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Abstract

:

Concentrations of particulate aerosols and their vertical placement in the atmosphere determine their interaction with the Earth system and their impact on air quality. Space-based lidar, such as the Cloud–Aerosol Transport System (CATS) technology demonstration instrument, is well-suited for determining the vertical structure of these aerosols and their diurnal cycle. Through the implementation of aerosol-typing algorithms, vertical layers of aerosols are assigned a type, such as marine, dust, and smoke, and a corresponding extinction-to-backscatter (lidar) ratio. With updates to the previous aerosol-typing algorithms, we find that CATS, even as a technology demonstration, observed the documented seasonal cycle of aerosols, comparing favorably with the Cloud–Aerosol Lidar with Orthogonal Polarization (CALIOP) space-based lidar and the NASA Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) model reanalysis. By leveraging the unique orbit of the International Space Station, we find that CATS can additionally resolve the diurnal cycle of aerosol altitude as observed by ground-based instruments over the Maritime Continent of Southeast Asia.
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1. Introduction


Remote sensing of particulate aerosols serves a critical role for determining interactions with the Earth system and adverse impacts on human health. Aerosols can both lead to either positive (warming) or negative (cooling) direct radiative forcing, depending on their composition and placement in the atmosphere, e.g., [1,2]. In addition, aerosols have uncertain but important secondary and higher-order effects on the broader earth system, affecting cloud formation and atmospheric chemistry, e.g., [3,4]. These effects vary depending on aerosol altitude [5,6,7] and are noted by the Intergovernmental Panel on Climate Change (IPCC) as more uncertain compared to the climate forcings arising from greenhouse gases and other perturbations of the Earth climate system [2]. Beyond their effects on the Earth system, aerosols can have deleterious effects on human health, with small particulates being estimated to cause around 100,000 premature deaths each year in the United States alone [8].



This broad range of effects has led to a variety of different remote sensing instruments being employed in airborne and space-based platforms to determine the abundance and distribution of aerosols within the atmosphere. Compared to passive instruments, airborne and space-based lidars excel in providing high-resolution vertical profiles of clouds and aerosols. The most recent lidars to operate in orbit designed for cloud and aerosol observations are NASA’s Cloud–Aerosol Lidar with Orthogonal Polarization (CALIOP) on the Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite from 2006 to present [9] and the Cloud–Aerosol Transport System (CATS) aboard the International Space Station (ISS) from 2015 to 2017 [10,11]. CALIOP was originally part of the NASA A-Train constellation of polar-orbiting Earth-observing instruments with a local equatorial crossing time of around 1:30 a.m. and p.m. In contrast, the precessing orbit of the ISS between 51   ∘   N–51   ∘   S enabled the CATS lidar to observe the vertical distribution of clouds and aerosols at a variety of local times. This variety of times sampled allows the diurnal cycle to be observed with CATS where CALIOP is set with its two equatorial crossing times, e.g., [12,13].



Aerosols exhibit both a seasonal and diurnal cycle because their concentrations and altitudes depend on a variety of factors that vary seasonally and diurnally, including emissions, local meteorology, transport, removal, and chemistry, e.g., [14]. For example, smoke aerosols concentrations are primarily emitted through biomass burning which is highly dependent on local meteorological and source conditions. These conditions vary depending on the season and time of day, e.g., [15], with tropical agricultural burning emissions increasing in the morning (∼1000 local) to an early afternoon peak (1200 to 1400 local) [16,17]. Dust aerosol concentrations likewise vary depending on the regional atmospheric transport and the local conditions at the source regions, e.g., [13,18]. Quantifying the diurnal emission and convective process impacts on the aerosol vertical distributions is essential for determining the aerosol transport pathways and air quality within the planetary boundary layer (PBL) [19,20,21].



In this study, we describe our most recent aerosol-typing algorithms (V3-00) applied to the 33-month lifetime of the CATS lidar data and compare the seasonal variability in the CATS aerosol type to Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) aerosols and CALIOP observations in Section 2. In Section 3, we leverage the unique orbit of the CATS lidar to quantify the diurnal cycle of smoke aerosols over the Maritime Continent of Southeast Asia and compare this to NASA’s ground-based Micro-Pulse Lidar Network (MPLNET) lidar [22]. Our summary and conclusions are discussed in Section 4.




2. CATS Aerosol-Typing Algorithm Description


For the past two decades, backscatter lidars such as the ground-based MPLNET, airborne Cloud Physics Lidar (CPL), and spaceborne CALIOP have demonstrated the ability to determine aerosol types using backscatter and depolarization measurements along with ancillary information. The CATS instrument was built on the heritage of these missions both in instrument design and in its algorithms. As described in Yorks et al. (2016) [11], CATS operated in two science modes. From 10 February 2015 to 21 March 2015, CATS operated in Mode 7.1 which provided 532 and 1064 nm total attenuated backscatter and volume depolarization ratio measurements from two fields of view separated by 7 km on the ground. Beginning 25 March 2015 and through the remainder of operations, CATS operated in Mode 7.2, providing total attenuated backscatter and volume depolarization ratio measurements at 1064 nm from one 0.5   ∘   forward field of view. CATS Level 1B (L1B) products such as the total attenuated backscatter, volume depolarization ratio, and associated uncertainties are reported at a 60 m vertical and 350 m horizontal resolution. A detailed description of the CATS cloud–aerosol discrimination (CAD) algorithm and feature confidence scoring is provided in Yorks et al. (2021) [23]. Additionally, as described in Yorks et al. (2021) [23], CATS Level-2 (L2) products such as the feature detection and classification are reported at a 60 m vertical and 5 km horizontal resolution. For daytime CATS granules, a coarser horizontal (60 km) averaging of the L1B products is regularly used to increase the signal-to-noise ratio (SNR) for improved feature detection in scenes with high solar background contributions; however, the products are still reported at a 5 km horizontal resolution.



The CATS aerosol-typing algorithm leverages the V3 CALIOP aerosol-typing algorithm [24]. However, because CATS operated in Mode 7.2 for most of its lifetime, the primary observable inputs to the CATS algorithm are at 1064 nm, as opposed to 532 nm used by CALIOP. The observed inputs to the CATS operational aerosol-typing algorithm include feature-integrated total attenuated backscatter (sr    − 1   ) at 1064 nm ( γ    ′     1064  ), feature-integrated volume depolarization ratio (defined as the ratio between the perpendicular total backscatter to the parallel total backscatter) at 1064 nm ( δ    ′     1064  ), and the feature-integrated spectral volume depolarization ratio ( δ    ′     1064  / δ    ′     532  ), though the latter input is available only in Mode 7.1. In addition to the observed quantities, the CATS aerosol-typing algorithm uses ancillary information, such as the surface type from the International Geosphere–Biosphere Programme (IGBP) [25], feature thickness and elevation, and aerosol typing provided by MERRA-2, as described later in this section.



The Mode 7.1 operational aerosol-typing algorithm classifies eight aerosol types: desert dust, dust mixture, smoke, polluted continental, clean/background, marine, marine mixture, and upper troposphere–lower stratosphere (UTLS) aerosol (Figure 1). Based on the CPL observations of Saharan dust from the NASA Tropical Composition, Cloud, and Climate Coupling (TC   4  ) [26] and Hurricane and Severe Storm Sentinel (HS3) [27] field campaigns, desert dust features are identified when  δ    ′     1064   is greater than 0.25. A dust mixture, which is meant to characterize desert dust mixed with other aerosol types such as smoke and marine aerosol types, is classified when  δ    ′     1064   is greater than 0.15 and less than or equal to 0.25. For spherical aerosols (low depolarization ratios) and owing to similar minimal detectable backscatter (MDB) between CATS at 1064 nm and CALIOP at 532 nm [11], a clean/background type is assigned to layers with  γ     ′  1064   less than 0.0005 sr    − 1   , as in the CALIOP V3 aerosol-typing algorithm. Utilizing the IGBP land-surface classification, marine and marine mixture aerosol layers are classified for low depolarizing layers over water that are not elevated. The CATS operational aerosol-typing algorithm modified the CALIOP V3 definition of an elevated aerosol layer to classify elevated aerosol layers as those with at least a 1 km separation between the layer base and the surface and at least 2 km in thickness. This modification is based on Nowottnick et al. (2015) [28], who found that the CALIOP V3.01 definition of an elevated aerosol layer classified transported smoke layers over the ocean as marine over the central Atlantic Ocean. Backscatter lidars, such as CATS, measure the volume depolarization ratio, which includes both molecular and particulate depolarization contributions. To help discriminate marine from marine mixture layers, the feature-integrated spectral volume depolarization ratio ( δ    ′     1064  / δ    ′     532  ) is used because polluted marine layers exhibit a greater spectral particulate depolarization ratio than clean marine layers [29]. In CATS Mode 7.1, the integrated spectral volume depolarization ratio was implemented in an attempt to identify marine boundary layers impacted by the presence of anthropogenic aerosols and, therefore, a marine mixture designation is given when the integrated spectral volume depolarization ratio is greater than 1.5 within the aerosol layer [29].



Similarly, over IGBP land surfaces, layers are classified as polluted continental when the layer exhibits low depolarization ( δ    ′     1064   less than or equal to 0.15), is not elevated, the integrated spectral depolarization ratio fraction is greater than 1.5 [30], or are classified as polluted continental using MERRA-2, as discussed in further detail later in this section. Smoke layers are assigned to elevated aerosol layers with low depolarization ( δ    ′     1064   less than 0.15), the spectral depolarization ratio fraction is less than 1.5, or classified as smoke using MERRA-2. UTLS aerosol layers are classified as layers with low depolarization ( δ    ′     1064   less than 0.15), with a feature base above 10 km. The CATS operational aerosol-typing algorithm does not assign a volcanic ash type within the troposphere, as layers with high depolarization and a mid-layer temperature of −20    °  C are classified as a cirrus cloud by the CAD when below the MERRA-2 tropopause height. The CATS Mode 7.2 operational aerosol-typing algorithm is very similar to the Mode 7.1 algorithm; however, the observed inputs are limited to  γ    ′     1064   and  δ    ′     1064  . Therefore, due to the lack of spectral depolarization information, a marine mixture is not distinguished from marine and therefore is not classified, and the elevation criteria and MERRA-2 information are used to distinguish polluted continental from smoke over land (Figure 1). It should be noted that a subsequent paper will focus on lidar ratios assigned to each CATS aerosol type and CATS-derived aerosol optical properties.



The use of ancillary information such as the IGBP surface type and elevation criteria to distinguish the aerosol type can lead to aerosol-typing biases [28,31], which may adversely impact retrieved aerosol optical properties such as extinction. Therefore, in both Mode 7.1 and 7.2 CATS final V3-00 operational aerosol-typing algorithms, simulated aerosol information from the NASA Goddard Earth Observing System MERRA-2 reanalysis [32,33,34] is utilized. MERRA-2 treats aerosols with an online version of the Goddard Chemistry, Aerosol, Radiation, Transport (GOCART) model and simulates the mass of dust, seasalt, sulfate, black carbon, and organic carbon aerosols [35,36]. Notably, biomass-burning aerosol emissions in GEOS-5 are parameterized using the Quick Fire Emission Database (QFED), based on Fire Radiative Power (FRP) reported by the Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua and Terra sensors [37]. Aerosol optical properties from the Optical Properties of Aerosols and Clouds (OPAC) database [38] are used for seasalt, sulfate, and carbonaceous species, while an observationally derived set of aerosol optical properties are used for dust [28,39]. In addition to meteorological observations to constrain the dynamical state of the system, MERRA-2’s aerosol optical thickness (AOT) is assimilated to constrain simulated aerosol loadings using observations from both Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua and Terra sensors [40,41], the Advanced Very High Resolution Radiometer (AVHRR) [42], the Multiangle Imaging SpectroRadiometer (MISR) [43], and the Aerosol Robotic Network (AERONET) ground network of sunphotometers [44].



Following a modified methodology described in Nowottnick et al. (2015) [28], MERRA-2 aerosols are mapped to CATS aerosol types to distinguish smoke (carbonaceous dominated) from polluted continental (sulfate dominated–sulfate mixed with carbonaceous aerosols). The use of the MERRA-2-based aerosol typing is conservatively invoked only when MERRA-2 simulates a smoke or polluted continental layer at the exact altitude range observed by CATS with a minimum AOT at 532 nm of 0.05, consistent with the CATS daytime minimal detection limits for an aerosol layer at 532 nm in Mode 7.1. Following Nowottnick et al. (2015) [28], MERRA-2 aerosols are mapped to the CATS smoke aerosol type when the fraction of the total carbonaceous to the total aerosol extinction within the layer is at least 0.75. MERRA-2 aerosols are mapped to the CATS polluted continental type when the fractions of the total sulfate to the total extinction exceeds 0.75 or when the fraction of the total sulfate and carbonaceous extinctions to the total aerosol extinction is at least 0.25 individually and their combined extinction to the total aerosol extinction is at least 0.75. If aerosols simulated in MERRA-2 fail to meet these criteria, a default IGBP surface type and elevation criteria are used to distinguish smoke from polluted continental. An example of how CATS observables and MERRA-2 aerosols are used to classify the aerosol type on 6 August 2016 is provided in Figure 2. On this day, CATS flew over Africa and classified depolarizing aerosols as dust north of 10   ∘   N and non-depolarizing aerosols as smoke followed by polluted continental to the south, comparing favorably to the aerosol types observed by Suomi/NPP Deep Blue [45] (Figure S1). The MERRA-2 aerosol information was invoked to inform the transition in the aerosol type from smoke to polluted continental around 14   ∘   S.



An example showing the use of the spectral particulate depolarization ratio to discern between polluted and clean marine layers on 8 March 2015 is shown in Figure 3. Here, CATS observes a layer of relatively clean marine aerosols to the south and west of the Philippines with an average spectral particulate depolarization ratio of 1.36 (left side of Figure 3) and more polluted layers to the north and east with average spectral particulate depolarization ratios of 1.65 (right side of Figure 3). Analyzing the back trajectories, the northeastern polluted region originated near southeast China and the cleaner southwestern region over the remote Pacific Ocean (Figures S2 and S3).



In Figure 4, we present the seasonal variation in the CATS most frequently classified aerosol type below 4 km for day and night granules for 2015–2017. A key feature to note is the increased transport of Saharan dust into the Caribbean during JJA [46,47,48], observed by CATS. Additionally, we find the increased detection and transport of smoke associated with seasonal biomass burning over northwestern North America [49,50], the Amazon [51,52], and over central and southern Africa [53,54] in JJA and SON.



The most recent CALIOP Version 4 (V4) aerosol-typing algorithm distinguishes seven tropospheric aerosol subtypes: marine, dusty marine (new in V4), dust, polluted dust, clean continental, polluted continental/smoke, and elevated smoke. Due to the challenges in differentiating polluted continental and smoke aerosol types in the CALIOP data, the V4 algorithm combines these types together, unless the aerosol layer is elevated and is assigned as an elevated smoke layer. Additional details on the CALIOP aerosol-typing algorithm can be found in Kim et al. (2018) [31] and heritage from the Version-3 algorithm can be found in Omar et al. (2009) [24].



In Figure 5, we show the day and night 2015–2017 July, August, and September most frequently classified aerosol type between 0 and 4 km for the CATS V3-00, MERRA-2 simulated aerosols mapped to the CATS aerosol types following the methodology of Nowottnick et al. (2015) [28], and CALIOP V4.20. Comparing the CATS and CALIOP aerosol type maps, we find good agreement for dust over the Sahara and Arabian Peninsula and smoke over South American and central Africa at all altitudes. Over the western U.S. and eastern Europe, however, the CATS aerosol layers are predominately dust, while CALIOP classifies those layers as polluted dust. This difference can be attributed to differences in the thresholds and wavelengths used in each algorithm to discriminate dust from dust mixed with other aerosol types. Additionally, owing to the incorporation of the MERRA-2 aerosol information content, the V3-00 CATS algorithm depicts the downwind transport of pollution originating from Asia over the north Pacific Ocean [55,56] and smoke associated with biomass burning in the US Pacific Northwest between the surface and 4 km [49,50].




3. ISS Orbit Implications for Sampling of Diurnal Variability of Aerosol Vertical Distributions


Investigating the diurnal variation in clouds and aerosols from space necessitates measurements and observations throughout the daily cycle. Smoke aerosols from biomass burning have been noted to exhibit a diurnal cycle in the Maritime Continent of Southeast Asia, e.g., [17,57]. In this region, convection can be a major driver of the observed vertical aerosol altitude diurnal cycle. MPLNET is a global network of ground-based lidars and has operated since 2000 [22] providing key vertical measurements of the aerosol and cloud diurnal cycle. Many of these MPLNET sites, including the site in Kuching, Malaysia, featured in our analysis (Figure 6), are co-located with AERONET and other meteorological data collection sites. For comparison to the aerosol diurnal cycle observed by CATS, we use the quality screened MPLNET Version 3 L1.5 aerosol product, a near real-time product [58,59,60]. At the time of writing, fully reanalyzed MPLNET Version 3 L2 products are still being reprocessed and Kuching data were not available in the older MPLNET Version 2 archive. The differences between the Version 3 L1.5 and L2 products are generally small as both are quality assured, meaning the L1.5 is sufficient for this comparison to CATS.



Due to the differences between the daytime and nighttime sensitivities with lidars such as CATS, aerosol layers are more frequently detected at night than during the day because the minimum detectable backscatter is lower at night. This allows for more tenuous layers to be detected at night. However, there is not a discernable relationship between altitude and the layer optical depth in the CATS-detected aerosol layers in the Maritime Continent, indicating it is expected that there would be little to no diurnal bias in the extinction-weighted altitudes.



To quantify the diurnal cycle of aerosols for the regions we analyzed, we employed quality checks on the CATS L2 profile data. Aerosol typing in CATS provides a feature type score associated with the confidence in the feature being aerosol or cloud [23], similar to CALIOP [61]. As the region is plagued by clouds, we excluded UTLS (upper tropospheric/lower stratospheric) aerosols and aerosols in the profile with feature scores of less than 50% confidence to concentrate the analysis on higher-confidence aerosols rather than mistyped clouds.



For determining the diurnal cycle of aerosol altitudes, we calculated extinction-weighted altitudes (z   α  ) [62,63,64] for profiles containing any quality-checked aerosols (Equation (1)):


   z α  =    ∑  i = 1  n   β  e x t , i    z i     ∑  i = 1  n   β  e x t , i      



(1)







Here,  β     e x t , i    represents the aerosol extinction of a bin, z   i   the lidar bin altitude, and n the number of vertical bins within the profile. To filter outliers, bin extinction coefficients less than 0 or greater than 5 km    − 1    were omitted from the calculations. The extinction-weighted altitude provides an indication of where the peak aerosol loading is located in the profile and provides a useful metric to compare aerosol altitudes between various instruments and models [62,63,64]. Processes that influence the vertical distribution of aerosols will in turn impact the evolution of the extinction-weighted altitude, such as the diurnal evolution of the planetary boundary layer (PBL), and interact with convective processes. It is worth noting that this calculation yields a single extinction-weighted altitude, which can introduce bias for complex, multi-layer aerosol scenes that are not contiguous in altitude. This metric is meant to provide a general characterization of the diurnal cycle of aerosol vertical profiles.



To calculate the change in the diurnal cycle over the island of Borneo (15   ∘   × 15   ∘   box from 105   ∘   E west to 120   ∘   E and from 5   ∘   S to 10   ∘   N) (Figure 7), these extinction-weighted altitudes were binned by UTC hour, centered over the hour (e.g., from 00:30 to 01:30 for 01:00). The altitudes represented in Figure 7 include those within the two adjacent hour bins (i.e., values for 03:00 include matching observations centered over 02:00 and 04:00). The extinction-weighted altitudes were calculated as in Equation (1) for the two years of MPLNET V3 data availability (August through October 2018 and July through November 2019).



The median diurnal cycle of the aerosol extinction-weighted altitude in this region is statistically resolved using CATS data, with the quality assurances previously described, and compares well with the median diurnal cycle observed by the MPLNET ground-based lidar station in Kuching, Malaysia (1.49   ∘   N, 110.35   °  E), and generally resides within the MPLNET interquartile region (Figure 7). Specifically, the aerosol extinction-weighted altitudes increased around 200 m from the morning (0:00 UTC, local time UTC+8) in the MPLNET record and slightly less than that as observed by CATS. These altitudes peak locally in the afternoon around 7:00 UTC (15:00 local time) before decreasing in altitude into the evening hours and are consistent with the building of the mixed layer in the daily PBL cycle. In a comparison to available extinction-weighted altitudes determined from the oxygen absorption bands obtained during daylight conditions from the sun-synchronous Earth Polychromatic Imaging Camera (EPIC) [63,64], aerosol altitudes in this region also increase in the afternoon hours (Figure A1) (Methodology included in Appendix A).



In this region, the MPLNET aerosol altitudes were generally higher than those observed by CATS—on the order of 400 m (Figure S4); however, as previously discussed, data from both lidars show a similar diurnal cycle. The diurnal cycle observed by EPIC was more pronounced with altitudes increasing around 1 km from the daily altitude minimum around solar noon to sunset (Figure A1). The discrepancies between the MPLNET and CATS aerosol altitudes may be due to differences in geographical sampling or in the years sampled (2018 and 2019 for MPLNET and 2015–2017 for CATS), as the Kuching MPLNET site was not operational during the CATS lifetime. Specifically, a large portion of the 15   ∘   × 15   ∘   CATS domain (Figure 6) was marine which is more atmospherically stable and would not exhibit as pronounced of a convective cycle as the ground site at Kuching on Borneo. Finally, discrepancies may arise due to the different measurement directions of CATS and MPLNET, as the ground-based MPLNET lidar permits measurements of aerosols below thick water clouds that would attenuate the CATS signal from space. Conversely, CATS will measure aerosols above thick water clouds where the MPLNET signal would be adversely impacted by signal attenuation.



Because the CALIOP instrument provides measurements at daily equatorial crossings corresponding to roughly 1:30 a.m./p.m., it can only provide a sample of the diurnal cycle in clouds and aerosols. For many marine domains, this sampling around the night and early afternoon may correspond to the daily minimum and maximum in vertical cloud frequency; however, for terrestrial locations, this relation may not hold [12]. Indeed, when aggregating across the breadth of the CATS record with the variety of local solar times sampled, we find many regions where the CALIOP sampling hours do not correspond to the daily minimum and maximum in the CATS vertical aerosol detection frequency (Figure 8). Two of these regions, Southeast Asia shown in Figure 6 and Northwestern North America (125   ∘   W–100   ∘   W; 40   ∘   N–51   ∘   N), feature peak July, August, and September aerosol detections in the afternoon and evening hours. These afternoon hours coincide with peak fire activity in Southeast Asia [65] and Western North America, e.g., [66,67]. In these regions, the CALIOP sampling frequency would miss the peak aerosol loading hours, highlighting the value of Earth-observing instruments in inclined orbits.




4. Summary and Conclusions


During its 33 months of operation on the ISS, CATS both extended and enhanced the global climate record of aerosol vertical profiles by providing aerosol heights and types with comprehensive coverage of the tropics and mid-latitudes at local times not observed by sun-synchronous NASA sensors. Aerosol-typing algorithms use depolarization to identify dust aerosols and invoke model data to help differentiate smoke and polluted continental aerosols to mitigate the impacts of set thresholds (e.g., surface type) on aerosol typing. The CATS aerosol-typing processing algorithms leveraged the heritage of the CALIPSO algorithms, and despite relying primarily on 1064 nm observations in Mode 7.2, regional and seasonal maps of CATS aerosol types show areas dominated by marine aerosols, dust, and smoke that are very consistent with well-known aerosol source regions, CALIPSO aerosol types, and MERRA-2 data. Additionally, the 51   ∘   inclination angle of the ISS orbit enables estimates of the diurnal and vertical variability of aerosols in regions such as Southeast Asia, where smoke from biomass burning tracks the daily convective cycle. This paper has demonstrated that the CATS aerosol algorithms and data products have a wide range of applications such as aerosol typing and transport, aerosol particle sphericity, and diurnal variability.



CATS data users should consider limitations when analyzing CATS aerosol data, such as the mistyping of smoke and polluted continental aerosols off the west coast of South America or dust aerosols that may actually be non-spherical smoke in Southern Africa due to the burning of dry savannah in intense high-temperature fires. Furthermore, day–night SNR contrasts may hinder the ability to determine the diurnal variability of aerosols in regions with weaker aerosol loading. Future algorithms for spaceborne backscatter lidars have the potential to evolve beyond using hard threshold values for determining aerosol types, as used in the operational CALIPSO and CATS aerosol-typing algorithms, by using machine learning [23] and other techniques that utilize spatial correlations instead of determining aerosol type for a single profile independently. Finally, the next generation of space-based backscatter lidars should include multiple wavelengths of the depolarization ratio and a better SNR, specifically more similar day-to-night SNRs if in an inclined orbit, to further improve our understanding of the diurnal, seasonal, and regional variability of aerosol type, height, and extinction.
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Appendix A. EPIC Aerosol Analysis


The aerosol optical centroid height (AOCH) retrieved from the EPIC (Earth Polychromatic Imaging Camera) observation adopted the oxygen absorption spectroscopy method [63,64,68]. We assume the aerosol vertical extinction profile follows a quasi-Gaussian distribution characterized by the AOD, extinction peak height, and half-width parameter. The extinction peak height retrieved by our algorithm represents the altitude where the aerosol extinction has the maximum value, so it is named as the optical centroid height. The half-width parameter is assumed as 1 km. The optical properties of the aerosol follow the smoke aerosol model in Chen et al. (2021) [69]. The algorithm first retrieves the AOD using the 443 nm EPIC channel, then derives the AOCH using the ratio of O2 A and B bands to their neighboring continuum bands (688/680 and 764/780 nm). The cloud screening is conducted through the spatial homogeneity tests at 443 and 551 nm, together with the brightness tests at 443 and 680 nm over land surface and 443, 680 and 780 nm for water surface. The retrievals with a sun glint angle lower than 30   ∘   over water surface are also screened [70]. The surface reflectance over land comes from the 10-year climatology of Lambertian surface reflectance data of the MODIS MCD43 product [71]. For over water surface, the GOME-2 Lambert-equivalent reflectivity product [72] is applied. The Unified and Linearized Vector Radiative Transfer Model (UNL-VRTM) [73] is used to generate the lookup table for the retrieval. We retrieved the EPIC AOCH over the research domain (105   ∘   E–120   ∘   E, 5   ∘   S–10   ∘   N) for July through November of 2016–2018 and calculated the hourly mean of the EPIC AOCH.
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Figure A1. Diurnal cycle of July–November 2016–2018 EPIC aerosol optical centroid heights (AOCH) for the Southeast Asian region outlined in Figure 6. 






Figure A1. Diurnal cycle of July–November 2016–2018 EPIC aerosol optical centroid heights (AOCH) for the Southeast Asian region outlined in Figure 6.
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Figure 1. Schematic of the CATS aerosol-typing algorithm for both science modes. 
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Figure 2. An example of how CATS observables and MERRA-2 aerosols were used to inform aerosol type for a subset of the CATS track (red box) on 6 August 2016. CATS 1064 nm total attenuated backscatter (a) and 1064 nm depolarization ratio (b) are used to identify features and first classify as cloud or aerosol (c) along with ancillary information, as described in Yorks et al., 2021 [23]. CATS observables (e.g., depolarization ratio to identify desert dust) are further used with additional ancillary information and MERRA-2 aerosols to identify aerosol type (c). 
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Figure 3. Effect of spectral depolarization ratios on the discernment between polluted marine and clean marine aerosol layers observed by CATS on 8 March 2015. 
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Figure 4. Seasonality of the CATS V3-00 most frequently classified aerosol type below 4 km for 2015–2017. 
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Figure 5. Comparison of the most frequently classified aerosol type below 4 km for CATS, MERRA-2, and CALIOP for JAS 2015–2017. 
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Figure 6. Map of the domains featured including the 15   ∘   × 15   ∘   Southeast Asian CATS domain. The MPLNET site at Kuching, Malaysia, is denoted by a point. 
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Figure 7. Observed diurnal cycle (difference from 0:00 UTC, local time UTC+8) in extinction-weighted altitudes for CATS and MPLNET for July, August, September, October, and November. Shaded region denotes the interquartile range (25–75% of data). 
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Figure 8. In 2015–2017, July, August, September, vertical aerosol detection frequencies (Aerosol CAD Score >|=5|) for the Southeast Asia region represented in Figure 6 (left) and for Northwestern North America (125   ∘   W–100   ∘   W; 40   ∘   N–51   ∘   N) (right). Blue shaded region denotes the daily range of hourly observations, black hatching for the range of observations in the peak aerosol local hours (16:00–19:00 Southeast Asia and 18:00–21:00 for Northwestern North America). Solid lines denote the hours corresponding to the A-Train crossing (green morning, purple afternoon). 
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