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Airborne NASA Langley Research Center (LaRC) High Spectral Resolution Lidar-2 (HSRL-2) measurements acquired during the recent NASA Earth Venture Suborbital-3 (EVS-3) Aerosol Cloud Meteorology Interactions over the Western Atlantic Experiment (ACTIVATE) revealed elevated particulate linear depolarization associated with aerosols within the marine boundary layer. These observations were acquired off the east coast of the United States during both winter and summer 2020 and 2021 when the HSRL-2 was deployed on the NASA LaRC King Air aircraft. During 20 of 63 total flight days, particularly on days with cold air outbreaks, linear particulate depolarization at 532 nm exceeded 0.15–0.20 within the lowest several hundred meters of the atmosphere, indicating that these particles were non-spherical. Higher values of linear depolarization typically were measured at 355 nm and lower values were measured at 1,064 nm. Several lines of evidence suggest that these non-spherical particles were sea salt including aerosol extinction/backscatter ratio (“lidar ratio”) values of 20–25 sr measured at both 355 and 532 nm by the HSRL-2, higher values of particulate depolarization measured at low (< 60%) relative humidity, coincident airborne in situ size and composition measurements, and aerosol transport simulations. The elevated aerosol depolarization values were not correlated with wind speed but were correlated with salt mass fraction and effective radius of the aerosol when the relative humidity was below 60%. HSRL-2 measured median particulate extinction values of about 20 Mm−1 at 532 nm associated with these non-spherical sea salt particles and found that the aerosol optical depth (AOD) contributed by these particles remained small (0.03–0.04) but represented on average about 30%–40% of the total column AOD. Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) spaceborne lidar aerosol measurements during several cold air outbreaks and CALIOP retrievals of column aerosol lidar ratio using column AOD constraints suggest that CALIOP operational aerosol algorithms can misclassify these aerosols as dusty marine rather than marine aerosols. Such misclassification leads to ∼40–50% overestimates in the assumed lidar ratio and in subsequent retrievals of aerosol optical depth and aerosol extinction.
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1 INTRODUCTION
Sea salt is one of the major natural types of atmospheric aerosols and can often be the dominant component of marine aerosol, especially over the remote oceans. Sea salt is a major contributor to the particulate mass injected into the atmosphere and plays an important role in atmospheric chemistry, atmospheric radiation, geochemistry, meteorology, cloud physics, climate, oceanography, and coastal ecology (Lewis and Schwartz, 2004). The size, composition, and shape of these particles impact the effects of sea salt on these processes. Changes in relative humidity (RH), in turn, impact these characteristics of sea salt particles. In particular, the shape of sea salt particles varies significantly with RH and depends also on whether RH is increasing or decreasing (Wise et al., 2007; Haarig et al., 2017; Zieger et al., 2017; Kanngießer and Kahnert, 2021a). These changes in shape impact how the particles scatter light, particularly the particulate (aerosol) depolarization ratio. Spherical particles have linear depolarization values at or near zero while non-spherical particles have linear depolarization values above zero.
The dependence of linear depolarization on particle shape has been long observed in lidar measurements and so has been used to help classify aerosol types and clouds (Sassen, 1977; Murayama et al., 1996; Sassen, 2000). Spherical aerosols such as those from anthropogenic pollution produce low (less than ∼0.05) values of linear depolarization and non-spherical particles such as dust and ash produce high linear depolarization (Burton et al., 2012; Groß et al., 2013; Burton et al., 2015; Illingworth et al., 2015). Linear depolarization has also been used to discriminate between spherical cloud drops and non-spherical ice crystals (Sassen, 2000).
Marine (sea salt) aerosols typically produce low linear depolarization and so are considered spherical in these lidar aerosol classification schemes. However, lidar instruments also have measured elevated depolarization associated with sea salt particles (Murayama et al., 1999; Sakai et al., 2000; Sugimoto et al., 2000; Haarig et al., 2017). In particular, Haarig et al. (2017) observed changes in sea salt depolarization using a three-wavelength ground-based polarization lidar over Barbados during February and March, 2014. They reported extensively on the observations of these sea salt aerosols during two nighttime periods in February 2014. They found aerosol depolarization as high as 0.15 at 532 nm associated with RH as low as 40%. They attributed these changes in the lidar measurements of linear depolarization with the phase transition from spherical sea salt particles to cubic-like sea salt crystals. The lowest RH values were found well away from the surface, at altitudes 1 to 1.5 km above the surface, and in layers thought to be associated with dry free-tropospheric aerosol that mixed with aerosols in the upper marine boundary layer.
We report here for the first time on airborne multiwavelength high spectral resolution lidar (HSRL) measurements of enhanced linear depolarization associated with sea salt aerosols. These measurements were acquired by the NASA LaRC airborne High Spectral Resolution Lidar-2 (HSRL-2) during systematic flights conducted as part of the NASA Earth Venture Suborbital-3 (EVS-3) Aerosol Cloud Meteorology Interactions over the Western Atlantic Experiment (ACTIVATE) mission (Sorooshian et al., 2019). These observations occurred relatively often over the western Atlantic Ocean and, in contrast to the observations reported by Haarig et al. (2017), were associated with observations of low RH that occurred near the surface and extended to altitudes near 1 km. Coincident airborne in situ measurements of atmospheric state parameters and fine mode aerosol composition and size were acquired by a second aircraft simultaneously with the HSRL-2 measurements.
The numerous observations of these non-spherical sea salt aerosols have important implications for aerosol classification methods that rely on lidar measurements of aerosol depolarization. For example, particulate depolarization is the sole aerosol intensive parameter used in the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) aerosol classification method to distinguish aerosol layers containing substantial fractions of non-spherical particles (e.g., dust, dust + marine mixtures, and polluted dust) from aerosol layers dominated by spherical particles (e.g., clean continental, smoke, and marine aerosol) (Omar et al., 2009; Kim et al., 2018). The aerosol type inferred from this classification is then used to assign the aerosol extinction-to-backscatter ratio (“lidar ratio”), which is subsequently used to quantify extinction coefficients as well as layer and column aerosol optical thickness. Dust and mixtures of dust have higher lidar ratios than marine (sea salt) aerosols (Table 1) so that misclassification of non-spherical sea salt as one of these dusty types will lead to high biases in the subsequent retrievals of aerosol backscatter coefficient, extinction coefficient, and optical thickness. Uncertainties in the lidar ratio are a significant source of error in CALIOP retrievals of AOD (Schuster et al., 2012; Rogers et al., 2014).
TABLE 1 | Lidar ratios and absolute (relative) uncertainties for tropospheric aerosol types for CALIOP V4 aerosol retrievals (Kim et al., 2018).
[image: Table 1]In this paper, we first describe the ACTIVATE mission and the HSRL-2 instrument and measurements in Section 2. This section also describes the coincident and collocated airborne in situ measurements. The HSRL-2 observations of elevated depolarization for specific cases are presented in Section 3. Aerosol depolarization from non-spherical sea salt associated with changes in RH are discussed in this section, as are the HSRL-2 observations associated with these non-spherical aerosols throughout the ACTIVATE missions in 2020 and 2021. In Section 3 we also explain how these observations relate to the CALIOP measurements and show evidence of the CALIOP aerosol misclassification described above. Section 4 presents a summary of these observations and discusses possible ways to avoid such aerosol misclassification.
2 METHODOLOGY
2.1 ACTIVATE field mission
The measurements discussed here were acquired during the NASA EVS-3 ACTIVATE (Sorooshian et al., 2019). ACTIVATE’s overarching goal is to robustly characterize aerosol-cloud-meteorology interactions using extensive, systematic, and simultaneous in situ and remote sensing airborne measurements with two aircraft and a hierarchy of models (Sorooshian et al., 2019). ACTIVATE conducted 162 joint flights over the western Atlantic Ocean during a series of six deployments from 2020 to 2022. Here we use data collected during ACTIVATE winter and summer campaigns in 2020 and 2021 (Complete, final data from the 2022 deployment were unavailable at time of writing.) Joint flights were conducted using the NASA LaRC King Air, which flew at high altitude (∼9 km) and collected remote sensing and dropsonde data, and the NASA LaRC HU-25 Falcon, which simultaneously flew below the King Air at low altitude (0.3–2 km) and collected aerosol, cloud, trace gas, precipitation, and atmospheric state parameter measurements. Both aircraft were based at NASA Langley Research Center in Hampton, Virginia. The ACTIVATE measurements described here were acquired during the winter (February-March) and summer (August-September) flights in 2020 and during the winter (January-April) and summer (May-June) flights in 2021. All flights occurred during the daytime over the western Atlantic Ocean extending east several hundred kilometers from the coast and were typically about 3.5 h in duration. The majority (∼90%) of these flights were statistical survey flights. Brunke et al. (2022) and Dadashazar et al. (2022) provide descriptions of these flight patterns and maps showing flight locations.
2.2 NASA langley airborne high spectral resolution Lidar-2 (HSRL-2)
The second generation LaRC airborne HSRL instrument, HSRL-2, was deployed on the NASA Langley King Air aircraft during ACTIVATE. Similar to the LaRC’s first-generation HSRL, HSRL-1 (Hair et al., 2008), HSRL-2 uses the HSRL technique to independently retrieve aerosol and tenuous cloud extinction and backscatter (Shipley et al., 1983; Grund and Eloranta, 1991; She et al., 1992) without a priori assumptions on aerosol type and/or lidar ratio. HSRL-2 employs the HSRL technique at 355 and 532 nm and the standard elastic backscatter technique at 1,064 nm. It also measures aerosol and cloud depolarization at all three wavelengths. HSRL-2 employs an iodine cell to implement the HSRL technique at 532 nm and so HSRL-2 is essentially the same as HSRL-1 for measurements at 532 and 1,064 nm. HSRL measurements at 355 nm are made using an interferometer instead of an iodine cell (Burton et al., 2018).
When deployed on the King Air, HSRL-2 provides vertically resolved measurements of both aerosol extensive and intensive parameters below the aircraft. The aerosol extensive parameters include backscatter coefficient at 355, 532, and 1,064 nm (Δx ∼ 1 km, Δz ∼ 30 m); extinction coefficient via the HSRL technique at 355 and 532 nm (Δx ∼ 6 km, Δz ∼ 225 m); and optical depth at 355 and 532 nm (Approximate archival horizontal (Δx) and vertical resolutions (Δz) are listed in parentheses following each parameter.) The intensive parameters include extinction-to-backscatter ratio (Sa) at 355 and 532 nm (Δx ∼ 6 km, Δz ∼ 225 m); depolarization at 355, 532, and 1,064 nm (Δx ∼ 1 km, Δz ∼ 30 m); and aerosol backscatter wavelength dependence (i.e., Ǻngström exponent for aerosol backscatter, which is directly related to the backscatter color ratio) for two wavelength pairs (355–532 nm and 532–1,064 nm) (Δx ∼ 1 km, Δz ∼ 30 m). The profile measurements of aerosol backscatter are also used to derive aerosol mixed layer heights (MLH), which are associated with sharp gradients in the aerosol backscatter profiles (Scarino et al., 2013).
The HSRL-2 was designed so that it does not rely on an atmospheric target for calibration and so differs from standard elastic backscatter lidars, which must assume negligible or known aerosol amounts in the calibration region. The depolarization channels are calibrated using a rotating half-wave plate (Burton et al., 2015) and the aerosol and molecular measurements at 532 nm are determined using internal calibrations (Hair et al., 2008). The 1,064 nm backscatter coefficient measurement calibration constant and the 355 nm HSRL gain ratio between channels take advantage of the calibrated HSRL measurement at 532 nm in relatively clean regions of the flight. The overall systematic error associated with the backscatter calibration is estimated to be less than 2%–3%. Under typical conditions, the total systematic error for extinction coefficient is estimated to be less than 0.01 km−1 at 532 nm. Rogers et al. (2009) validated the HSRL extinction coefficient profiles and found that the HSRL extinction profiles are within the typical state-of-the-art systematic error at visible wavelengths (Schmid et al., 2006). The random errors for all aerosol products are typically less than 10% for the backscatter and depolarization ratios (Hair et al., 2008). The systematic uncertainty in volume depolarization is estimated to be the larger of 4.7% (relative) or 0.001 (absolute) in the 355 nm channel, the larger of 5% (relative) or 0.007 (absolute) in the 532 nm channel, and the larger of 2.6% (relative) or 0.007 (absolute) in the 1,064 nm channel (Burton et al., 2015). The particulate (aerosol) depolarization ratio (see equation 2 in Burton et al. (2015)) depends on the total aerosol scattering ratio (i.e., ratio of aerosol to molecular scattering) as well as the volume depolarization ratio. Systematic uncertainties in particulate depolarization are typically less than 0.04 (355 nm) and 0.02 (532 and 1,064 nm) (Burton et al., 2015).
2.3 Airborne In situ measurements
Throughout ACTIVATE, profiles of water vapor, temperature, and winds were acquired by releasing Vaisala NRD412 “mini” dropsondes from the King Air using the Airborne Vertical Atmospheric Profiling System (AVAPS) dropsonde system (UCAR/NCAR, 1993; Hock and Franklin, 1999). Temperature and RH absolute uncertainties are ± 0.2°C and ± 3%, respectively (NCAR, 2022). Flight time when dropped from the King Air (∼9 km) is about 8–12 min. Typically, two to four dropsondes were released during each flight.
The NASA LaRC Falcon aircraft deployed in situ instruments to acquire measurements of aerosols, clouds, precipitation, and atmospheric state parameters while flying in a coordinated track below the King Air. An isokinetic aerosol inlet (Brechtel Manufacturing Inc.) was used to draw air into the aircraft cabin and allowed aerosols with aerodynamic diameters less than 5 μm to be sampled by cabin instruments. Submicrometer scattering and absorption coefficients were measured at three wavelengths by a nephelometer (TSI, Inc. Model 3563) and particle soot absorption photometer (PSAP, Radiance Research, Inc.), respectively. Aerosol dry size distributions between 3 and 100 nm (diameter) were measured by a TSI, Inc. Scanning Mobility particle Sizer (SMPS, Differential Mobility Analyzer model 3085) (Moore et al., 2017) and a TSI, Inc. Laser Aerosol Spectrometer (LAS) (model 3340) instrument measured dry aerosol size distributions between 100 and 5,000 nm (diameter) (Moore et al., 2021). The 5,000 nm cutoff in size was imposed by the sample inlet (McNaughton et al., 2007; Chen et al., 2011). The uncertainty in these size distribution measurements is better than ± 10–20% over the submicron size range (Moore et al., 2021). Submicrometer non-refractory aerosol chemical composition (sulfate, nitrate, ammonium, organics, and chlorine) was measured by a High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) manufactured by Aerodyne Research (DeCarlo et al., 2006; Hilario et al., 2021). A particle-into-liquid sampler (PILS) instrument measured water-soluble concentrations of common ions using offline ion chromatography analysis (Sorooshian et al., 2006; Crosbie et al., 2020). A diode laser hygrometer (DLH) measured water vapor concentrations (Diskin et al., 2002). Temperature was measured by a Rosemount non-deiced total air temperature sensor (model E102E4AL) with a fast-response platinum sensing element (Thornhill et al., 2003). This sensor has a 20 m response time and an accuracy of 0.5 deg C. Regions where liquid water content was less than 0.001 gm−3 as derived from a cloud droplet probe (Droplet Measurement Technologies (Sinclair et al., 2019)) were classified as cloud-free (Schlosser et al., 2022).
3 RESULTS
3.1 HSRL-2 observations of enhanced depolarization on 8 March 2020
HSRL-2 measurements over oceans typically show low (< 0.05) linear particulate depolarization at 532 nm because the aerosol is typically dominated by spherical sea salt, sulfate, and organic particles. For example, Figures 1A, B show HSRL-2 measurements of aerosol backscatter coefficient and particulate depolarization at 532 nm, respectively, for the ACTIVATE flights during the morning of 12 March 2020. These figures show profiles subsampled every 10 s (∼1 km). The flight track locations for the King Air and Falcon are shown in Figure 1C. Also shown in Figure 1B are color-coded RH values derived from the King Air dropsondes and the DLH measurements on board the Falcon. The Falcon in situ measurements were within 10 min and 20 km of the HSRL-2 measurements. Note the low (< 0.05) values of aerosol depolarization and the relatively high (>65%) RH values for most of the measurements below 1 km and extending downward to the surface. Particulate depolarization values at 355 and 1,064 nm (not shown) were also below 0.05. These low values of aerosol depolarization are consistent with the aerosol depolarization values typically reported for marine aerosols (Burton et al., 2012; Groß et al., 2013; Illingworth et al., 2015).
[image: Figure 1]FIGURE 1 | Profiles of (A) particulate backscatter and (B) particulate depolarization (532 nm) measured at 532 nm by HSRL-2 on 12 March 2020, with the corresponding color bars on the right. Also shown in (B) are in situ measurements of RH acquired from in situ measurements on the Falcon aircraft and dropsondes deployed from the King Air aircraft with the corresponding color bar at the top. Images are at 10 s (∼1 km) resolution. Cloudy areas are shown by the white areas in the backscatter images. Thick clouds completely attenuate the laser light leading to black stripes below these clouds. (C) Ground tracks of the King Air and Falcon aircraft are shown on GOES imagery. (D–F) show similar images of HSRL-2, airborne in situ, and dropsonde measurements and aircraft flight tracks for 8 March 2020. Note the pronounced increase in particulate depolarization on 8 March 2020.
In contrast, HSRL-2 measurements acquired during nearly a third of the flights conducted during 2020 and 2021 revealed enhanced particulate linear depolarization (>0.15–0.20 at 532 nm) associated with aerosols within the lowest several hundred meters of marine boundary layer. Figures 1D–F show one such example with aerosol backscatter, particulate depolarization profiles and flight track locations for the ACTIVATE flights on the afternoon of 8 March 2020. Also shown in Figures 1B, E are RH values derived from dropsonde and DLH measurements on the Falcon. Note the low RH (< 60%) values and high depolarization ratios (>0.15) occur within the lowest kilometer. High particulate depolarization values indicating the presence of non-spherical particles were also observed at 355 and 1,064 nm but are not shown. The highest depolarization values were found when the RH was below ∼60%.
Elevated depolarization measurements are commonly associated with lidar measurements of pollen (Sassen, 2008) or dust (Burton et al., 2015), but there is no evidence supporting significant amounts of dust or pollen in this 8 March 2020 case. NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Stein et al., 2015; Rolph et al., 2017) (https://www.ready.noaa.gov/HYSPLIT.php, last access: 30 March 2022) 3-day backtrajectories and FLEXible PARTicle dispersion model (FLEXPART) (https://www.flexpart.eu/, last access: 30 March 2022) (Stohl et al., 2005) 10-day back trajectories show air parcels in the lowest 2 km traveled from northern and western Canada and so it does not appear these observations of elevated depolarization were associated with Asian (Husar et al., 2001) or Saharan dust (Liu et al., 2008). Pollen has also been associated with lidar measurements of elevated depolarization (Bohlmann et al., 2021) but pollen and air quality reports over the mid-Atlantic states did not indicate high pollen levels (AirNow forecast from EnviroFlash http://www.cleanairpartners.net/).
GEOS-Chem (GC; http://www.geos-chem.org/) model simulations coincident with the HSRL-2 measurements were examined to gain insight into the aerosols producing such high particulate depolarization values. GC is a start-of-the-art 3-D chemical transport model. We use here the model version v11-01 (http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01, last access: November 2022) driven by meteorological fields from the MERRA-2 reanalysis from the NASA Global Modeling and Assimilation Office. The model resolution is 2 degrees latitude by 2.5 degrees longitude with 72 vertical levels. It includes sulfate-nitrate-ammonium thermodynamics coupled to ozone-NOx-hydrocarbon-aerosol chemistry (Park et al., 2004), mineral dust in four size bins (Fairlie et al., 2007), sea salt in two size bins (Jaeglé et al., 2011), and elemental and organic carbon aerosols (Pye et al., 2010). Aerosol optical depths are calculated from the mass concentration, extinction efficiency, and particle mass density (Martin et al., 2003). Hourly model output values are sampled along the flight track. Figure 2A shows the HSRL-2 aerosol extinction (532 nm) “curtain” and Figure 2B shows the corresponding GC aerosol extinction (550 nm) “curtain” along the King Air flight track on 8 March 2020. Figures 2C–G show the contributions to the GC simulated aerosol extinction from various aerosol components. The GC total extinction values, which are in general agreement with the HSRL-2 measurements, are dominated by the contribution from sea salt aerosol (Figure 2F); aerosol extinction contributions by other aerosol components are negligible.
[image: Figure 2]FIGURE 2 | (A) Aerosol extinction derived from HSRL-2 measurements (532 nm) and (B) GEOS-Chem simulations (550 nm) of aerosol extinction during the 8 March 2020 morning flight. Aerosol extinction below and within clouds is not shown in the HSRL-2 results. Also shown are GEOS-Chem simulated contributions to aerosol extinction made by (C) sulfate + nitrate + ammonium, (D) black carbon, (E) organic carbon, (F) sea salt, and (G) dust. All panels share the same color bar. Note the large contribution to the GEOS-Chem aerosol extinction made by sea salt.
The HSRL-2 measurements of the lidar ratio showed average values for this day between 15 and 25 sr at both 355 and 532 nm below 1 km as shown in Figure 3. These values are considerably lower than the values derived from HSRL and Raman lidar measurements of dust (40–70 sr) and pollen (55–70) (Shang et al., 2020) and are consistent with sea salt (Müller et al., 2007; Burton et al., 2012; Groß et al., 2013).
[image: Figure 3]FIGURE 3 | Average profiles of the lidar ratio derived from HSRL-2 observations at 355 and 532 nm during two flights (14:36–16:35 UT and 18:36–21:33 UT) on 8 March 2020. Error bars represent standard deviation of the measurements.
Figure 4 shows average profiles of water vapor mixing ratio and RH derived from the four dropsondes deployed during the morning and afternoon flights on 8 March 2020. The nearly constant mixing ratio suggests that the observations of elevated depolarization on this day occurred within a well-mixed boundary layer. The LAS airborne dry aerosol size distribution measurements acquired near the surface and at the top of the mixed layer were also very similar, which also supports that the HSRL-2 observations occurred within a well-mixed boundary layer (These size distribution measurements are discussed in more detail in Section 3.3.) Consequently, changes in aerosol intensive properties such as depolarization are due to changes in RH, and not due to changes in aerosol type.
[image: Figure 4]FIGURE 4 | Average profiles of water vapor mixing ratio and relative humidity derived from the four dropsondes deployed during the flights on 8 March 2020. Each point represents the average of data from the four dropsondes and six altitudes averaged over 100 m deep layers. Error bars show the standard deviation of the measurements.
Figures 5A, B show expanded views of the HSRL-2 aerosol backscatter and depolarization measurements acquired between 19:45–20:00 UT on 8 March 2020. These figures show profiles sampled every 0.5 s (∼50 m). The pronounced increase in aerosol depolarization with decreasing RH is clearly shown in Figure 5B; Figures 5C,D show HSRL-2 aerosol backscatter and depolarization profiles along with the dropsonde RH profile at the time of the dropsonde at 19:52 UT. Note that while Figure 5C shows high (>0.1) depolarization at 532 nm generally below 1 km during this period, the depolarization varied below about 900 m. High values of aerosol depolarization are apparent as “plumes” with aerosol depolarization in excess of 0.2 separated by regions of lower (< 0.12) depolarization. These “plumes” of higher depolarization were separated by about 1.5–2 km. Based on the relationship between aerosol depolarization and RH, it appears that these plumes are likely plumes of dry (RH<60%) air separated by regions of moister air (RH>75%). Unfortunately, on this day, the Falcon did not fly level legs through these “plumes” (recall Figure 1E) to record these small-scale variations in RH. When RH exceeded about 75%–80% above about 900 m the aerosol depolarization dropped sharply to values below 0.05. The largest particulate depolarization values (>0.2) were generally located below 200–400 m where the RH was generally below about 50%–60%. Dropsonde wind speeds were less than 10 m/s within the lowest 1 km during these measurements.
[image: Figure 5]FIGURE 5 | Expanded view of HSRL-2 profiles of (A) particulate backscatter (B) and particulate depolarization at 532 nm for the 8 March 2020 flight shown in Figure 1. Temporal resolution is 0.5 s (∼50 m). Also shown in these figures is the RH from the dropsonde at 19:52 UT with its corresponding color bar shown at the top. Cloudy areas are shown by the white areas in the backscatter images. Thick clouds completely attenuate the laser light leading to black stripes below these clouds. HSRL-2 multiwavelength profiles of (C) aerosol backscatter and (D) aerosol depolarization at the time of the dropsonde profile are also shown along with the dropsonde profile of RH.
3.2 Variability in sea salt depolarization due to relative humidity
We hypothesize these HSRL-2 observations of elevated and variable depolarization are associated with backscattering from sea salt particles whose shape varies with RH. Hygroscopic sea salt particles take on water with increasing RH and begin to deliquesce and eventually become spherical droplets as RH exceeds 70%–76% (Tang et al., 1997; Haarig et al., 2017; Zieger et al., 2017; Bi et al., 2018). This deliquescence point decreases slightly below 74% when salt particles are aggregated with other soluble particles (Wise et al., 2007). As the RH increases from 76% to 85%, the layer of water on the particles increases and the particles’ size rapidly increases. Above 85%, the water uptake continues, and the particles become essentially spherical. However, as revealed by x-ray phase contrast imaging, the actual deliquescence process of sea salt, which contains other species besides pure sodium-chloride, can also last over a much larger range of RH (34%–97%) compared to pure sodium-chloride (66%–89%) (Zeng et al., 2013). These images also revealed that, in such cases, sea salt did not encounter an abrupt deliquescence RH but rather remained a solid-liquid system at most of this RH range (Zeng et al., 2013).
In contrast, as RH decreases the particles retain their spherical shape and remain a droplet until the RH decreases below a threshold value of RH, when they start to lose water and solidify (efflorescence). This threshold value occurs around RH of ∼58% (Zeng et al., 2013; Haarig et al., 2017). The particles are then in a solid-liquid mix and the sea salt crystals grow as the RH continues to decrease to about 46% (Zeng et al., 2013). The hysteresis behavior described above means that, for RH between about 46% and 75%, sea salt can exist with both crystalline and spherical shapes depending on the history of the ambient RH.
The shape of the crystalline sea salt particles not only depends on their size and composition but also on the rate at which the particles have dried. Rapid drying rates cause rapid crystallization, which favor more spherical shapes; slower rates of drying lead to slower crystallization, which favor cubic shapes (Wang et al., 2010). At low RH (< 45%), crystalline sodium chloride has a cubic shape. However, dried sea salt particles are often but not always cubic (Bi et al., 2018); those that are cubic are not perfect cubes but rather have somewhat rounded edges (Haarig et al., 2017), which may be due to the chemical composition and the rate at which particles have dried. The addition of other compounds and sulfate can produce different geometries (Kandler et al., 2007; Wise et al., 2007); e.g., marine organics may produce a more spherical shape (Laskin et al., 2012).
This difference in how particle shape varies with increasing vs decreasing RH leads to corresponding differences in the behavior of particulate depolarization with changes in RH. Using a depolarization lidar, Haarig et al. (2017) observed changes in sea salt depolarization associated with both increasing and decreasing RH. With increasing RH, the particles keep their crystalline shape and produce higher depolarization, and then gradually become more spherical and produce smaller depolarization when RH increases above about 65%–70%. In contrast, with decreasing RH the particles maintain a spherical shape and low depolarization until the RH decreases to about 55%–60%, at which point the particles take on a cubic shape and the depolarization rapidly increases. Carrico et al. (2003) measured properties of aerosols including sea salt using humidified nephelometers on board the Ron Brown research vessel during ACE-Asia. Based on the behavior of scattering measurements made at various RH values, they found that the ambient aerosol was primarily on the upper (i.e., decreasing RH) branch of this hysteresis loop for marine aerosols. Murayama et al. (1999) reported on lidar depolarization measurements of particles near Tokyo Bay and found that the maximum depolarization occurred near RH of ∼66% rather than at lower RH; Bi et al. (2018) modeled the depolarization behavior of various particle shapes and particle size as a function of RH and suggested that this behavior reported by (Murayama et al., 1999) may be due to the water coating on the cubic particles, as their modeling found that the depolarization of coated cubes is larger than a bare cube.
Figure 6 shows mean particulate depolarization values at the three HSRL-2 wavelengths averaged over the dropsonde times during the 8 March 2020 flights as a function of the mean RH measured by these dropsondes. Similar results were obtained when examining HSRL-2 depolarization measurements coincident with the RH values derived from the DLH measurements on the Falcon aircraft. The curves show particulate depolarization was anti-correlated with RH. These results and those from Haarig et al. (2017) differ from the observations reported by Murayama et al. (1999) since there is no peak in the particulate depolarization values at 60%.
[image: Figure 6]FIGURE 6 | Box plot showing aerosol depolarization measured by HSRL-2 as a function of RH averaged over the four dropsonde times for the flights on 8 March 2020. Open squares show mean values, filled boxes show mean ± two standard errors, and whiskers show mean ± one standard deviation.
The vertical variability in the HSRL-2 aerosol depolarization measurements does not appear to be related to changes in the aerosol dry size distribution. The dry aerosol size distribution measured by the LAS on the Falcon aircraft near the top of the mixed layer was similar to the dry size distribution measured near the bottom of the mixed layer as shown in Figure 7A for the flights on 8 March 2020. On both March 8 and 12 March 2020 there was little vertical variability in the aerosol size distribution below 1 km. However, there was a significant change in the dry size distribution between these two dates. Figure 7B shows the dry size distribution for the 8 March 2020 afternoon flight when HSRL-2 measured enhanced depolarization and the dry size distribution for the morning flight on 12 March 2020 when HSRL-2 did not measure enhanced depolarization (recall Figure 1). During the flights on 8 March 2020, when HSRL-2 measured high aerosol depolarization, there were significantly fewer fine mode particles (i.e., particles with radii below 1 µm) than during the flights on 12 March 2020. Note the larger number of super micrometer size particles relative to the fine mode particles on 8 March 2020. The mean effective radius within the mixed layer decreased from 0.5 μm on 8 March 2020 to 0.3 μm on 12 March 2020. The relative lack of fine mode particles on 8 March 2020 likely led to coarse mode, non-spherical sea salt particles playing a larger role in contributing to the aerosol backscatter and extinction measured by HSRL-2.
[image: Figure 7]FIGURE 7 | (A) Dry surface aerosol size distributions measured between 0 and 0.3 km and between 1 and 1.3 km by the Laser Aerosol Spectrometer (LAS) instrument on board the HU-25 Falcon on 8 March 2020 showing similar dry size distributions near the bottom and top of the marine boundary layer. (B) Dry surface aerosol size distributions measured between 0 and 0.3 km by the Laser Aerosol Spectrometer (LAS) instrument on board the HU-25 Falcon on 8 March 2020 (red) and 12 March 2020 (blue). Note the larger surface area associated with super micrometer particles relative to the fine mode particles on 8 March 2020 when HSRL-2 observed elevated depolarization. In contrast, the opposite occurred on 12 March 2020 when HSRL-2 observed low depolarization.
There have been various attempts to model the linear depolarization and lidar ratio of sea salt particles as they pertain to lidar measurements. However, modeling these optical properties is difficult and so such simulations have considerable uncertainties. As shown by Zeng et al. (2013), sea salt particles are often irregularly shaped so modeling their optical properties requires some simplifying assumptions about their shape(s). Various particle shapes (spheres, cubes, elongated and flattened cuboids, and superellipsoids resembling rounded cubes, spheres, and rounded octahedra) have been used to model the depolarization of sea salt particles (Bi et al., 2018; Kanngießer and Kahnert, 2021a; b). Modeling over realistic size distributions of irregularly shaped particles rather than single particles is often computationally not feasible especially when attempting to include particles in both fine and coarse modes (Kanngießer and Kahnert, 2021a). In addition, marine aerosols may contain various amounts of organic species leading to significant uncertainties in the modeled refractive index and the resulting modeled lidar ratio. Kanngieβer and Kahnert (2021a) found that the impacts of roundness and imaginary refractive index on linear depolarization are of similar magnitude.
Haarig et al. (2017) modeled depolarization and lidar ratios of dry, non-absorbing, cubic sea salt particles to explain the multiwavelength lidar measurements of depolarization and lidar ratios for sea salt aerosol over Barbados. They found general agreement between measured and modeled depolarization ratios when they assumed particle diameters were greater than the wavelength and some agreement with lidar ratios at 532 nm when they assumed particle diameters were greater than twice the wavelength. However, their modeled results overestimated linear depolarization at 1,064 nm and underestimated the lidar ratios at 355 nm. They attributed this to their modeled size distribution containing too many large particles. Kanngieβer and Kahnert (2021a) used superellipsoids comprised of cubes, rounded cubes, octahedra and rounded octahedra to model linear depolarization and lidar ratios of marine aerosols. Their simulations showed that the depolarization ratio varied between 0.14 and 0.20 and the lidar ratio varied between 12 and 20 sr for non-absorbing marine aerosols. Linear depolarization varied between 0.17 and 0.22 and lidar ratios varied between 25 and 33 sr for weakly absorbing aerosols. These results are consistent with the HSRL-2 observations reported here. Their simulations showed that both linear depolarization and lidar ratio varied significantly with refractive index so that refractive index is an important model tuning parameter and an important source of uncertainty. Depolarization produced by sea salt in various shapes coated by water has also been modeled by Bi et al. (2018). In general, the depolarization ratio of a coated cube is larger than a bare cube. These studies did not address the impacts of coating on lidar ratios. These previous studies suggest the HSRL-2 measurements of aerosol depolarization and lidar ratio values are best explained by diverse sea salt shapes, with variations in refractive indices associated with very weakly absorbing aerosols.
3.3 HSRL2 observations of elevated depolarization during ACTIVATE flights in 2020 and 2021
The HSRL-2 observations of elevated depolarization, such as those acquired on 8 March 2020, also occurred during numerous other ACTIVATE flights. During the ACTIVATE flights in 2020 and 2021, there were 63 days with coincident HSRL-2 and dropsonde measurements. Figure 8 shows the distribution of HSRL-2 aerosol depolarization measurements coincident with dropsonde RH measurements within the lowest 20% of the mixed layer (i.e., approximately the lowest 200–300 m) as defined by the HSRL-2 retrievals of mixed layer height (Scarino et al., 2013) on these 63 days. This altitude region is where the largest aerosol depolarization values were observed. Each point in this figure represents the average over all the dropsondes (∼4–8) on that date. HSRL-2 measurements of near-surface aerosol depolarization (532 nm) that exceeded 0.1 occurred simultaneously with dropsonde measurements of RH below 60% on 20 of the 63 days. These elevated depolarization observations occurred during 12 days in the winter (6 each in 2020 and 2021) and 8 days in spring/summer (3 in 2020 and 5 in 2021). Figure 8 shows that aerosol depolarization changes gradually from higher RH values until RH reaches ∼60% when there was a sharp transition in aerosol depolarization. Based on the hysteresis behavior illustrated by Haarig et al. (2017), this particular behavior shown in Figure 8 seems more consistent with sea salt particles retaining a more spherical shape as RH decreases until crystallization occurs around 60% as discussed above.
[image: Figure 8]FIGURE 8 | Dropsonde RH measurements and coincident HSRL-2 aerosol depolarization measurements at 355 nm (left), 532 nm (center), 1,064 nm (right) during 63 flight days conducted in 2020 and 2021. Each point represents the average over the lowest 20% of the mixed layer (i.e., approximately the lowest 200–300 m).
Figure 9 shows the average HSRL-2 depolarization as a function of dropsonde RH for all the HSRL-2/dropsonde coincidences during 2020 and 2021. These results are for altitudes z such that (z/Zi<0.9) where Zi is the MLH derived from the HSRL-2 data. The mean (standard deviation) MLH was 899 m (474 m). In addition, these coincidences are chosen such that water vapor mixing ratio was essentially constant through this altitude range, so changes in particle properties are assumed to be caused by changes in RH. Figure 9 shows a gradual decrease in aerosol depolarization with increasing RH when RH was less than about 75% like the 8 March 2020 case shown in Figure 6. Once RH increases above about 75%–85% there were smaller changes in aerosol depolarization as RH increased. Based on the hysteresis behavior illustrated by Haarig et al. (2017), this behavior, like that shown in Figure 6, is consistent with crystalline particles gradually taking on water as the RH increased until the particles reached the deliquescence point.
[image: Figure 9]FIGURE 9 | Box plot showing aerosol depolarization measured by HSRL-2 as a function of RH averaged over all the HSRL-2/dropsonde coincidences during 2020 and 2021. These results are for altitudes z such that (z/Zi<0.9) where Zi is the mixed layer height derived from the HSRL-2 data. Open squares show mean values, filled boxes show mean ± two standard errors, and whiskers show mean ± one standard deviation.
The average wavelength dependence is different from that reported by Haarig et al. (2017) who found the largest changes in aerosol depolarization associated with non-spherical sea salt occurred at 532 nm, with smaller increases in depolarization at 355 and 1,064 nm. As shown in Figures 6–9 the highest particulate depolarization values were above 0.25 at 355 nm, 0.2 at 532 nm, and 0.15 at 1,064 nm, which are considerably higher than the values measured in Haarig et al. (2017) (∼0.12, 0.15, 0.10 respectively). Based on field observations as well as laboratory experiments, linear depolarization ratios of up to 0.20–0.25 and lidar ratios of up to 25 sr can be considered plausible for dried sea salt aerosol (Kanngießer and Kahnert, 2021a). For the observations reported here, the largest increase in aerosol depolarization typically was measured at 355 nm and the smallest at 1,064 nm as shown in Figure 10. The difference in wavelength dependence may be due to different particle compositions in the different experiment locations; the measurements reported by Haarig et al. (2017) occurred over Barbados.
[image: Figure 10]FIGURE 10 | Median (line), 25–75 percentile (box), and 5–95 percentile (bars) aerosol depolarization values for (A) mean dropsonde RH< 60% in the lowest 300 m and (B) mean dropsonde RH>70% in the lowest 300 m derived from HSRL-2 and dropsonde data collected from 2020 to 2021.
The PILS and AMS composition measurements were used to estimate the contribution of sea salt to the dry aerosol mass. Sea salt mass was estimated as the sum of the PILS Na and Cl masses divided by an adjustment factor of 0.857 to account for other minor inorganic components (Seinfeld and Pandis, 1998), assuming the composition of sea-salt aerosol is equivalent to that of bulk seawater. The accumulation (fine) mode dry aerosol mass was estimated as the sum of the aerosol components measured by the AMS (i.e., Organics + SO4+NO3+NH4). Consequently, the sea salt mass fraction was computed as the ratio of the sea salt mass divided by the sum of the sea salt mass and accumulation mode dry mass. When elevated depolarization associated with non-spherical sea salt was observed on 8 March 2020, sea salt contributed about 80% to the total dry mass; in contrast, when low depolarization was observed on 12 March 2020, sea salt contributed about 40% of the total dry mass. The large fraction of sea salt present during the flights on 8 March 2020 likely accentuated the effects of RH on the aerosol depolarization associated with changes in sea salt shape. Some evidence of this can also be seen in Figure 11A, which shows that for RH below 60%, such as on 8 March 2020, aerosol depolarization tended to increase with increasing salt mass fraction. In contrast, for RH above 60%, when sea salt particles become more spherical and less crystalline, there was little correlation of aerosol depolarization with salt mass fraction.
[image: Figure 11]FIGURE 11 | HSRL-2 measurements of aerosol depolarization at 355 nm vs. (A) salt mass fraction derived from the PILS and AMS measurements for RH< 60% (blue) and RH >60% (red) and (B) effective radii (dry) derived from the LAS measurements for RH< 60% (blue) and RH >60% (red). Each point represents the average of each flight and error bars represent the standard deviation over the flight. The Spearman rank correlation coefficients between aerosol depolarization and salt mass fraction are 0.66 (RH< 60%) and -0.16 (RH >60%). The Spearman rank correlation coefficients between aerosol depolarization and effective radius are 0.76 (RH< 60%) and -0.24 (RH >60%).
Effective radii corresponding to the dry aerosol were computed using the volume and surface concentrations measured by the LAS. Figure 11B shows that for RH below 60%, when the particles were more crystalline, the aerosol depolarization tended to increase with effective radius. For RH above 60%, when the particles were more spherical, there was little correlation between aerosol depolarization and effective radius. There was no correlation with the HSRL-2 measurements of aerosol depolarization with winds speeds measured by the dropsondes.
All the HSRL-2 profile observations throughout the ACTIVATE flights conducted in 2020 and 2021, not just those coincident with the dropsondes, were divided into two groups corresponding to whether the mean aerosol depolarization at 532 nm in the lowest 20% of the mixed layer was above or below 0.15. Figure 12A shows profiles of the aerosol depolarization for both groups. In the low depolarization group, the aerosol depolarization for each wavelength was generally at or below 0.05. In the high depolarization group, the aerosol depolarization increased with decreasing wavelength like the results in Figures 6, 8, 9. Figure 12B shows the aerosol extinction profiles associated with the low and high depolarization groups. Within the lowest kilometer, the aerosol extinction values associated with the high aerosol depolarization (i.e., non-spherical sea salt) group were about half those from the low depolarization group, with values generally less than 25 Mm−1 at 532 nm. Based on the HSRL-2 observations these low values of aerosol extinction and high aerosol depolarization are associated with marine (sea salt) aerosols. The AOD contributed by these non-spherical particles was small (∼0.03–0.04 at 532 nm). In contrast, the higher values of aerosol extinction and low values of aerosol depolarization often correspond to the presence of other aerosols. Figure 12C shows the lidar ratio profiles associated with the two aerosol depolarization groups. As expected, the lidar ratios (355 and 532 nm) within the lowest 1.5 km associated with the high aerosol depolarization group are around 20–25 sr, which corresponds to marine (sea salt) aerosols. The lidar ratios associated with the low aerosol depolarization cases are generally higher as these cases may include other aerosol types such as urban aerosol and or biomass burning smoke, which have higher lidar ratios (recall Table 1). Figure 12D shows the lidar ratio vs aerosol depolarization throughout the mixed layer for the high depolarization group and, like Figures 12A, C, shows that the lidar ratios at both 355 and 532 nm were essentially constant even though aerosol depolarization varied between about 0.5 and 0.2.
[image: Figure 12]FIGURE 12 | HSRL-2 profiles of (A) aerosol depolarization at 355, 532, and 1,064 nm, (B) aerosol extinction at 355 and 532 nm, and (C) lidar ratio at 355, and 532 nm for cases of low and high depolarization within the lowest 20% of the mixed layer using data from all flights. Low depolarization cases were chosen such that the median aerosol depolarization at 532 nm in the lowest 20% of the mixed layer was less than 0.15 for a given flight; high depolarization cases were chosen such that the median aerosol depolarization at 532 nm in the lowest 20% of the mixed layer was greater than 0.15 for a given flight. (D) Lidar ratio vs. aerosol depolarization throughout the mixed layer for the subset of high depolarization cases shown in a-c. (E) MERRA-2 profiles of RH for these same low and high depolarization cases.
Figure 12E shows profiles of RH corresponding to these two aerosol depolarization groups. These are RH profiles provided by the MERRA-2 reanalysis (Bosilovich et al., 2016) at three hourly intervals and 0.5 ° × 0.625 ° horizontal resolution interpolated to the King Air flight track location and HSRL-2 measurement times. A comparison of the MERRA-2 and dropsonde RH profiles shows that the MERRA-2-derived RH values were, on average, within 3% of the dropsonde-derived RH values for RH below 80% but become progressively drier by 5%–10% once the dropsonde RH exceeds 90%. These results are consistent with those reported by Seethala et al. (2021). The RH profile associated with the low depolarization group is generally above 70% within the lowest kilometer, which is consistent with the relationships between aerosol depolarization and RH discussed earlier. These results suggest that the MERRA-2 RH profiles may provide some guidance in locating regions where non-spherical aerosols may (or may not) be present. Above 1.5 km (not shown in Figure 12D), the RH associated with the high depolarization cases was generally below 20% in contrast to the high depolarization cases when RH was generally higher than 40%. This suggests that entrainment of dry air into the marine boundary layer may be associated with the observations of low RH and high depolarization.
3.4 Implications for CALIOP aerosol retrievals
The CALIOP instrument on board the Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite provides retrievals of aerosol backscatter and extinction profiles at 532 and 1,064 nm and profiles of particle depolarization at 532 nm (Winker et al., 2009). Unlike HSRLs, which directly measure range-resolved particulate scattering ratios, CALIOP measures total attenuated backscatter, which is the product of the total backscatter coefficient at a particular range bin and the total two-way transmittance (i.e., signal attenuation) between the lidar and that range bin. The total backscatter coefficient is the sum of the particulate and molecular contributions. Similarly, the total two-way transmittance is the combined signal attenuation due to all molecules and particulates along the path between the lidar and the measurement location. To retrieve particulate backscatter and extinction coefficients from the CALIOP measurements, layer-mean lidar ratios must be specified for each particulate type encountered within a profile (Young, 1995; Omar et al., 2009; Young and Vaughan, 2009). On those relatively infrequent occasions when independent layer optical depth estimates are available, layer-mean lidar ratios can be derived directly from the CALIOP attenuated backscatter signals. When an independent constraint is not available, the current CALIOP algorithms use lookup tables that prescribe lidar ratios for a predetermined set of aerosol types, as shown in Table 1. The accuracies of the CALIOP aerosol extinction and backscatter profiles thus depend on the representativeness of these aerosol lidar ratios, as well as on the ability to accurately infer the appropriate aerosol type from the CALIOP measurements (Rogers et al., 2014).
The CALIOP algorithm uses the integrated attenuated backscatter at 532 nm, estimated particulate depolarization ratio, aerosol layer altitude, and measurement location to identify the aerosol type and subsequently select the lidar ratio (Omar et al., 2009). The presence of non-spherical sea salt particles with elevated (>0.15) depolarization values and low lidar ratios (20–25 sr) has important implications for CALIOP inferences of aerosol type and lidar ratios and subsequent retrievals of AOD and aerosol extinction profiles. Currently, when CALIOP detects elevated (>0.075) estimated particulate depolarization, the aerosol is classified as dusty marine, polluted dust or desert dust depending on the magnitude of the estimated particulate depolarization, layer altitude and location. These aerosol types have lidar ratios considerably larger than clean marine, as shown in Table 1. Consequently, the misclassification of sea salt as dust or a dust mixture leads to large (>60%) relative biases in CALIOP retrievals of AOD and aerosol extinction profiles.
Figure 13 shows a likely example of such a CALIOP misclassification that occurred on 9 March 2020, about 12 h after and in the same region as the HSRL-2 observations shown in Figures 1D,E. The CALIOP level 1 attenuated backscatter measurements in Figure 13A show an aerosol layer below about 1 km. The CALIOP level 2 integrated attenuated backscatter measurements shown in Figure 13B are dominated by this aerosol layer. The CALIOP retrievals of integrated particulate depolarization ratio in Figure 13C show elevated depolarization north of about 34.33 deg N (approximately the left half of the graph). Based on these elevated (>0.08) integrated particulate depolarization ratios, the integrated attenuated backscatter values, the over-ocean location, and low (< 2.5 km) layer altitude, the CALIOP algorithm classified these aerosols as dusty marine with a corresponding lidar ratio of 37 sr (Figure 13D). South of about 34.33 N (approximately the right half of the graph), the lower (< 0.08) integrated particulate depolarization ratios led to the classification of the aerosol layer below 1.5 km as clean marine with a corresponding lidar ratio of 23 sr. The MERRA-2 RH profiles shown in Figure 13E have lower values (< 65%) in the region of higher depolarization and conversely higher (>65%) values in the region of lower depolarization suggesting that sea salt is likely to be the primary contributor to observed particulate depolarization variability. GEOS-Chem model simulations driven by MERRA-2 (not shown) indicate that sea salt had the largest contribution to aerosol extinction within the lowest layer over the region at this time, further suggesting that the CALIOP algorithm misclassified the sea salt as dusty marine. The impact of this change in aerosol classification on the derived AOD is shown in Figure 13F. The probable misclassification of the clean marine aerosol in the left half of the graph leads to AOD values about 0.01–0.02 (about 40%–80%) higher than AOD values computed assuming the aerosols were clean marine.
[image: Figure 13]FIGURE 13 | CALIOP (A) level 1 profiles of attenuated backscatter at 532 nm, (B) level 2 profiles of integrated attenuated backscatter at 532 nm, (C) backscatter-weighted mean integrated particulate depolarization ratio at 532 nm, (D) column mean lidar ratio at 532 nm, (E) column mean RH from MERRA-2 model, and (F) tropospheric aerosol optical depth at 532 nm derived from the CALIOP data using the standard lidar ratios (red) and lidar ratios corresponding to clean marine aerosol (blue). All panels correspond to the period 07:06–07:14 UT on 9 March 2020 when CALIOP acquired data in the region of the aircraft flights shown in Figure 1F.
This CALIOP misclassification may occur relatively often during specific types of meteorological events. The elevated depolarization associated with sea salt observed in the HSRL-2 measurements during ACTIVATE tended to occur during maritime cold air outbreaks (CAO), which are equatorward excursions of cold polar air masses over the relatively warm open ocean (Painemal et al., 2021; Terpstra et al., 2021; Corral et al., 2022). Several of the ACTIVATE flights conducted during 2020 and 2021 occurred during CAOs (Seethala et al., 2021). CALIOP observations of total attenuated backscatter (532 nm), particulate depolarization ratio (532 nm), and aerosol subtype along with MERRA-2 and ERA5 assimilated fields of RH and temperature profiles and surface wind speeds during 15 CAO events in January-March 2019 were examined to estimate the frequency of such observations. Each of these 15 events included some aerosol that the CALIOP algorithm classified as dusty marine. In 12 of these events, the location of the measurements, the absence of elevated aerosol layers suggesting little higher-level dust transport from the continent, and the assimilated data sets showing low (< 70%) RH near the surface within a well-mixed boundary layer suggest that the CALIOP operational algorithm misclassified depolarizing sea salt as dusty marine aerosol. Such misclassifications could lead to some systematic high biases in the retrievals of AOD and aerosol extinction profiles. Given the HSRL-2 measurements of relatively low AOD and aerosol extinction associated with these non-spherical sea salt observations (recall Figure 12B) and the CALIOP example shown in Figure 13F, the absolute biases in aerosol extinction and layer AOD would be relatively small (< 0.02), but the relative biases would be large (∼50%).
Li et al. (2022) assessed CALIOP V4.2 aerosol types and assigned lidar ratios (recall Table 1) using AOD retrievals from the Synergized Optical Depth of Aerosols (SODA) algorithm (Josset et al., 2008; Josset et al., 2011) and the retrieved columnar lidar ratio estimated by combining SODA AOD and CALIOP attenuated backscatter. Using CALIOP data acquired over the ocean from 2006 to 2011, they found that the V4.2 assigned lidar ratios and the lidar ratios derived using the SODA AOD constraint were in good agreement for clean marine aerosol over the open ocean, elevated smoke over the southeast Atlantic Ocean, and dust over the subtropical Atlantic Ocean. However, they found that over the open ocean, for aerosols classified as dusty marine aerosol (Sa = 37), the lidar ratios retrieved using the SODA AOD columnar constraint had magnitudes and spatial distributions like those classified as clean marine (Sa = 23). Their conclusion that some dusty marine aerosols should be classified as clean marine support the observations reported here of the presence of depolarizing sea salt.
4 SUMMARY AND CONCLUSION
Lidar measurements typically show low (< 0.05 at 532 nm) linear particulate depolarization associated with marine sea salt aerosols (Burton et al., 2012; Groß et al., 2013; Illingworth et al., 2015). However, during 20 of the 63 days in 2020 and 2021 when the NASA ACTIVATE mission conducted flights over the western Atlantic Ocean, airborne HSRL-2 and dropsonde measurements revealed that elevated depolarization (>0.1 at 532 nm) occurred within marine boundary layers within several hundred meters to a kilometer above the surface. These observations of elevated depolarization typically occurred during cold air outbreaks when the RH at these altitudes is below about 60%. The strong correlation of elevated depolarization with low (< 60%) RH, low aerosol lidar ratios (20–25 sr) at 532 nm and 355 nm, coincident airborne in situ size and composition measurements, and aerosol transport models indicate that the elevated depolarization is associated with crystalline sea salt. These observations of elevated depolarization occurred during both winter and summer. Largest values of particulate depolarization occurred at 355 nm (∼0.25–0.30), in contrast to results reported by Haarig et al. (2017) who found the largest values at 532 nm. The aerosol extinction and optical thickness corresponding to these non-spherical sea salt particles were low; aerosol extinction values were around 20 Mm−1 at 532 nm and the optical depth contributed by these non-spherical particles was about 0.03–0.04 at 532 nm which represented on average about 30%–40% of the total column AOD. These HSRL-2 multiwavelength measurements of aerosol depolarization and lidar ratio are examples of the type of field measurements that can be used to help refine models of the optical properties of marine aerosols under different meteorological conditions (Kahnert and Kanngießer, 2023).
Airborne in situ measurements of aerosol size distribution and fine mode aerosol composition acquired simultaneously with the HSRL-2 measurements revealed that the elevated depolarization measurements occurred when more coarse mode particles relative to fine mode particles were observed in contrast to observations of lower depolarization when more fine mode particles were observed. In those cases when RH was below 60%, aerosol depolarization was correlated with both salt mass fraction and particle effective radius but was not correlated with wind speed.
The presence of non-spherical sea salt can lead to possible misidentification of these aerosols as a dust-like mixture. The CALIOP operational aerosol classification algorithm classifies aerosols, including non-spherical sea salt, as various mixtures of dust when aerosol depolarization is above about 0.075. This misclassification of non-spherical sea salt leads to a high bias in the lidar ratio assigned to these aerosols, which in turn leads to high biases in the aerosol extinction and AOD derived from the CALIOP measurements. Examination of CALIOP measurements during several CAO episodes and SODA retrievals of column lidar ratio suggest that the CALIOP operational aerosol algorithm tended to classify these non-spherical aerosols as dusty marine rather than marine aerosols during CAO events.
How can such misclassification of sea salt be avoided? Examination of model (e.g., MERRA-2) reanalysis RH profiles coincident with the ACTIVATE dropsonde and HSRL-2 measurements indicates that such profiles may provide an indication of the low RH conditions leading to the presence of non-spherical sea salt. While the presence of low (< 60%) RH by itself does not necessarily indicate the presence of such aerosols since other non-spherical aerosols (e.g., dust) may also be associated with low RH, the spatial and vertical variability in RH, when well correlated with similar variability in aerosol depolarization, would likely provide a good indicator of non-spherical sea salt. In addition, the presence of higher (>70%) RH would essentially rule out the presence of non-spherical sea salt.
The wavelength dependence of depolarization may help discriminate between non-spherical sea salt and dust, especially if depolarization is measured at both 355 and 532 nm. The HSRL-2 measurements showed aerosol depolarization was generally larger at 355 nm than at 532 nm, in contrast to aerosol depolarization measurements of dust where aerosol depolarization at 532 nm is larger (Burton et al., 2015). The spectral depolarization between 532 and 1,064 nm is less definitive. Burton et al. (2012) found that dust depolarization at 1,064 nm could be lower, higher, or about the same as the value at 532 nm. Since the HSRL-2 measurements of sea salt showed smaller aerosol depolarization at 1,064 nm than at 532 nm, the presence of higher aerosol depolarization at 1,064 nm would likely indicate the presence of dust and not non-spherical sea salt.
Measurements of the lidar ratio provide a more definitive discrimination between dust and non-spherical sea salt. Non-spherical sea salt had similar lidar ratio values as spherical sea salt (∼20–25 sr at both 355 and 532 nm) that are lower than the values typically measured for dust (e.g., 30–50 sr) (Burton et al., 2012). For backscatter lidars such as CALIOP on CALIPSO, which do not measure the lidar ratio directly, the total column AOD may be a useful constraint to derive a lidar ratio associated with the depolarizing aerosols for cases where most, if not all, of the total AOD is due to these depolarizing aerosols and these layers have well-defined boundaries and large optical depths. This column AOD constraint can be provided by AOD retrieved from passive sensors during the daytime (e.g., MODIS (Burton et al., 2010)) or from techniques such that use the ocean surface reflectance to derive column transmission and AOD (Josset et al., 2008; Venkata and Reagan, 2016). More direct measurements of the lidar ratio associated with the depolarizing aerosols by a spaceborne High Spectral Resolution Lidar such as the ATLID lidar on the EarthCARE satellite could also help distinguish non-spherical sea salt and dust.
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