosol Mass Spectrometer (AMS) has 17–19% relative uncertainty (Ryerson et al., 2013; Kalashnikova et al., 2018).

The Coupled Atmospheric-Oceanic System

Retrieving aerosol properties over ocean requires separating atmosphere and ocean signals. This is a significant challenge given that the atmospheric and ocean systems are coupled physically, chemically, biologically—and most pressing for PACE, radiatively. The radiative coupling of the atmosphere and ocean, and the consequences for PACE remote sensing is explored in depth in Chowdhary et al. (2019). Here, we briefly discuss approaches that are used to manage this coupling in the retrieval of aerosol characteristics from MAP observations.

One approach to isolate the atmospheric signal for aerosol characterization is to focus on observations that are minimally affected by ocean scattering contributions. This can be done spectrally, by focusing on the near infrared (NIR) part of the spectrum where absorption by pure sea water becomes very large (Smith and Baker, 1981), and geographically by focusing on Case 1 (open ocean) waters where scattering by the ocean in the NIR part becomes negligible (Morel and Maritorena, 2001). The former choice further avoids scattering contributions by phytoplankton and their by-products that vary with biomass and can become large in the visible (VIS)/UV (see again Morel and Maritorena, 2001), while the latter choice avoids complex ocean scenes, such as coasts and estuaries, where scattering contributions vary e.g., suspended sediments and can become large even in the NIR (Li et al., 2003). These choices have been necessary in heritage algorithms for inversions of spaceborne single-view radiance observations to either retrieve aerosols properties (Tanré et al., 1997), or to simply account for aerosol scattering in atmospheric correction (Gordon, 1997). However, as we move into the PACE era, the expectation is to expand aerosol property inversions spectrally into the shorter wavelengths (UV, blue and green) and geographically into the near-shore environment. In addition, for ocean color retrievals from PACE there will be a need to expand atmospheric correction spectrally into the UV. This will require a new way of approaching the atmospheric-ocean system.

The process for more sophisticated aerosol retrieval over ocean is to make use of a MAP's large information content to retrieve aerosol and ocean properties simultaneously. Joint retrieval of aerosol and hydrosol properties requires a sophisticated and computationally efficient inverse model to disentangle their contributions to top-of-atmosphere (TOA) radiometry and polarimetry. Currently, several approaches are developed for the open ocean applications. For example, Chowdhary et al. (2002, 2012) used a simple, 1-parameter bio-optical model (i.e., varying only with [Chla]) for Case 1 waters to characterize water reflectance and retrieved aerosol properties using least squares fitting of the Research Scanning Polarimeter (RSP: an airborne multi-angle polarimeter: Cairns et al., 1999) data. Xu et al. (2016) developed an optimization approach for joint aerosol and water-leaving radiance retrieval with the constraints of multi-pixel measurements and a simplified bio-optical model for open ocean, and tested the retrieval with data from the Airborne Multiangle SpectroPolarimetric Imager (AirMSPI: see Diner et al., 2013). Hasekamp et al. (2011) have developed aerosol retrieval algorithms over ocean using PARASOL data for a radiatively coupled atmosphere-ocean system using PARASOL data, also with the simple case 1 water bio-optical model of Chowdhary et al. (2012).

The problem with using a simple 1-parameter bio-optical model for case 1 waters is that it is inappropriate for coastal and inland waters, or even case 1 waters that vary from the ideal (e.g., Mobley et al., 2004). When the inherent optical properties (IOP) do not tightly co-vary with [Chla], more sophisticated bio-optical models (i.e., that include more free parameters such as marine particulate scattering and Colored Dissolved Organic Material -CDOM), absorption coefficients; Werdell et al., 2013) are needed to simultaneously retrieve aerosol and ocean properties. Stamnes et al. (2018) and Gao et al. (2018) have taken the first steps toward including more free parameters in the joint retrieval of aerosol and hydrosol properties from MAP data. However, additional research is needed to quantify polarimetric properties of plankton and suspended mineral particles for such waters, such that these more sophisticated bio-optical models can take fullest advantage of MAP data for joint aerosol-ocean retrievals over complex (coastal) waters.

Aerosol retrieval algorithms that use only the polarized reflectance measured by a MAP in the VIS offer an alternative, albeit partial solution, for open ocean observations. They rely less on the goodness of bio-optical models but are also less sensitive to some aerosol properties, such as SSA and AOD. These types of algorithms are based on our understanding of the absolute and relative magnitudes of intensity and polarized contributions to the TOA radiance, especially in parsing the contributions from ocean and atmosphere. We have acquired this information from various sources. Chowdhary et al. (2006) have studied the magnitude and angular variation of the total and polarized water-leaving reflectances, based on bio-optical models of case 1 waters, in which inherent optical properties (IOPs) are parameterized in terms of [Chla]. The wavelength range was from 400 to 600 nm and for [Chla] spanning 0.03–3.0 mg/m3. Chami (2007) has studied the importance of the top-of-atmosphere polarized reflectance for both open ocean and coastal waters. The wavelength range was from 443 to 870 nm. Chami (2007) suggested that the polarized signal may be preferred for aerosol retrieval because the top-of-atmosphere polarized signal is insensitive to variations in open ocean water properties. This has been verified by PARASOL measurements (Harmel and Chami, 2008). However, these conclusions do not hold for modern-age polarimetric observations with higher accuracy than PARASOL (Mishchenko et al., 2007) in the short-wave visible part of the spectrum (Chowdhary et al., 2012) or for waters dominated by algal blooms or sediments (Chami, 2007; Loisel et al., 2008). Because extending this type of analysis spectrally and for more complex waters will be necessary to make full use of PACE capabilities, we summarize a specific study of this type in section Characterizing Signal in the UV and Over Complex Waters.

Meanwhile, we note that a joint retrieval, that includes total reflectance measurements contains its own challenges for retrieving accurate ocean parameters (including normalized ocean leaving radiance) because an overwhelming portion of the signal measured by the MAP originates in the atmosphere not from the ocean. Small errors in forward modeling will translate into a large, errors in retrieved ocean parameters. These small errors could be introduced from cloud contamination, trace gas, or adjacency effects, or from inaccurate assumptions of aerosol optical properties, atmospheric profiles, horizontal homogeneity or ocean salinity. Even basic radiative transfer assumptions, such as plane parallel assumptions, truncating scattering diffraction peaks, using limited number of streams and Fourier terms, ignoring inelastic scattering processes, or using inaccurate solar spectra can affect the robustness of the joint retrieval, especially the retrieval of the ocean parameters.

Although the retrieved aerosol parameters are less susceptible to these small errors than the ocean parameters, these errors in the forward model can also affect the aerosol retrieval accuracy or the number of aerosol parameters that can be retrieved with confidence. Case I waters will always be easier than complex waters, and the stronger the aerosol loading, the more reliable the aerosol retrieval. At low aerosol loading over coastal regions, even a MAP may not return much more additional aerosol information beyond what we have come to expect from heritage instruments. However, we expect progress over the next few years that will address these sources of error in forward models and provide more sophisticated bio-optical models and better representation of polarimetric properties of hydrosols. Thus, in the PACE era, we expect to see attempts of simultaneous retrievals of aerosol and ocean properties, and better realization of the information content measured by the PACE MAPs.

Characterizing Signal in the UV and Over Complex Waters

The PACE MAPs will cover the spectrum from 385 to 870 nm, which will surpass the wavelength range studied in the above-mentioned literature (Chowdhary et al., 2006; Chami, 2007; Harmel and Chami, 2008). In order to gain a better understanding of the water-leaving contribution to the TOA radiances in the UV and the deep blue part of the spectrum, Zhai et al. (2017b) performed a sensitivity study for a set of wavelengths from 340 to 865 nm. This study uses a vector radiative transfer model for coupled atmosphere and ocean systems based on the successive order of scattering method (Zhai et al., 2009, 2010). All inelastic scattering processes in ocean waters are accounted for in this study, which include Raman scattering, fluorescence from CDOM and chlorophyll (Zhai et al., 2015, 2017a). In order to be realistically representative, two water types are employed: one is dominated by phytoplankton particles (hereafter referred as PDW), and the other is dominated by non-algae particles (hereafter referred as NDW). In this way, this study fills in several holes that earlier studies missed.

PDW consists of three components: pure sea water with absorption and scattering coefficients based on (Pope and Fry, 1997; Zhang and Hu, 2009), phytoplankton particles with IOPs parameterized in terms of [Chla] (Voss, 1992; Bricaud et al., 1998, 2010), and CDOM with absorption coefficients increasing exponentially as wavelength decrease (Morel and Maritorena, 2001). Specifically, the absorption coefficient of phytoplankton particles in the UV is from the BIogeochemistry and Optics SOuth Pacific Experiment (BIOSOPE) (Bricaud et al., 2010), which is combined with the visible data (Bricaud et al., 1998) to form a complete dataset. The scattering of light by CDOM is neglected. The scattering phase function of phytoplankton particles is characterized by the Fournier-Forand (FF) phase function, whose shape is dominated by the backscattering fraction (Fournier and Forand, 1994; Mobley et al., 2002). The scattering matrix of phytoplankton particles is based on the measurement reported by Voss and Fry (1984). In addition to the three components of PWD, NWD contains non-algae particles with IOPs characterized by the non-algae particle concentration [NAP]. Similar to CDOM, the absorption coefficient of NAP increases exponentially as wavelength decreases, though the spectral slope is different from that of CDOM (Babin et al., 2003). The scattering coefficient and scattering matrix for NAP are calculated using Mie theory assuming spherical particles. The particle size distribution (PSD) used for this calculation is a Junge size distribution with a slope of 4, and the refractive index for the calculation is assumed to be 1.2 relative to water. Readers are referred to Zhai et al. (2017b) for more details of the bio-optical model used in this work.

We studied both the reflectances at the TOA and just above the ocean surface. The TOA total reflectance is defined as: ρt = πLt/Ed, where Lt is the total radiance exiting the whole atmosphere and ocean system, and Ed is the downwelling irradiance at the TOA. The water leaving signal is [image: image], where [image: image] is the TOA radiance for the system with the same atmosphere and ocean surface but without ocean water. The following wavelengths are simulated: 340, 354, 388, 416, 442, 452, 470, 510, 551, 670, 765, and 865 nm. These span the spectral range from UV to NIR, in which water leaving radiance is significant. Figure 4 shows that the total reflectance ρt decreases with increasing wavelength due to the decrease of molecular and aerosol scattering as wavelength increases. The water signal in the total reflectance is noticeable, but subtle, between 400 and 600 nm for phytoplankton (quantified by chlorophyll and designated by PDW) and non-algal particle concentrations (NDW), with the signal from NDW being more prominent.
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FIGURE 4. TOA Reflectance at nadir as a function of wavelength. The total reflectance is shown in blue by the left y axis and the water leaving signal is shown in maroon by the right y axis. The differences between heavy, solid and dashed lines are due to differences in chlorophyll amounts (left) or non-algal particle concentrations (right). The solar zenith angle is 45 degrees and the aerosol optical depth at 550 nm is 0.15. Reprinted with permission from Zhai et al. (2017a), The Optical Society (OSA).



For the water signal, [image: image] (maroon curves in Figure 4) with PDW, there is an inflection wavelength between 510 and 550 nm where [image: image] does not change for different [Chla] values. When the wavelength is shorter than this inflection wavelength, [image: image] is larger for smaller [Chla] values. This trend is reversed when wavelength is longer than the inflection wavelength. In contrast to PDW, the NDW water signal [image: image] does not have an inflection wavelength. The NDW water signal is larger for larger [NAP] across the whole spectral interval 400–600 nm, and the wavelength of the [image: image] maximum remains almost constant for a wide range of [NAP]. For both PDW and NDW, the [image: image] values are smaller in both UV and NIR than in the visible bands. The small-to-negligible [image: image] values in the NIR are common for open (and many coastal) waters, and form the basis for heritage atmospheric correction schemes using NIR bands to constrain aerosol for retrievals in the VIS (Gordon and Wang, 1994). However, note that for NWD, that reflectance [image: image] at 865 nm becomes about 0.001 for [NAP] = 10 g/m3, which is small but not negligible in terms of an aerosol retrieval or atmospheric correction. Furthermore, the small [image: image] values in the UV for PDW can become very large (and even superceed the [image: image] values in the VIS) if the amount of CDOM becomes very low (Chowdhary et al., 2019). Such low CDOM values can be found in extreme oligotrophic waters, such as the South Pacific (Morel et al., 2007). The small [image: image] values at 340 nm for NDW, the water-type of which is more characteristic for coastal (eutropic) environments, is around the same level as in the NIR.

Figure 5 shows the relative contribution [image: image] of water leaving signal at the TOA for PDW and NDW at nadir, respectively. For PDW, the maximum fraction decreases from 16 to 8%, and the wavelength corresponding to the maximum fraction shifts from 470 to 670 nm, as [Chla] increases from 0.03 to 10 mg/m3, respectively. Note that, for [Chla] = 0.03 mg/m3, the wavelength of maximum occurrence shifts into the UV if CDOM becomes very low (Chowdhary et al., 2019). At both sides of the maximum peak, the fraction decreases as wavelength decreases toward the UV or increases toward NIR. The fraction is around or <2% at wavelengths shorter than 354 nm or longer than 760 nm. For NDW, the maximum relative contribution occurs around 550 nm, and this peak does not shift spectrally as [NAP] values change. However, the relative contribution does increase in magnitude from around 15–35%, when [NAP] increases from 1 to 10 g/m3. As wavelength approaches the UV, the fraction decreases at a faster rate than that of PDW due to the light absorption in that part of the spectrum by the NAP constituents in the water. In the NIR, the water-leaving fraction is still significant for NDW, which is around 8% or less at nadir.
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FIGURE 5. Water-leaving relative percentage contribution in the TOA reflectance for the same case as in Figure 4. Reprinted with permission from Zhai et al. (2017a), The Optical Society (OSA).



Figure 5 also illustrates the reasons why traditional algorithms, needing to separate atmospheric and oceanic signals in the radiometric measurements have made use of the NIR. See section The Coupled Atmospheric-Oceanic System. In this wavelength range, η is much lower than in the visible, allowing characterization of the atmospheric constituents including aerosol without much contribution from the ocean. From Figure 5, we can also anticipate similar advantages for aerosol characterization by using the UV wavelengths. Without a MAP, the recommendation is to make use of careful spectral range selection to separate ocean and atmospheric signals. However, there remains some sensitivity to [Chla] and [NAP] in both the UV and in the NIR radiometric quantities, which can be reduced by working with polarized measurements.

Figure 6 show the relative percentage contribution of the polarized water leaving signal to the TOA polarized radiance field for the same case shown in Figure 4. The spectral variation of the polarized water-leaving fraction is due to the different bio-optical properties of the PDW and NDW waters, as the atmosphere properties are kept the same for these cases. The spectral behavior is similar to that of the total reflectance, but the magnitude of relative contribution is much less. Note the different scales on the y-axes of Figure 6 vs. Figure 5. The wavelength of the PDW maximum fraction strongly depends on [Chla], but the wavelength of the NDW maximum fraction is less sensitive to [NAP]. The PDW maximum fraction is larger for smaller [Chla]; while the NDW maximum fraction is larger for larger [NAP]. The PDW maximum fraction increases only from 2 to 5.5% for [Chla] decreasing from 10 to 0.03 mg/m3; while the NDW maximum fraction increases only from 6 to 16% for [NAP] increasing from 1 to 10 g/m3. Note that these increases will become larger if the amount of CDOM in the ocean becomes less (see Chowdhary et al., 2012, which was computed for smaller amounts of CDOM). Nevertheless, the satellite-measured polarized signal will be much less affected by variability in oceanic constituents than the total radiometric signal. The sensitivity study shown in Figures 4–6 did not include the viewing angular variation of water leaving contributions to the TOA signals, which was previously studied in Chowdhary et al. (2006) for open ocean waters.
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FIGURE 6. Polarized water-leaving relative percentage contribution in the TOA polarized reflectance for the same case as Figure 4. Reprinted with permission from Zhai et al. (2017a), The Optical Society (OSA).



These results are important for designing algorithms for PACE MAPs, either for retrieving aerosol or for atmospheric correction. In terms of retrieving aerosol, these results show an interplay in the UV and shortwave blue range between the effects of chlorophyll and non-algal particle concentrations. Adding non-algal particles will increase the absorption in that range, and offset the scattering expected from PDW. This oceanic complexity in this spectral range adds to the already complex atmospheric situation in the shortwave in which there is interplay between the spectral aerosol absorption, aerosol particle size, and height of the aerosol layer. Furthermore, there are aerosols (specifically: brown carbon particulates) that exhibit the same spectral increase in absorption toward the UV as CDOM in the ocean, which complicates separating the atmospheric and oceanic contribution to TOA radiance in the UV (Chowdhary et al., 2019). Together these oceanic and atmospheric properties will introduce significant uncertainty in making use of the shortwave observations in these wavelengths (Kahn et al., 2016).

An encouraging outcome from these results is that the relative and absolute magnitudes of the different contributions from PDW, and non-algal particles show that the polarized water signal contributes <1/3 the signal to TOA measurements than does the total water signal, across all wavelengths and for both PDW and non-algal water constituents. This suggests aerosol-retrieval algorithms based on polarized measurements or joint atmospheric-oceanic retrievals that exploit both polarized and total TOA measurements from the UV to the NIR should find adequate constraints on the ocean signal to better characterize aerosol properties than non-polarized sensors. In addition, we note that this sensitivity study was conducted at only one geometry and does not illustrate the added capability of combining polarimetry with multi-angle views. However, this theoretical study only touches upon the complexities exhibited by total and polarized spectral water reflectances. In practice, the uncertainties introduced by these complexities may hinder some of the advantages suggested by Figure 6 for optimized joint atmosphere-ocean retrievals.

MULTI-ANGLE POLARIMETER AEROSOL RETRIEVALS OVER OCEAN AND LAND

Multiangular polarimetric observations of the coupled atmosphere-ocean system offer unique opportunities to separate and retrieve variations in the oceanic and atmospheric properties that otherwise lead to similar spectral signatures in TOA total radiance. As noted above, given that some aerosols show a strong spectral increase in absorption coefficient in the near-UV (e.g., Koven and Fung, 2006; Bergstrom et al., 2007; Russell et al., 2010) that also occurs for oceanic non-algal particles and CDOM (e.g., Jerlov, 1976; Bricaud and Stramski, 1990; Nelson and Siegel, 2013; Wei et al., 2016), their impact on spaceborne measurements of intensity will be difficult to distinguish or might even cancel each other out. On the other hand, variations in absorbing aerosols and non-algal particles will likely lead to different changes in angular features of TOA polarized light that can be distinguished even if these changes occur simultaneously (Chowdhary et al., 2019).

A multi-angle polarimeter inversion is different from the types of retrievals applied to radiometers for the past 15 years. Heritage aerosol retrievals must use a priori assumptions about the aerosol and surface properties plus a pre-calculated Look Up Table, and are often limited to only retrieving aerosol loading and some information about aerosol type and height for general aerosol conditions. In contrast, the simultaneous inversion of multiple wavelengths, angles and polarization states, with a minimum of constraints, can retrieve aerosol optical thickness, particle shape, size distribution and complex refractive index, while simultaneously constraining parameters of the surface beneath, even if a full simultaneous retrieval of the surface characteristics is not made (Mishchenko et al., 2007; Waquet et al., 2009a; Dubovik et al., 2011; Knobelspiesse et al., 2012; Wu et al., 2015). Some of this potential is illustrated in Figure 3. Multi-angle radiance and polarimetric observation improves upon radiometry alone in reducing the number of a priori assumptions required for aerosol retrieval and allows a more physical characterization of the scene.

An early example of the power of multi-angle polarimetry is the use of ocean glint as a bright backdrop from which to accurately retrieve aerosol absorption. The success of this retrieval depends on first constraining the aerosol scattering properties, including the real part of the refractive index. This can only be done with multi-angle looks at the same aerosol, with at least one view in glint and one not in glint, and to achieve the required accuracy in the scattering properties retrieval, only polarimetry provides sufficient information (Kaufman et al., 2002; Ottaviani et al., 2013).

Other examples, based on analyses of airborne MAP data, have shown that not only can a multi-angle polarimeter retrieve a comprehensive set of aerosol properties in cloud-free scenes over open ocean waters (Chowdhary et al., 2001, 2002, 2005; Xu et al., 2016; Stamnes et al., 2018), they can do the same for coastal waters (Gao et al., 2018, 2019). Moreover, MAP can be used to characterize aerosol properties above clouds and below thin cirrus clouds, at least in some situations, because aerosols and clouds have different polarimetric signatures (Knobelspiesse et al., 2011; Waquet et al., 2013; Peers et al., 2015; Xu et al., 2018). In principle, aerosol retrievals within broken cloud fields may also be possible (Hasekamp, 2010), although three dimensional (3D) effects may seriously hamper the accuracy (Davis et al., 2013; Stap et al., 2016). To overcome this limitation, substantial development of 3D multi-angle/multi-pixel algorithms will be required (Martin et al., 2014; Levis et al., 2015; Martin and Hasekamp, 2018). The ability of a MAP to retrieve in traditionally cloud-masked scenes increases the availability of the aerosol characterization and provides a more accurate global picture of aerosol forcing. We expect improvement from MAPs in this respect despite new algorithms applied to heritage radiometers or to the PACE OCI that are allowing for aerosol retrievals above clouds (Jethva et al., 2013, 2014, 2016; Meyer and Platnick, 2015; Sayer et al., 2016; Remer et al., 2019).

While we have focused this study mostly on retrieving aerosol characteristics over ocean, a MAP represents opportunity to step up from heritage capabilities in retrieving aerosol properties over land as well (Waquet et al., 2009b; Dubovik et al., 2011; Wu et al., 2015; Xu F. et al., 2017; among others). As an example, Figure 7 shows a comparison of retrieved aerosol optical depth (AOD), single scattering albedo (SSA), and size distributions with collocated AERONET Level 1.5 aerosol products. The MAP measurements resulting in these retrievals are from AirMSPI, which has 8 aerosol bands in the UV to near infrared, 7 of which are used for aerosol retrieval (Diner et al., 2013). The AirMSPI retrievals demonstrate a reasonable agreement except for the coarse particle size mode, likely due to the lack of shortwave infrared bands on AirMSPI. Overall, AirMSPI AOD validation with 27 cases of available field observations shows a spectrally mean R2 of 0.95, linear regression mean slope of 0.97, and mean intercept of 0.01, reflecting high retrieval quality (Xu F. et al., 2017).
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FIGURE 7. AirMSPI-retrieved aerosol optical depth (AOD), single scattering albedo (SSA), and volume-weighted aerosol size distribution collocated with the Fresno AERONET site on January 6, 2012, compared to the AERONET-derived values. Different times of observation noted. Adapted with permission from Xu F. et al. (2017), John Wiley & Sons.



There are some limitations to using polarimetry for aerosol characterization. All aerosol retrieval procedures using polarimetry require measurements over specific ranges of scattering angles, depending on the retrieval approach. The ranges and values of scattering angles that would be measured by a polar orbiting instrument will vary with solar and viewing geometries. Thus, the availability and quality of derived products will vary with location and time, especially for the outer portions of an instrument's swath. However, as demonstrated in Figure 8, polarimetry yields still substantial improved capability over radiometry even for less favorable or reduced scattering angles.
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FIGURE 8. Scatter plots of AirMSPI-retrieved SSA against collocated AERONET values using a different number of viewing angles and polarization features. The results of SSA are plotted in different colors for five wavelengths from visible to near-infrared: dark blue (445 nm), light blue (470 nm), green (555 nm), red (660 nm), and brown (865 nm). The mean absolute difference (MAD) between the two retrievals is listed in the bottom right of each subplot. “Best angles” are identified as the subset of AirMSPI viewing angles that gives the best agreement with AERONET derived values. Reprinted with permission from Xu F. et al. (2017), John Wiley & Sons.



In addition to characterizing aerosol microphysical and optical properties, MAP measurements at 410 nm also provide information on aerosol layer height. The reason is that, depending on its altitude, an elevated aerosol layer shields the strong polarization signal from Rayleigh scattering by air molecules. The potential of aerosol layer height retrievals from MAP measurements has been demonstrated by Wu et al. (2016) using airborne measurements from the Research Scanning Polarimeter (RSP: Cairns et al., 1999). They found good agreement between the aerosol layer height retrieved from RSP and measurements from the Cloud Physics Lidar (CPL: McGill et al., 2002) flying on the same platform. The left panel of Figure 9 shows the comparison between aerosol layer heights derived from RSP and CPL measurements, and the right panel shows the comparison if only radiance (intensity) measurements of RSP are used. Clearly, without the polarization measurements the information on aerosol height is virtually absent. Wu et al. (2016) also showed that the availability of 410 nm polarization measurements and a high polarimetric accuracy are the most important factors determining the capability to retrieve aerosol layer height. These results do not invalidate the possibility that other methods without polarization, such as Oxygen A-band retrievals, may also deliver similar information on aerosol layer height (Xu X. G. et al., 2017; Davis and Kalashnikova, 2019). Nevertheless, one advantage of using polarimetry to retrieve aerosol height is that it is uses observations in the blue-UV, where aerosol optical depths are larger than in the Oxygen A-band, which may allow height retrievals in situations with less aerosol loading.
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FIGURE 9. Retrieved aerosol layer height from the Research Scanning Polarimeter (RSP) vs. the same derived from the Cloud Physics Lidar (CPL) using both radiance and polarization measurements (left), and using only radiance measurements (right). Measurements were obtained during the Polarimeter Definition Experiment (PODEX) and the Studies of Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) measurement campaigns. Adapted with permission from Wu et al. (2016), John Wiley & Sons.



The caveats to relying on multi-angle polarimetry for characterizing aerosol from the PACE mission include the details of the limitations of an individual instrument's swath, spectral coverage, spatial resolution and polarimetric accuracy. By flying two complementary polarimeters on PACE, namely SPEXone and HARP2, the mission somewhat compensates individual instrument limitations. At the very least, the instrument teams intend to use their collocation on the PACE observatory to cross calibrate radiometric and polarimetric measurements. Furthermore, comparison of instrument-specific retrievals of aerosol properties, made by each sensor along the SPEXone narrow swath, will aid in evaluating individual sensor performance and algorithms. Actual retrieval applied to the joint simultaneous measurements of both PACE MAPs is challenging. Despite having two MAPs on the same platform, PACE will fly with no polarimetric measurements at wavelengths longer than 850 nm, which may affect accuracy of aerosol coarse mode characterization and overall abilities over land surfaces. Algorithms used to fully exploit the advantages of polarimetry for aerosol retrievals are complex, requiring effort to develop and maintain. Moreover, existing approaches are currently computationally costly, although we expect computational power to increase substantially by the time the PACE mission launches. Furthermore, development of more computationally efficient retrieval algorithms is also underway (Dubovik et al., 2014; Di Noia et al., 2017).

In summary, despite the caveats, the potential PACE mission benefits of multi-angle polarization in characterizing aerosol are substantial, proven and documented.

SYNERGY BETWEEN OCI AND MAP FOR AEROSOL RETRIEVALS

The primary PACE instrument is the Ocean Color Instrument (OCI), a 5-nm spectral resolution single-view radiometric sensor, that will share the satellite with the two secondary contributed MAPs. Collocated data from OCI and the multi-angle polarized measurements will provide a rich dataset for Earth system exploration, however, new retrieval techniques still need to be developed to take advantage of the large information content of such datasets.

OCI's capabilities could aid aerosol retrievals from the MAPs in the realm of radiometric calibration, gaseous correction and constraints on aerosol height and coarse mode particles. OCI's well-calibrated 5-nm measurements allow for better radiometric calibration of both PACE MAPs if the MAPs are designed to match OCI's measurements. For example, to make optimal use of the high radiometric accuracy of OCI, SPEXone has chosen two of its viewing angles at +20° and −20° to overlap with OCI views. Note that OCI is a single view instrument but will not point nadir. In order to avoid ocean sun glint, OCI will perform a tilt maneuver every orbit at the sub-solar point so that it will point 20° forward in the northern hemisphere and 20° aft in the southern hemisphere. Also, OCI, with its 5-nm resolution, will quantify and subsequently correct for absorbing gases and retrieve information on aerosol height across HARP2's wide swath. OCI provides more bands in the chlorophyll absorption peak, which is useful in validating and/or better constraining a rudimentary ocean reflectance model for constraining ocean reflectance for aerosol retrievals, again across the broad swath. SPEXone also observes at 5 nm resolution, but only in its much narrower swath. Also, OCI provides information on aerosol absorption further into the UV than the MAPs allowing for better constraint on the direct radiative effect of aerosols. Lacagnina et al. (2017) have used a similar synergy between POLDER and OMI.

However, most of the synergy between PACE instruments flows in the other direction with the MAPs aiding OCI in separating the aerosol signal from the ocean signal, and vice-versa. Conversely, MAP's information content as compared with OCI will allow for much better characterization of aerosol properties. This will help to constrain OCI aerosol characterization and atmospheric correction (Frouin et al., 2019). Additionally, because large amounts of sediments and CDOM in coastal waters can masquerade as absorbing aerosols in the satellite-measured signal in the UV/shortwave visible range, algorithms applied to OCI alone will find it difficult to isolate the atmospheric signal to make use of the aerosol signal there, or to isolate the ocean signal to derive water-leaving radiance. This is when making use of MAP observations can help separate and characterize the aerosol scattering contributions for aerosol retrievals.

Another synergy between OCI and the MAPs is the quantification of the direct radiative effect of aerosols above clouds by calculating the difference between the total outgoing irradiance and the outgoing irradiance for an atmosphere with no aerosol and only the cloud (de Graaf et al., 2014). Here, the total outgoing irradiance can be estimated from the measured spectral radiance. Currently, this is being done from single viewing angle radiance measurements, but this estimate can be significantly improved using multi-angle measurements. To best estimate the outgoing irradiance combined measurements of cloud and aerosol properties are needed, and it will take the combination of both PACE MAPs with the PACE OCI to deliver the required characterization.

DISCUSSION

The PACE mission will be an opportunity to expand characterization of global aerosols with the Ocean Color Instrument (OCI), a single-view broad spectrum, wide swath, radiometer and two complementary multi-angle polarimeters (MAPs). For aerosols, OCI primarily has the capability to continue the heritage retrieval algorithms associated with heritage sensors such as MODIS and OMI. OCI also has the potential to enhance aerosol characterization by means of its broad spectrum and fine spectral resolution through the oxygen A band (Davis and Kalashnikova, 2019; Remer et al., 2019). However, any OCI aerosol retrieval algorithm will require a priori assumptions because its single view radiometric measurements are limited in information content.

Multi-Angle Polarimeters will dramatically increase the information content of the PACE mission to produce a more complete characterization of aerosol parameters not possible today. The challenge in making use of the full information content of a MAP is in the separation of satellite-measured signal into atmospheric and oceanic components. One approach to retrieving aerosol properties from satellite is to avoid the ocean signal as much as possible by using wavelengths that are assumed to be dark in water leaving reflectance and avoiding situations that do not meet this assumption. This will often regulate the aerosol retrieval to Case I waters, far from estuaries and coastlines, sometimes where the most societally relevant aerosol occurs.

The alternative to this limiting set of assumptions is to approach the atmospheric-oceanic decoupling with a joint retrieval that returns both aerosol and ocean color properties together. The requisite radiative transfer models that can accurately (i.e., consistent with current and future MAP accuracies) and realistically (e.g., including inelastic underwater light scattering, scattering by complex inhomogeneous particles, and light propagation in horizontally inhomogeneous media) simulate radiative transfer of polarized light through atmosphere-ocean systems are now becoming feasible (Chowdhary et al., 2019). Such joint retrievals are possible (e.g., Chowdhary et al., 2012; Stamnes et al., 2018; Gao et al., 2019), but come with challenges. One of the requirements is that oceanic bio-optical models that were used in past polarimetric retrievals need to catch up (i.e., incorporate more inherent optical parameters, e.g., parameterization of the oceanic Mueller matrix in terms of oceanic constituents) with those used for modern-age radiometric ocean color retrievals. There is also a need to better characterize the scattering matrices of suspended hydrosols. Both of these requirements are currently in the process of being addressed (Chowdhary et al., 2019). We need to continue our research on these issues in the next few years, in order to be prepared for the PACE mission and the simultaneous inversions that such a mission will support.

While the expectations are high for the PACE MAPs' aerosol characterization capabilities, this enthusiasm does not negate the need to continue and expand upon aerosol retrievals from radiometry. In particular, the PACE OCI with its fine spectral resolution measurements and broad spectral range offers an alternative and complementary path forward for aerosol characterization during the PACE era (Remer et al., 2019). Single-view radiometry for aerosol retrieval enjoys a long heritage, and while algorithms applied to radiometers require greater reliance on assumptions to constrain the retrieval, those assumptions are based in physical understanding and experience acquired over decades. As research continues to meet the challenges to obtain joint atmospheric-oceanic retrievals from the PACE MAPs, we must not neglect preparation for OCI-centered aerosol characterization.

Sensitivity studies have been conducted using coupled radiative transfer modeling during the tenure of this PACE science team. These studies model the contribution of water-leaving radiance to the TOA signal, across the spectrum, for both total radiance and polarimetric radiance for a variety of water constituents. The results indicate that polarized radiance is much less affected by variability of chlorophyll-containing and non-algal constituents in the water than is total radiance (intensity). Thus, when attempting retrievals of aerosol properties over water with unconstrained water-leaving radiances, using the polarized signal instead of intensity should introduce much less uncertainty.

To prepare for PACE, a test bed of multi-angle polarimeter data is needed to verify the sensitivity studies and to prepare and test algorithms. There are now several airborne MAPs flying and making measurements that could be used as test cases. Recently, four different airborne MAPs flew on the NASA ER-2 as part of the Aerosol Characterization from Polarimeter and Lidar (ACEPOL) campaign. These data span the specific capabilities expected of any MAP that would fly on the PACE mission, and therefore provide adequate test data for algorithm development. This is in addition to new algorithms being developed and applied to POLDER/PARASOL observations The effort should be placed in continuing to fly these airborne instruments over scenes of particular interest to PACE, including aerosol events and clouds, over land and ocean, and to collocate these scenes with ancillary data that can be used to verify proto-algorithm retrievals. Also, effort should be directed toward processing the collected data and making it quickly available for algorithm development, as well as to use POLDER/PARASOL data as an opportunity to explore MAP information content with actual space borne measurements.

Retrievals applied to real observations show that MAP-retrieved aerosol parameters match ground truth to accuracies within expectations, and also demonstrate the relative importance of polarization to multi-angle capabilities. We expect a PACE MAP to improve accuracy of the global aerosol parameters that we now retrieve, expand the type of parameters that we can retrieve, and extend retrievals to situations previously unattainable from heritage aerosol satellite missions. In summary, the potential PACE mission benefits of multi-angle polarization in characterizing aerosol are substantial, proven, and documented.
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