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Abstract Aerosol models, composed of size distribution, complex refractive index, and spherical

fraction, are derived from a new synergistic retrieval of airborne in situ angular scattering measurements

made by the Polarized Imaging Nephelometer and absorption measurements from the Particle Soot

Absorption Photometer. The data utilized include phase function (F11), degree of polarization (−F12∕F11),

and absorption coefficient (𝛽abs) measured at low relative humidities during the Studies of Emissions and

Atmospheric Composition, Clouds, and Climate Coupling by Regional Surveys (SEAC4RS) and Deep

Convection Clouds and Chemistry (DC3) field campaigns. The Generalized Retrieval of Aerosol and

Surface Properties (GRASP) is applied to these measurements to obtain summaries of particle properties

that are optically consistent with the original measurements. A classification scheme is then used to

categorize the corresponding retrieval results. Inversions performed on the DC3 measurements indicate

the presence of a significant amount of dust-like aerosol in the inflow of storms sampled during this

campaign, with the quantity of dust present depending strongly on the underlying surface features. In the

SEAC4RS data, the retrieved size distributions were found to be remarkably similar among a range of

aerosol types, including urban and industrial, biogenic, and biomass burning (BB) emissions. These

aerosol types were found to have average fine mode volume median radii 0.155 ≤ rvf ≤ 0.163μm and

lognormal standard deviations 0.32 ≤ 𝜎f ≤ 0.36. There were, however, consistent differences between the

angular scattering patterns of the BB samples and the other particle types. The GRASP retrieval

predominantly attributed these differences to elevated real and imaginary refractive indices in the BB

samples (m532nm ≈ 1.55 + 0.007i) relative to the two other categories (m532nm ≈ 1.51 + 0.004i).

1. Introduction

Identifying, quantifying, and monitoring atmospheric particulates, called aerosols, at global scales has

become essential for a variety of critical applications. Aerosols affect Earth's energy balance, and therefore

climate, directly through the scattering and absorption of light (Bellouin et al., 2005) and indirectly by influ-

encing cloud properties (Rosenfeld et al., 2008). However, the magnitudes of both of these effects are not

well constrained (Stocker, 2014). Furthermore, these particles adversely affect air quality, becoming a serious

threat to global public health (Gakidou et al., 2017). Local ground-based particulate monitoring sites meet

some of this need but cannot provide the global context of satellite measurements (Wang & Christopher,

2003). Space-based remote sensing instrumentation yield aerosol data with global coverage but are depen-

dent on assumptions of particle properties in order to translate satellite-measured radiance into quantitative

aerosol loading or mass (Tanré et al., 1997; Van Donkelaar et al., 2006). These assumptions commonly take

the form of sets of predefined particle properties, called “aerosol models,” that are linked to specific aerosol

types (e.g., desert dust, biomass burning [BB], and urban emissions). If an aerosol model is to facilitate the

simulation of radiation in the atmosphere, it must contain a sufficiently comprehensive set of parameters to
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reproduce the bulk optical properties of the constituent particles. This set of parameters is often expressed

in terms of the particle size distribution (PSD), complex refractive index (m = n + ik), and a set of assump-

tions regarding particlemorphology.While current algorithms are adequate to retrieve aerosol optical depth

(AOD) and a few other parameters, the results from a wide range of studies have suggested that there is

still room for significant improvements in the aerosol properties assumed in space-based remote sensing

retrievals (Bilal et al., 2013; Lee et al., 2012;Wong et al., 2011).Moreover, comparisons of widely used aerosol

forcing models have shown that the largest source of diversity in model estimates of forcing does not result

from the models' representation of aerosol loading, but instead from deviations in the intensive properties

of the particles (Myhre et al., 2013; Schulz et al., 2006). Thus, the key to improvement of the global repre-

sentation of aerosols, aerosol radiative effects, estimated climate change, and public health rests on better

representation of aerosol particle properties or aerosol models in both remote sensing algorithms and global

climate models.

Currently, the satellite remote sensing community primarily depends on retrieved properties from the

ground-based sun/sky scanning radiometers composing the Aerosol Robotic Network (AERONET; Holben

et al., 1998) for their aerosolmodels, especially at visible andnear-infraredwavelengths (Dubovik et al., 2002;

Levy et al., 2007). The ground-based nature of these instruments allows them to make extended observa-

tions of aerosols withminimal influence from the underlying surface, permitting accurate aerosol retrievals,

without the need for the strong a priori assumptions frequently required by space-based sensors. AERONET

enjoys a long data record and a broad geographical distribution, creating the statistics necessary to cover a

wide range of global aerosol types. Moreover, AERONET retrievals return aerosol optical properties repre-

sentative of the total atmospheric column under ambient conditions, which is key for remote sensing from

imaging sensors and important for constraining climate models. However, as a single technique AERONET

also contains limitations and biases. In order for AERONET to produce the high-accuracy retrieval required

to develop a complete aerosol model a range of conditions must be met including high aerosol loading

(AOD440nm > 0.4), appropriate solar geometry, and a virtually cloud free sky. In the derivation of the current

aerosol models, implemented in the operational retrievals of the widely used Moderate Resolution Imag-

ing Spectroradiometers, only 14% of AERONET observations met the required criteria (Levy et al., 2007).

Additionally, geometric constraints prohibit AERONET almucantar scans from sampling scattering angles

larger than 150◦ (Schafer et al., 2014). As a result of this limitation, AERONET-derived aerosol models can

not guarantee optical consistency at the highest scattering angles, a region that is frequently sampled by

space-based remote sensors.

While in situ measurements have their own set of limitations, their unique strengths have the potential

to complement the shortcomings of other techniques. For example, in situ measurements can maintain

reasonable accuracy down to relatively low aerosol concentrations and aremade independent of solar geom-

etry. Furthermore, in situ data have the potential to provide additional information, such as aerosol vertical

dependence and particle hygroscopicity, while maintaining an optical consistency comparable to remote

sensors. In practice, though, the majority of in situ optical measurements have been limited to parameters,

such as total scattering, absorption, and extinction, which lack the angular information required for a com-

prehensive aerosol model that is optically consistent with directional remote sensing measurements made

from satellites.

Recently, a new in situ instrument, the Polarized ImagingNephelometer (PI-Neph; Dolgos&Martins, 2014),

was introduced to measure aerosol particle scattering, as a function of angle, from an airborne platform.

Measuring two elements of the scattering matrix, phase function (F11) and degree of linear polarization

(−F12∕F11) over a wide angular range, enabled robust distinction between aerosol types from the scatter-

ing measurements alone (Espinosa et al., 2018). Applying the Generalized Retrieval of Aerosol and Surface

Properties (GRASP; http://www.grasp-open.com; Dubovik et al., 2014) to these measurements with mini-

mal assumptions demonstrated that such parameters as PSD and the real part of the refractive index could

be obtained with at least the same accuracy as most standard in situ techniques (Espinosa et al., 2017).

Although polar nephelometers, such as the PI-Neph, are not new, the ability to fly the PI-Neph through

a variety of different aerosol types of suspended particles above the immediate surface layer is unprece-

dented. The accumulation of thousands of samples from the PI-Neph and the ability to apply inversion

software to retrieve size distribution and the refractive index presents an opportunity to create a set of

aerosol models representative of the aerosol types encountered during the PI-Neph's deployments over the

contiguous United States. Furthermore, the PI-Neph can sample at aerosol scattering intensities as low
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as 10 Mm−1, permitting retrievals in many cases where AERONET lacks sufficient sensitivity. For example,

a 2.5-km-thick layer of nonabsorbing aerosol would require a mean scattering coefficient of 160 Mm−1 to

reach theAOD440nm > 0.4 threshold required for AERONET to produce level 2 inversions of refractive index

or single scattering albedo. The objective of this study is to go beyond a demonstration and use the tech-

niques developed previously (Espinosa et al., 2017, 2018) to provide aerosol models of the types of aerosols

encountered by the PI-Neph on its major deployments.

A key parameter of an aerosol model is the spectral absorption properties of the particles, which are strongly

linked to the imaginary part of the refractive index. The PI-Neph measures the angular dependence of the

light scattered by the aerosol but does not directly measure particle absorption. An inversion procedure that

makes use of angular scattering data measured over a wide angular range is able to partially constrain the

absorption properties of an aerosol, but only to a rudimentary level. In this work, this limitation is over-

come by incorporating a direct measurement of particle absorption, made in parallel to the PI-Neph, into

the retrieval algorithm. To the authors' knowledge, this is the first time absorptionmeasurements have been

paired with angular scattering data in order to obtain complex refractive index. This additional constraint

on absorption, provided by the Particle Soot Absorption Photometer (PSAP), is generally shown to signifi-

cantly improve the accuracy of the imaginary refractive indexwithout negatively affecting the other retrieved

parameters.

In section 2 of this paper we will introduce the measurement techniques, data standardization procedures,

and aerosol classification scheme to be used. Section 3 describes the retrieval approach, explores the con-

sequences of incorporating PSAP data, and presents the results of a Monte Carlo simulation designed to

estimate the uncertainties in the retrieved parameters. Once the inversion uncertainty has been determined,

in section 4we apply the procedure to the full record of appropriate PI-Neph data and produce a set of aerosol

models with reported uncertainty for six different aerosol categories. Conclusions are presented in section 5.

2. Data

The retrievals in this work are performed on airbornemeasurementsmade by the PI-Neph and PSAP instru-

ments during two recent field campaigns. Data from the two instruments, which both sampled from the

Langley Aerosol Research Group Experiment's (LARGE) isokinetic inlet aboard the DC-8 aircraft, are aver-

aged over coincident periods during which higher aerosol concentrations were observed. The resulting

samples are then classified based on ancillary measurements of trace gasses, aerosol composition, aerody-

namic particle size, and geographic location. These classification categories include dust, biogenic, urban,

and BB particles as well as three categories of aerosol associated with convective systems. These data are

then further averaged over all samples of a given classification to obtain a single set of measured optical

properties representative of the aerosol type in question.

2.1. AirborneMeasurement Techniques

The aerosol models derived in this work are retrieved frommeasurements made over the contiguous United

States during the Deep Convection Clouds and Chemistry (DC3) and Studies of Emissions and Atmospheric

Composition, Clouds, and Climate Coupling by Regional Surveys (SEAC4RS) field experiments. The DC3

campaign, which took place in the spring of 2012, was designed to improve the scientific community's

understanding of storm dynamics and the effect of convective systems on the chemical composition of the

troposphere (Barth et al., 2015). Themajority of DC3 flights focused on one of three study regions: northeast-

ern Colorado, northern Alabama, and a region comprising northern Texas and southern Oklahoma (Barth

et al., 2015). In August of 2013 the associated SEAC4RS campaign began its 2-month-long deployment over

the western and southeastern United States (SEUS). This campaign targeted a variety of atmospheric phe-

nomena including convection's influence on the distribution of aerosols and gasses within the troposphere,

the climatic and meteorological effects of BB, and anthropogenic emissions as well as the calibration and

validation of satellite data (Toon et al., 2016). Multiple aircraft were involved in both campaigns, but the

data used in this work come solely from measurements made aboard the NASA DC-8. This platform took

part in over 20 flights in each campaign producing a combined total of almost 300 flight hours of data.

The retrieved properties presented here are derived primarily fromphase function and degree of linear polar-

izationmeasurementsmade by the PI-Neph at low relative humidities (RH < 40%). The PI-Neph uses awide

field of view imaging system to measure the angular dependence of light scattered by aerosols and the sur-

rounding gasses (Dolgos &Martins, 2014). While the PI-Neph's fundamental design was similar in both the
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DC3 and SEAC4RS campaigns, different physical builds of the instrumentwere used in the two experiments.

In DC3 the PI-Neph utilized only one laser light source operating at 532 nm, but two additional lasers were

incorporated into the second instrument flown in SEAC4RS, adding measurements at 473 and 671 nm. The

incorporation of calibration data derived from molecular scatterers (CO2 and N2) that are well character-

ized (Anderson et al., 1996; Young, 1980) allows for an angular-dependent calibration that produces direct

measurements of absolute phase function in known units (e.g., Mm−1 sr−1), free from any angular trunca-

tion error. The angular range of the resulting measurements were typically 4◦ to 174◦ in SEAC4RS and 5◦ to

170◦ in DC3, with an angular resolution of 1◦.

Absorption coefficient (𝛽abs) measurements made by the PSAP (Radiance Research, Seattle, WA) were also

input into the GRASP inversion, primarily to improve sensitivity to the retrieved imaginary refractive index.

The absorption coefficient reported by PSAP is derived from changes in the transmission of a filter resulting

from the deposition of particles on the filter's surface (Bond et al., 1999). A three-wavelength PSAPwas used

in this work with transmission measurements made at 470, 532, and 660 nm. The raw transmission mea-

surements were corrected for a variety of artifacts including scattering, illumination spot size, and sample

flow rate using the method of Virkkula (2010). A separate three-wavelength (𝜆 =450, 550, 700 nm) inte-

grating nephelometer (TSI Model 3563) was used to perform the PSAP scattering correction. The 700-nm

channel of this nephelometer was not functioning during the SEAC4RS campaign, so the PSAP 660-nm data

were not used in this work, as no reliable correction could be performed.

Ancillary data sets, which are independent of aerosol optical properties, are used in this study to classify the

sampled air masses. In this work the Particle Analysis by LaserMass Spectrometry (PALMS; Thomson et al.,

2000) instrument is used to aid in the identification of aerosols containing significant amounts of mineral

dust. Identification of dust aerosols is also aided by measurements made by the aerodynamic particle sizer

(APSmodel 3321, TSI Inc., St. Paul,MN,USA), whichmeasures particle time-of-flight inside an accelerating

air flow. Trace gas concentrations are used to identify air masses corresponding to urban, biogenic, and

BB emissions. Measurements of nitrogen dioxide (NO2) were made by National Oceanic and Atmospheric

Administration's NOyO3 instrument using the UV-LED photolysis-chemiluminescence technique (Pollack

et al., 2010; Ryerson et al., 2000). Carbonmonoxide volumemixing ratioswere obtainedwith theDifferential

Absorption CarbonMonoxideMonitor (Fried et al., 2008). The University of Innsbruck's High-Temperature

Proton-Transfer-ReactionMass Spectrometer (Mikoviny et al., 2010) was used to quantify themixing ratio of

the remaining gas species, specifically acetonitrile (CH3CN), isoprene (C5H8), and monoterpenes (C10H16).

Moreover, a Scanning Mobility Particle Sizer (SMPS; TSI Inc.) was used to estimate the optical contribution

of particles smaller than GRASP's smallest size bins.

The PI-Neph, PSAP, and integrating nephelometer all sampled from the LARGE inlet, which has a 50% pass-

ing efficiency at an aerodynamic radius of 1.8 μm (McNaughton et al., 2007). The residence time within the

PI-Neph was on the order of 30 and 15 s of acquisition time was required for each measured wavelength

(three-wavelength SEAC4RS measurements took 45 s total). The integrated scattering and absorption mea-

surements were both made at one hertz. In SEAC4RS, the PSAP data were bulk averaged with 15-s intervals

for altitudes under 1,070m andwith 60-s intervals above 1,070m. The corresponding details for the ancillary

instrumentation can be found in Espinosa et al. (2018), which describes the calcification scheme in greater

detail.

2.2. Data Standardization and Coregistration

The GRASP retrieval is significantly simplified if a given set of observations can be coregistered to a single

point in space and time, ideally without an excessive number of unique wavelengths among the measure-

ment inputs. In order to reduce the number of individual inversions performed, time averages of the raw

PI-Neph and PSAPmeasurementswere obtained over periods corresponding to high and stable aerosol load-

ing. These averages, hereinafter referred to as a “samples,” are composed of a phase function vector, degree

of linear polarization vector, and single absorption coefficient scalar at each measured wavelength, derived

from consecutive data obtain over periods ranging from 45 s to several minutes. An individual sample can

then either constitute the entire input into a given GRASP retrieval or these samples can be averaged to

obtain aerosol type specific “sample averages” that can also serve as inversion inputs.

A significant fraction of PI-Neph measurements occurred at very low aerosol concentrations, typically dur-

ing high altitude transit legs of the flights. This fact, along with the large volume of PI-Neph data overall,

motivated the decision to subselect and average the raw PI-Neph measurements into samples that were

ESPINOSA ET AL. 8000
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composed of stable, high-quality data. Measurement periods where the total scattering was less than

10Mm−1 or the change in integrated scattering between two adjacent rawmeasurementswas greater than 15

% were first discarded. The remaining measurements were averaged over periods composed of at least three

rawPI-Nephmeasurementswhose individual angularly integrated scattering values summed to greater than

200 Mm−1. This threshold was chosen to ensure that temporally uncorrelated sources of noise (e.g., photon

counting noise, insufficient number of scatters in the sample volume, and CCD thermal noise) were signif-

icantly less than the measured F11 value. This procedure resulted in 573 SEAC
4RS averages and 1,817 DC3

averages, with mean averaging times of 152 and 67.6 s, respectively.

The value of 𝛽abs in each samplewas obtained by taking themean of all PSAPmeasurements obtained during

the PI-Neph averaging window described in the previous paragraph. In 172 and 3 of the classified DC3 and

SEAC4RS samples, respectively, no PSAP measurements were available within the averaging window. In

these cases, only PI-Neph data were input into the GRASP retrieval, and 𝛽abs was left unconstrained at all

wavelengths. A small correction based on power law fits (i.e., absorption Angstrom exponent) was used to

bring the 470-nm PSAP data to the PI-Neph's 473-nm channel. As corrected 660-nm PSAP data were not

available during SEAC4RS and PI-Neph measurements were only made at 532 nm during DC3, no attempt

was made in either campaign to obtain a value of 𝛽abs that corresponded to the 671-nm scattering matrix

measurements.

2.3. Classification of Samples by Aerosol Type

An aerosol classification scheme (Espinosa et al., 2018) is then used to estimate the dominate source of

each aerosol by focusing on additional properties of the air mass associated with each measurement. The

SEAC4RS data were subdivided into four categories corresponding to dust, biogenic, urban, and BB emis-

sions. The PALMS instrument and aerodynamic size distributions were used to identify aerosols dominated

by desert dust. Trace gas concentrations are then used to distinguish the remaining three SEAC4RS aerosol

types, with NO2 used to identify urban and industrial emissions, carbon monoxide, and acetonitrile serving

as correlates for BB plumes and isoprene and monoterpenes serving to identify heavy biogenic influence.

It should be noted that the data classified as biogenic simply had significantly higher than background

concentrations of gasses that are primarily associated with biogenic activity. These particle populations are

therefore not necessarily exclusively of biogenic origin and, in many cases, likely represent the confluence

of biogenic and anthropogenic emissions.

The scheme developed to categorize the DC3 samples was based on the aircraft's proximity to three storm

domains outlined in the DC3 science objectives (Barth et al., 2015). These three domains were located over

northern Colorado (CO), northern Alabama (AL), or the northern Texas and Oklahoma region (TX/OK).

As convective systems have the potential to significantly influence aerosol properties (Corr et al., 2016; Eck

et al., 2014; Jeong& Li, 2010), different classification schemeswere applied to the DC3 data set (near convec-

tive systems) and the SEAC4RS data set (generally far from convective systems). Aerosol optical properties

were intentionally omitted from all classificationmetrics to ensure independence between the classification

scheme and the scattering features measured by the PI-Neph and PSAP.

Both theDC3 and SEAC4RS classification schemes employed here only allow one aerosol type to be assigned

to a given sample. If a sample's ancillary data do not meet any of the classification conditions, the sample is

assigned to an “unclassified” category. Furthermore, a sample is identified as “unclassified” if no single type

is assigned to the majority of individual measurements composing that sample. Table 1 shows the number

of samples this ancillary data classification scheme assigned to each category, as well as the number of

unique flights containing at least one of the corresponding samples. All categories have cases originating

from multiple flight days, increasing the likelihood that a given category average is representative of the

corresponding type as a whole. Additionally, the type averaged integrated scattering coefficient 𝛽sca and

asymmetry parameter ḡ at 532 nm is shown for reference. The final column of Table 1, representing the

number of cases for which the mean residual between GRASP's fit and the F11 measurements was less than

10%, will be discussed further in section 4.1.

In the summer months, biogenic and urban emissions often dominate the SEUS while the western por-

tion of the country is frequently influenced by wildfire smoke (Goldstein et al., 2009; Malm et al., 2004).

While the SEAC4RS categories are not determined by location, clear spatial patterns emerge that are in

strong agreement with these physical expectations. The urban classification is generally selected around city
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Table 1
Summary of Key Sampling Statistics by Aerosol Type

Aerosol type No. of cases No. of flights 𝛽sca (Mm
−1) g RES < 10%

BB 105 8 154 ± 127 0.61 ± 0.02 99.0 %

Biogenic 252 14 76.3 ± 31.6 0.63 ± 0.03 93.6 %

Urban 28 10 93.4 ± 45.1 0.62 ± 0.06 92.9 %

Dust 15 2 69.7 ± 23.3 0.77 ± 0.05 0.00 %

CO Storms 329 5 31.2 ± 13.5 0.59 ± 0.04 73.6 %

TX/OK Storms 535 5 52.4 ± 14.9 0.59 ± 0.03 97.9 %

AL Storms 140 2 57.0 ± 21.7 0.62 ± 0.02 99.2 %

Unclassified 986 35 55.0 ± 43.0 0.58 ± 0.09 68.7 %

All Cases 2390 37 58.4 ± 39.7 0.59 ± 0.05 81.5 %

Note. Shown are the total number of cases, the number of unique flights for which at least one case was
present as well as the mean and standard deviation of the measured 532-nm scattering coefficient (𝛽sca)
and asymmetry parameter (g) values. The final column indicates the percentage of cases for which the
residual between the GRASP fit and the measured F11(𝜃) values at 532 nm was less than 10%.

centers like Houston and Dallas Texas as well as near the Ohio River Valley, a region known to have high

levels of industrial activity. Additionally, the 15 points that met the requirements of the dust classification

all correspond to a transported Saharan Air Layer that was present over Louisiana and the northern Gulf

of Mexico at the start of the campaign (Ziemba et al., 2016). Back-trajectory calculations (Peterson et al.,

2015; Toon et al., 2016) indicate that the majority of samples that were classified as BB originated predomi-

nantly from the California Rim Fire (58%), with the overwhelming majority of the remaining cases coming

from smaller wildfires within the United States, primarily from three fires located in Wyoming, Colorado,

and Kansas. The majority of these smoke plumes were relatively aged, with the freshest samples obtained

just over 100 km downwind of the Rim Fire on 26 August. Forward trajectories from the National Oceanic

and Atmospheric Administration Air Resources Laboratory Hybrid Single-Particle Lagrangian Integrated

Trajectory model (HYSPLIT; Stein et al., 2015) indicate that these samples were between 5 and 8 hr old,

depending on injection height. The exact geographic locations of all classified samples, according to their

assigned type, can be found in Espinosa et al. (2018).

In addition to the geographic consistency of the ancillary data classification scheme, very strong relation-

ships were found between the angular scatteringmeasurements and the aerosol type. Amethodwas devised

for predicting the ancillary classification results using only the PI-Neph light scattering measurements

(Espinosa et al., 2018), and all but one aerosol type was predicted correctly more than 80% of the time. The

agreement between the ancillary data and scattering-based classifications was much lower in the case of the

AL storm category (recall of 47%). Many of these samples were found to have optical properties very similar

to the biogenic samples, which is not surprising given that the AL storm domain corresponds to a region

that was dominated by biogenic emissions during SEAC4RS.

3. Retrieval Methodology

Classification in itself is only the first step in characterizing aerosol optical properties or deriving an aerosol

model. Here we obtain these optical properties by applying the GRASP inversion algorithm to measure-

ments made by the PI-Neph and PSAP, resulting in retrieved values for PSD, complex refractive index, and

fraction of spherical particles (SPH). GRASP is a versatile software package capable of retrieving a wide

range of properties from a variety of data sets, while making fewer assumptions about the aerosol than tradi-

tional in situ or remote sensing retrieval algorithms (Dubovik et al., 2011, 2014). The inversion is performed

making use of multiterm least squares fitting (Dubovik, 2004), allowing for different types of observations

and multiple a priori constraints to be easily combined into a single inversion. The application of GRASP

to PI-Neph data alone has been shown to produce retrievals of size distribution that are at least as accurate

as those produced with common dedicated particle sizing instrumentation and retrievals of real refractive

indices of particles on known chemical composition that closely match existing measurements (Espinosa

et al., 2017). The incorporation of the PSAP absorption coefficient measurement is expected to bring the
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accuracy of retrieved imaginary refractive index inline with these other parameters. A detailed analysis of

the errors associated with these retrieved parameters is provided in section 3.3.

The retrievals were performed by inverting the F11, −F12∕F11, and 𝛽abs measurements simultaneously for

each sample. As a result of instrument noise the measured values of F11(𝜃) and 𝛽abs were occasionally less

than zero, and the absolutemagnitude of F12(𝜃) is sometimes greater than F11(𝜃). If present, these nonphysi-

calmeasurement valueswere excluded, and the retrieval is performedusing only the remaining data. In each

sample, the overwhelming majority of data points corresponded to physically possible values so entire sam-

ples were never discarded due to an excessive number of nonphysical values. The inversions of the SEAC4RS

data incorporate all three PI-Neph wavelengths, but retrievals of DC3 data were limited to 532-nm data, as

the red and blue channels were not available at the time of this campaign. The retrieval is applied both to the

2,390 individual samples and sample averages corresponding to the average measurements of six different

aerosol types. In all samples of the seventh, dust-type GRASP failed to adeq uately reproduce the measured

angular scattering patterns with sufficient fidelity to justify including these samples in the bulk of the anal-

ysis presented here. A detailed discussion of the GRASP fits is presented in section 4.1, but it is important

to emphasize that measurement error, not retrieval assumptions, likely drove the poor fitting of these dust

samples.

3.1. Aerosol Representation
3.1.1. Assumptions Configured in the GRASP Retrieval

The flexibility built into the design of GRASP allows the user to select the assumptions that best match the

information content of a particular data set. In this work, GRASP size distributions were modeled with 16

logarithmically spaced size bins, spanning 0.065 to 3.9 μm in radius. It will be shown that, given realistic

PSDs, the particles at the lower end of this size range generally contribute very little signal to ensemble type,

light scattering measurement. The upper bound was chosen to include the vast majority of coarse mode

particles capable of passing through the LARGE inlet. In all retrievals, the shape of the size distribution is

only constrained by a smoothness parameter, and no assumptions about the number of modes are made.

Additionally, two size bins centered around r = 0.05μm and r = 5μm were included but forced to zero in

order to encourage the tails of the retrieved size distribution to trend toward zero.

While the aerosols measured in this work can still have significant number concentrations below 0.065 μm,

these particles generally possess very low scattering efficiencies and have a negligible contribution to the

total amount of visible light scattered by a typical atmospheric aerosol. To better quantify the effect of these

particles, the SMPS size distribution, which extends down to r = 0.005μm, was stitched to the size distribu-

tion retrieved by GRASP, and the resulting PSDs were averaged over the entire SEAC4RS experiment. AMie

code (Mishchenko et al., 2002) was then used to estimate the total amount of 532 nm light scattered by par-

ticles smaller than the center diameter of the first nonzero size bin (r = 0.065μm). It was found that these

particles were responsible for only 0.1% of the total light scattered by the stitched size distribution. As the

shape of F11 can depend significantly on size parameter the contribution of these particles to the absolute

phase function was also examined. It was found that the particles with radii smaller than 0.065μm had the

largest contribution to F11 at scattering angles around 152
◦, where theymade up only 0.9% of the total signal.

Additionally, the tiny scattering signal produced by the smallest particles can be, to some extent, transferred

into other size bins (and potentially very small changes in refractive index) producing an “optically equiva-

lent” set of parameters. Therefore, we do not expect the ability of the retrieved parameters to reproduce the

true optical properties of the aerosol in question to be significantly hindered by GRASP's exclusion of the

smallest particle sizes.

The search space for the real part of the refractive index is semicontinuous between 1.33 and 1.7, while

the imaginary part can range from 0 to 10−1. The refractive index is held constant with respect to size, but,

in the case of the multiwavelength SEAC4RS data, it is allowed to vary as a function of wavelength. This

constraint is equivalent to the assumption that each sample can be modeled as if all particles possessed the

same composition. The use of a single spectral dependent “effective refractive index” has been shown to

reproduce the optical properties of both internally and externally mixed particles with high fidelity under

many realistic circumstances (Dubovik et al., 2000; Mishchenko et al., 2016).

GRASP's aerosol model assumes a mixture of spheres and spheroids. The spheroid component utilizes a

fixed axis ratio distribution that was derived by Dubovik et al. (2006) from feldspar measurements made

by Volten et al. (2001). The applications of this approach in AERONET operational inversions and satellite

ESPINOSA ET AL. 8003



Journal of Geophysical Research: Atmospheres 10.1029/2018JD030009

remote sensing applications did not not reveal any evident deficiencies (Dubovik et al., 2011). Furthermore,

the results of section 4.1 suggest that this combination of spheres and spheroids is capable of reproducing

the measured optical properties in this work with high fidelity.

GRASP provides a statistically optimized inversion in the presence of measurement errors. Therefore, the

measurement uncertainties provided to GRASP are an important component of the retrieval and influence

the algorithm's accuracy. The instrument characteristics dominating the expected error can be attributed

primarily to calibration and laser power uncertainties, which produce effects that are frequently indepen-

dent of scattering angle. Correspondingly, simulations of PI-Neph error suggest that the relative uncertainty

in the F11 measurement is approximately constant with angle. Similarly, the simulated absolute error in

−F12∕F11 was also found to be relatively constant at all angles. A single uncertainty value for each mea-

surement type at each wavelength was therefore used in the inversion. These error values were initially

calculated from the results of the error simulations described in section 3.3.1. By running representative test

cases through a Monte Carlo simulation (section 3.3), it was found that small adjustments to these initial

calculated uncertainty estimates producedmore accurate retrievals. These slight differences between calcu-

lated and empirically determined uncertainties likely stem from complexities like correlations in the errors

between angles, which are not included in our current configuration of GRASP. The final 1𝜎 uncertainties

provided to GRASP associated with the 532-nm data were 6% and 0.06 in F11 and −F12∕F11, respectively.

In the red and blue channels, which had more random variation in the power of the laser source, a value

of 20% and 0.09 were estimated as F11 and −F12∕F11 uncertainties, respectively. The absorption coefficient

uncertainty was estimated at 0.63 Mm−1 for all wavelengths.

3.1.2. Parameterization of the Retrieved Size Distributions

To construct an easily accessible aerosol model, we obtain lognormal-based parameterizations of the 16 bin

size distributions retrieved by GRASP. In these parameterizations, the fine and coarse particles are treated

separately, with the separation between the two particles populations being defined by the minimum in the

retrieved size distribution closest to r = 0.5μm. In the overwhelming majority of 16 bin size distributions

retrieved by GRASP, a clear minimum was observed in this region. The metrics used to characterize each

mode of the PSD are chosen to be consistent with the parameterizations used in Dubovik et al. (2002).

Specifically, the volume median radius rv, standard deviation of the volume median radius 𝜎, and volume

concentrationsCv are all provided alongwith the one standard error estimates in the corresponding retrieved

values. While the retrieved modes of the size distributions do not exactly match lognormal distributions,

these parameters were chosen to match those of true lognormal size distributions if a real lognormal mode

was observed (Dubovik et al., 2002).

3.2. PSAP as a Constraint on Aerosol Absorption

Variations in the imaginary refractive index can produce small changes in the angular dependence of the

scattered light that can potentially provide information regarding an aerosol's tendency to absorb light. How-

ever, under typical measurement conditions instrument uncertainty often exceeds the changes resulting

from typical variability in k, limiting sensitivity to this parameterwhenonly light scattering data are inverted.

In this work, we add PSAP absorption measurements to the more established PI-Neph inversion in an effort

to better constrain the retrieved imaginary refractive index. As far as the authors are aware, this represents

the first time a filter-based absorption measurement has been combined with polar nephelometer data to

obtain a comprehensive set of aerosol properties. The combination of these two data sets provides sensitivity

to all important optical properties of an aerosol and the retrieved parameters should, in principle, be highly

consistent with the true radiative properties of the particles. However, significant corrections are required

when obtaining absorption coefficient from changes in filter transmission and the corresponding values of

𝛽abs can contain large uncertainties themselves (Bond et al., 1999; Virkkula, 2010). In this section we eval-

uate the changes in the SEAC4RS and DC3 retrievals produced by the inclusion of the PSAP measurements

of 𝛽abs as an additional input into the inversion.

3.2.1. Sensitivity to Absorption in the Angular Scattering Data Alone

We can look explicitly at the sensitivity to absorption contained within the PI-Neph measurement by exam-

ining the changes inF11 and−F12∕F11 that occur over a realistic set of k values. Figure 1 shows phase function

and degree of linear polarization for combinations of spherical and spheroidal particles representative of the

fine mode aerosol (r < 0.5μm) observed during SEAC4RS and DC3. The black F11 and −F12∕F11 curves are

the same among all four plots and represent the mean GRASP fit at 532 nm of the fine mode particles sam-

pled during these two campaigns. The blue and red curves represent the theoretical fits given the 5th and
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Figure 1. The mean values (black) of the 532 nm F11 and −F12∕F11 GRASP fits for the fine mode of the SEAC
4RS

measurements. The theoretical values given the 5th (blue) and 95th (red) percentiles of the retrieved volume median
fine mode radius (rvf ), spherical fraction (SPH), real refractive index (n), and imaginary refractive index (k) are shown
in comparison. The gray region denotes the 1𝜎 uncertainty window of the Polarized Imaging Nephelometer
measurement.

95th percentiles, respectively, of the corresponding retrieved values with all other parameters held constant.

For example, the blue line of the upper left subplot shows the theoretical F11 value given themean finemode

size distribution shape, complex refractive index, and spherical fraction but with the volume median radius

shifted to the lower 5th percentile of the retrieved values (rvf = 0.114μm). In the plots showing changes pro-

duced by different imaginary refractive indices (bottom right), an extra purple curve is added at k = 0.03

in order to make the changes in scattering patterns more visible. The spread of the lines in these plots pro-

vides a sense of the sensitivity of F11 and −F12∕F11 to changes in the corresponding parameter, given a fine

mode-dominated aerosol. In the SEAC4RS inversions, additional sensitivity to a given parameter may also

often be found in the spectral dependence of the retrieval inputs, which has been omitted here for brevity.

Themost apparent feature of Figure 1 is that there are only small changes in the theoreticalF11 and−F12∕F11
values over the bulk of the range of imaginary refractive index values observed during these two campaigns.
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Figure 2. The mean values (black) of the 532 nm F11 and −F12∕F11 GRASP fits for the coarse mode of the SEAC
4RS

measurements. The theoretical values given the 5th (blue) and 95th (red) percentiles of the retrieved volume median
coarse mode radius (rvc), spherical fraction (SPH), real refractive index (n), and imaginary refractive index (k) are
shown in comparison. The gray region denotes the 1𝜎 uncertainty window of the Polarized Imaging Nephelometer
measurement measurement.

At all angles, these changes are smaller than the uncertainty of the PI-Neph measurement (gray shading),

so very little sensitivity to k is expected without the aid of additional information. Furthermore, the changes

in−F12∕F11 produced by different k values mimic changes that are observed in rvf , n, and spherical fraction,

complicating attribution of these features. This implies that, given a fine mode-dominated aerosol, changes

in these variables are almost indistinguishable from changes in k within the scope of PI-Neph data.

It will be shown in section 4.2.2 that the bulk of the aerosols sampled in DC3 and SEAC4RS are fine mode

dominated, so the retrievals in this work are best contextualized by the fine mode curves of Figure 1. How-

ever, it is also important to examine theoretical F11 and −F12∕F11 values corresponding to the coarse mode

particles, as these angular scattering patterns can differ markedly from their fine mode counterparts and

some of the aerosol types explored (e.g., CO storms) can have a significant component of coarse particles.

Figure 2 shows the coarse mode component of the F11 and −F12∕F11 curves corresponding to the mean,
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Figure 3. A comparison of the 532-nm Particle Soot Absorption
Photometer (PSAP) absorption coefficient measurements with the GRASP
retrievals of absorption using only Polarized Imaging Nephelometer
(PI-Neph) data. A weak correlation is observed between the two data sets,
but the majority of the PI-Neph only retrievals fall outside the assumed 95%
uncertainty window of the PSAP (dashed lines).

5th and 95th percentiles of the retrieved values. Significantly more vari-

ation exists among the coarse mode scattering patterns of the various k

values than in the fine mode case.

In order to asses the impacts of including PSAP data, the GRASP retrieval

was first run on the SEAC4RS and DC3 F11 and −F12∕F11 measure-

ments alone, without the inclusion of the absorption measurements. A

scatter plot comparing the absorption coefficients retrieved using this

PI-Neph only inversion and the corresponding values of 𝛽abs measured

independently by the PSAP at 532 nm is shown in Figure 3. The dashed

lines represent the estimated 2𝜎 uncertainty window of the PSAP mea-

surement based on the 20% relative error scenario described in section

3.3, which represents our best estimate of the instrument's uncertainty.

Overall, a correlation coefficient of 0.43 was obtained between the two

data sets, suggesting some limited sensitivity to 𝛽abs in the PI-Neph-only

retrievals. However, it is clear that the retrieved values are consider-

ably higher on average than the measured quantities, with the bulk of

the retrievals falling above the PSAP's 95% uncertainty window. Further-

more, the retrieved values contain an order ofmagnitudemore variability

than the measurements. While the PSAP measurement may contain sys-

tematic biases and random noise, there is no obvious reason to expect

the variability in the measured values to underestimate the true variabil-

ity of the sampled aerosol. This suggest that the higher variability in the

retrieved absorption results primarily from retrieval uncertainties stem-

ming from insufficient sensitivity to absorption in the light scattering

measurements.

3.2.2. Influence of PSAP Absorption Data in the Joint Retrieval

A joint retrieval was then run on the PI-Neph and PSAP data simultane-

ously, and the results were compared against the PI-Neph only inversion.

Figure 4 shows the changes in the campaign specific distribution of key retrieved parameters with and with-

out the inclusion of PSAP data. A very large reduction in the variability of k can be seen after the inclusion

of PSAP, suggesting that the absorption measurement is providing a useful constraint on the retrieval. The

reason for the corresponding drop in the median imaginary refractive index is not obvious but likely results

in part from a combination of the reduced erroneous variability and the limitation that k > 0.

The corresponding drop in the median imaginary refractive index likely results primarily from the combi-

nation of this reduced erroneous variability, and the fact that GRASP requires k > 0.

A significant increase in median real refractive index and decrease in median spherical fraction are also

seen after the PSAP data are included. It can be seen from Figure 1 that as the values of k decreases the peak

maxima of the −F12∕F11 fit will be reduced along with a small increase in F11 at scattering angles close to

180◦. In most of the retrievals GRASP offsets these changes in the fit through a combination of a reduced

spherical fraction and a slight increase in n, both of which have similar scattering angle dependencies as k.

GRASP's ability to “trade” attribution of different scattering features between different variables emphasizes

the fundamental limitations of the retrieval produced by the nonuniqueness of the solution space. From this

perspective, it is clear that constraining absorption with the addition of the PSAP data has the potential to

improve the accuracy of inverted parameters other than k. Another potential way to address this nonunique-

ness would be to increase the number of measurement wavelengths within the PI-Neph, which can help to

constrain spectrally independent parameters like size and spherical fraction.

Figure 2 suggests that the variety of scattering patterns produced by coarse mode particles is much higher

than for the corresponding fine mode particles. These unique features may help to attribute scattering

changes more directly to the underlying variables in the case of coarse mode dominate particle popu-

lations. For example, in the fine mode-dominated cases of DC3 and SEAC4RS it was observed that the

addition of PSAPdata can produce significant changes in spherical fraction and real refractive index, as these

variables have scattering signatures that are similar to the signatures of k. The large differences in −F12∕F11
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Figure 4. The change in the distribution of various retrieved parameters
produced by the inclusion of Particle Soot Absorption Photometer's (PSAP)
absorption coefficient measurement. The retrieved parameters shown
include the volume median radii of the fine (rvf ) and coarse (rvc) modes,
fine mode fraction (FMF), real (n532nm) and imaginary (k532nm) refractive
indices at 532 nm, and spherical fraction (SPH). The blue and red bars
represent the SEAC4RS retrievals with (“+PSAP”) and without (“PI-Neph”)
the inclusion of the PSAP measurement, respectively. The yellow and
purple bars represent the DC3 retrievals with and without the inclusion of
the PSAP measurement, respectively. The white central mark indicates the
median while the boxes denote the 25th and 75th percentiles with the
whiskers extending to the 5th and 95th percentiles of the data.

at scattering angles between 90◦ and 120◦ resulting from different spher-

ical fractions observed in coarse mode aerosols could potentially help

separate changes in SPH from changes in complex refractive index. This

fact, combinedwith a stronger direct dependence on k in the coarsemode

scattering patterns, suggests that absorption may be able to be retrieved

more accurately from light scattering data alone in a coarse mode dom-

inate aerosol. It is important to note though that inlet cutoff effects

produce a narrower, truncated coarse mode size distribution that is more

prone to scattering features that occurwith high angular frequency.Many

of the unique features observed in Figure 2 may be washed out in simula-

tions performed with more realistic particle populations, with a broader

coarse mode.

3.3. Monte Carlo Based Error Estimation

In this section a Monte Carlo simulation designed to evaluate the bene-

fits of incorporating PSAP data into the retrieval and, more generally, to

estimate the uncertainties in the retrieved parameters is described. The

synthetic data set used in the simulation is constructed by adding arti-

ficial noise to the F11, −F12∕F11, and 𝛽abs fits produced by the PI-Neph

and PSAP combined retrievals of the DC3 and SEAC4RS measurements.

By using the fits of the measurements to produce the synthetic data set,

the retrieval uncertainties are estimated around points in the parameter

space that correspond to the actual data. This synthetic data are then fed

back into the GRASP inversion, and the retrieved parameters are com-

pared with the values used to generate the original fits. The process is then repeated 100 and 300 times for

the DC3 and SEAC4RS fits, respectively, with different, randomly determined noise values used in each iter-

ation. Fewer iterations are used in theDC3 simulations to keep the total number of iterations performed over

both campaigns roughly equivalent (DC3 has approximately three times as many samples as SEAC4RS). A

diagram of this process is shown in Figure 5.

3.3.1. SimulatedMeasurement Errors

The noises used to generate these synthetic data sets should mimic the true instrument uncertainties as

closely as possible. The PSAP uncertainty depends strongly on the validity of the particle assumptions com-

posing themeasurement adjustments (e.g., scattering correction) and is therefore difficult to estimate. Based

on the findings of Virkkula et al. (2005) we have added a normally distributed absolute noise offset with a

mean of zero and standard deviation of 0.5 Mm−1. Additionally, we have added a relative noise component

to the synthetic PSAP data that scales with themagnitude of the true value of 𝛽abs in the simulation. A range

of ground-based comparisons between PSAP and other instrumentation designed to measure absorption as

well as theoretical expectations has produced one standard deviation relative uncertainty estimates ranging

from a 3% to 15% (Bond et al., 2013; Müller et al., 2011; Schmid et al., 2006; Virkkula et al., 2005). In order to

account for additional uncertainties associated with airborne sampling (e.g., varying RH and temperature

and increased variability in aerosol flow rate), a one standard deviation relative uncertainty of 20% has been

applied to the simulated PSAP data. A recent study by Mason et al. (2018) estimated the total PSAP uncer-

tainty during SEAC4RS to be in this range, based on theoretical consideration as well as an intercomparison

with other in situ absorption measurements made during the campaign. Moreover, an additional run of the

simulation was performed using a PSAP relative uncertainty of 40%, primarily to confirm that the retrieved

parameters other than kwould not be negatively impacted if PSAP errors were significantly underestimated.

A comprehensive noisemodelwas applied to the simulated PI-Neph data that took into account awide range

of error sources, including photon counting noise, instrument stray light, uncertainties in laser and detector

geometries, light source power, and polarization drift as well as uncertainties in the scattering properties of

the gasses used to calibrate the instrument. The primary advantage of this approach, over the simpler nor-

mally distributed relative and absolute noises applied to the PSAP data, is its ability to capture correlations

in error that occurs between different scattering angles. All sources of uncertainty in the PI-Neph measure-

ment, besides photon counting noise, produce some level of angular correlation in the resulting errors and

the effects of these errors have on GRASP's fitting of the data depend on their correlation lengths.
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Figure 5. The Monte Carlo procedure used to estimate the retrieval errors. A synthetic data set is derived by adding
instrument representative noise to the fits of the measured samples (denoted with single hats). Generalized Retrieval of
Aerosol and Surface Properties (GRASP) is then used to fit these simulated measurements (fits of synthetic data are
denoted with double hats) and the parameters retrieved from the synthetic data (denoted with an asterisk) are
compared with the parameters retrieved from the true measurements that exactly reproduce the “simulated truth.”
Niter was 300 for SEAC4RS samples but only 100 iterations were used in the DC3 simulations due to the higher
computational demands associated with the larger number of samples obtained in this campaign. PSAP = Particle Soot
Absorption Photometer; PI-Neph = Polarized Imaging Nephelometer; PSD = particle size distribution; SPH = spherical
particles.

It is important to emphasize that, in the configurationused throughout thiswork,GRASP internally assumes

uncorrelated, lognormally distributed errors for each individual measurement value. Since the PI-Neph

errors simulated here are not necessarily consistent with these error assumptions, the uncertainty estimates

derived may overestimate the uncertainties of an “ideal” retrieval in which the noise assumptions are per-

fectly matched to the instrument errors. Improved matching of GRASP's error assumptions and the true

PI-Neph error distributions, particularly in regards to correlations in error between neighboring scattering

angles, is the subject of planned future work.

While a direct measure of PI-Neph error is not available for comparison against the simulated noise model,

theGRASP residuals are expected to display strong sensitivity tomeasurement uncertainty. Table 2 compares

the residuals obtained when fitting the real measurements with the residuals obtained in the Monte Carlo

simulation utilizing the theoretical noise model. The residuals are found to be very similar for both the F11
and −F12∕F11 data sets among all three wavelengths and, in the case of DC3, across several different aerosol

types. Additionally, when the true and Monte Carlo residuals deviate, the true residuals are typically lower

than those making use of the theoretical noise model. This slight potential overestimation of PI-Neph error

makes it unlikely that the resulting uncertainties obtained for the retrieved parameters are underestimated.

The PI-Neph residuals are strongly dependent on instrument error because the measurement is composed

of several hundred strongly correlated values, whose combined errors cannot all be fit simultaneously. As

the absorption coefficient is relatively independent from all other retrieval inputs, almost any value of 𝛽abs
can be fit, without significantly elevated retrieval residuals, if the appropriate value of k is chosen. This fact

prohibits a meaningful residual-based assessment of the PSAP uncertainty estimate used here. It was found

that the absorption residuals were consistently below 1%when fitting the truemeasurements as well as both

the 20% and 40% relative error Monte Carlo scenarios. Furthermore, the small residuals that were observed

ESPINOSA ET AL. 8009



Journal of Geophysical Research: Atmospheres 10.1029/2018JD030009

Table 2
The Median Relative Residuals Between the Measurements and GRASP
Fits of F11 and −F12∕F11 Over All Scattering Angles

F11 −F12∕F11

Sample group TR MC TR MC

SEAC4RS (473 nm) 0.075 0.076 0.093 0.100

SEAC4RS (532 nm) 0.045 0.044 0.056 0.060

SEAC4RS (671 nm) 0.095 0.100 0.091 0.104

DC3 CO (532 nm) 0.057 0.060 0.073 0.080

DC3 TX/OK (532 nm) 0.039 0.044 0.056 0.064

DC3 AL (532 nm) 0.033 0.044 0.049 0.064

Note. The true value (TR) derived from the field measurements is
shown adjacent to the corresponding quantity from the Monte Carlo
(MC) simulation. The strong agreement observed between the two
values provides confidence in the simulated Polarized Imaging Neph-
elometer noise used in the MC trials.

in the absorption fits did not increase meaningfully between these two differ-

ent relative error simulation conditions.

3.3.2. Resulting Uncertainties in the Individual Sample Retrievals

The Monte Carlo simulation was run with four different retrieval input sce-

narios using synthetic measurements composed of (1) only the F11 data set,

(2) data from both the F11 and F12 scattering matrix elements, (3) scattering

matrix and absorption coefficient data under the 20% relative errormodel, and

(4) scattering matrix and absorption coefficient data under the 40% relative

error model. Table 3 shows the typical errors of a variety of retrieved param-

eters, separated by campaign and input parameter scenario. The error values

provided represent the root mean square errors (RMSEs) between the corre-

sponding input value used to generate the fits, and the values retrieved after

synthetic noise was added to the data. Separate RMSEs are first calculated for

each of the 2,390 retrieval fits, and then the median is taken of all RMSEs

from a given campaign. These medians can be interpreted as 1𝜎 uncertainty

estimates for parameters retrieved from an individual sample.

The differences between the second and third scenarios are expected to most

closely convey the effects of adding PSAP to the PI-Neph only retrieval. The

trends in the errors between these two scenarios generally support the conclusions of section 3.2. The most

obvious benefit of including 𝛽abs measurements into the retrieval is a reduction in the error of k by more

than a factor of 4. Furthermore, we see slight reductions in the estimated uncertainties in the retrieved

spherical fraction and real refractive index in some cases. While the improvement in k is slightly reduced,

these conclusions generally hold true even in the event of the last scenario with 40% relative error in the

absorption measurement. This implies that the inclusion of PSAP data is unlikely to negatively impact the

retrieved spherical fractions or real refractive index, even if the error in the measurement is significantly

underestimated by the 20% error scenario.

The retrieved parameters relating to size distribution responded less favorably to the inclusion of PSAP data,

particularly in the simulations based on the DC3 samples. There were modest increases in the errors in the

fine and coarse mode volume median radius as well as fine mode volume fraction (FMF) when PSAP data

were included into the simulated retrievals of this campaign. Adding the absorption measurements to the

SEAC4RS simulations produced fewer adverse effects on the retrieved PSD, with the addition of PSAP only

producing a small increase in the RMSE of coarse mode volume median radius (rvc). As inlet cutoff effects

already prevent the size distribution of the sampled coarse mode from accurately representing the ambient

aerosol, these increased errors in the retrieval of coarsemode size distributionwill notmeaningfully degrade

the value of the retrieval. Furthermore, the increased uncertainty in rvf observed in the DC3 cases is small

enough to justify the significant benefits in the accuracy of the retrieved imaginary refractive index.

Comparing the RMSE values between the scenarios with and without F12 data also provides and interesting

exercise, as it allows us to quantify the benefits of including polarization in future measurements of angular

light scattering. In general, these Monte Carlo simulations suggest that polarization does improve the qual-

ity of the inversions, especially in regards to the complex refractive index and fine mode volume median

radius. However, the spherical fraction and rvc RMSE values showed significant increases after the inclu-

sion of the F12 data. A satisfactory explanation for these increases is not entirely apparent, but it is likely the

result of inconsistencies between the PI-Neph error simulated in this numerical experiment and the error

assumptions configured within GRASP.

In regards to the addition of polarization information, the results of this Monte Carlo-based sensitivity

analysis is generally in agreement with the results of Li et al. (2009) and Fedarenka et al. (2016) obtained

for polarimetric measurements made from ground-based (AERONET) radiometers. These studies demon-

strated that the utilization of polarimetric measurements is useful for improving the retrieval of several

parameters of fine mode aerosols. Specifically, improvements were observed in the real part of the refractive

index and shape of the size distribution, two findings that are corroborated by the Monte Carlo simulations

of this work. These authors also found that polarization slightly increased the accuracy of the retrieved frac-

tion of spherical particles, although this finding is notmirrored in the present study. This discrepancy ismost
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Table 3
The Median RMSE of the Retrieved Aerosol Properties for Individual Samples Given Different Inversion Input Scenarios

Experiment GRASP inputs SPH (%) n532nm k532nm × 100 rvf (nm) rvc (nm) FMF

DC3 F11 46.8 0.12 2.82 14.8 103 0.097

F11, F12 45.5 0.072 2.30 10.7 143 0.059

F11, F12, 𝛽abs(20%) 37.1 0.069 0.44 11.7 165 0.069

F11, F12, 𝛽abs(40%) 37.5 0.069 0.49 11.5 162 0.067

SEAC4RS F11 20.0 0.052 1.81 12.0 131 0.027

F11, F12 35.9 0.044 1.34 9.94 163 0.029

F11, F12, 𝛽abs(20%) 33.3 0.044 0.33 9.94 167 0.029

F11, F12, 𝛽abs(40%) 33.0 0.044 0.55 9.92 169 0.030

Note. RMSE = root mean square error. 𝛽abs(20%) and 𝛽abs(40%) represent the simulated Particle Soot Absorption
Photometer data with 20% and 40% relative errors, respectively.

likely due to differences in angular sampling, particle populations, and simulated instrument noise char-

acteristics. However, it should be noted that the theoretical data shown in Figure 1 do suggest significant

sensitivity to spherical fraction in the presentmeasurements of−F12∕F11, although the polarization changes

observed closely mimic perturbations of several other fine mode parameters. In the coarse mode, Li et al.

(2009) and Fedarenka et al. (2016) also did not find any significant improvements resulting from the addi-

tion of polarization. They attributed this to the fact that coarse mode particles, such as those of desert dust,

are frequently nonspherical and tend to scatter only weakly polarized light (Dubovik et al., 2006). These two

studies also found that the addition of polarization produced no significant effect on the retrieval of aerosol

absorption. In the present work, we do find a slight decrease in the error of kwhen polarization is included,

but the effect is relatively small.

4. Results and Discussion

The above sensitivity analysis and quantification of expected error demonstrates that the joint inversion of

PI-Neph and PSAP measurements can produce an accurate set of retrieved aerosol parameters representa-

tive of the optical properties of the particles at the measurement wavelengths. This permits an opportunity

to provide useful characterizations of the size distribution, percent of spherical particles , and real and imag-

inary parts of the refractive index for the different aerosol types identified during DC3 and SEAC4RS. These

unique results provide a comprehensive and optically consistent summary of aerosol properties for different

aerosol types prevalent in the summer time contiguous United States.

Two retrieval approaches have been applied in the following section in order to obtain metrics of size dis-

tribution, percentage of spherical particles, and complex refractive index representative of each aerosol

type. The first method involves applying the inversion to each of the 2,390 samples independently and then

grouping the resulting retrieved values by aerosol type. The resulting individual sample retrievals present

an opportunity to explore the variability of each parameter. The secondmethod is to directly invert the sam-

ple averages, which are composed of the mean of all PI-Neph and PSAP samples associated with a given

aerosol type. In the latter approach, the inversion is applied only once for each of the six types examined,

which can reduce noise patterns that can potentially lead to consistent artifacts in the retrieved parame-

ters. Additionally, the Monte Carlo methods of section 3.3 are more directly applicable to these retrievals of

sample averages. In the end, however, it was found that the overall results of the retrieve-then-average and

average-then-retrieve approaches did not differ significantly.

The goal of this section is to present fully characterized aerosol models based on the application of the

GRASP inversion to the DC3 and SEAC4RS measurements, classified into six aerosol types. The first step,

though, is to test the assumptions in the GRASP inversion by analyzing how well the retrieval can repro-

duced the inputmeasurements. The retrieved parameters will then be presented both as statistics pertaining

to all cases of a given aerosol category and as single values summarizing each type. Unless explicitly stated

otherwise, all samples with phase function fit residuals greater than 10% are excluded from the analysis

presented in this section. This threshold roughly corresponds to twice the median 532 nm absolute F11
residual.
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4.1. Measurements and Retrieval Fits

4.1.1. Proportion of CasesWith Acceptable F11 Residuals

The final column of Table 1 shows the percentages of cases that had F11 GRASP residuals that met the 10%

threshold condition. Unfortunately, none of the dust cases met this condition, and this class was therefore

excluded from the following analysis. The total scattering was reasonably high formany of the dust samples,

but the strong forward scattering peak produced by these aerosols means that the majority of the scattered

energy is directed into the low scattering angles. In turn, the angular scattering intensities at higher scatter-

ing angles were often very weak and dominated by instrument noise. Additionally, the bulk of the scattered

light in these dust samples was driven by relatively few large dust particles, resulting in very limited par-

ticle statistics within the PI-Neph's sampling volume. These errors likely had significant impact, both on

the quality of the retrieval fit but also on the accuracy of the retrieved parameters, like real refractive index,

which are highly sensitive to the backward scattering angles (Zhao et al., 1997). It is important to note that

the features driving the large residuals in the dust samples were consistent with the expected PI-Neph errors

and no evidence was found, suggesting that GRASP's aerosol assumptions were incapable of reproducing

the scattering features of these large, likely nonspherical, particles.

In all other aerosol categories the percentage of cases meeting the 10% residual condition were quite high,

often greater than 90%. Of the classified cases, the CO storm samples had the lowest percentage of satis-

factory residuals, with just 74% of cases meeting the threshold. The poorer fit quality of these samples is

at least partially driven by very low particle concentrations found during the corresponding measurement

periods. Additionally, the CO storm observations contained a significant coarse mode, which, as in the case

of the dust samples, drove a large fraction of the scattered light into the forward angles. The large number

of unclassified points with residuals greater than 10% is primarily driven by very low aerosol loading, with

themajority of these cases producing less than 22Mm−1 of total scattering (themean is skewed significantly

higher by a small number of samples with very strong scattering). In the other categories many of the resid-

uals are quite low, often less than what is expected between the true value and the PI-Neph measurement

given instrumental errors alone. This suggests that GRASP is fitting some features of the measurement that

correspond to instrumental artifacts.

4.1.2. ScatteringMatrix Measurements and Fits for Sample Averages

Figure 6 shows F11 and −F12∕F11 sample averages for the three DC3 storm domains as well as the bio-

genic and BB aerosols from SEAC4RS along with the corresponding GRASP fits. The GRASP fit generally

reproduces the input measurements well, capturing the unique features of each aerosol type. A progres-

sion in both the F11 and −F12∕F11 sample averages is evident as the DC3 storm domains transition from

AL to TX/OK to CO. The increase in forward scattering peak observed through this sequence suggests an

increased scattering contribution from particles in the larger size ranges that direct the bulk of their scat-

tered energy into the lowest scattering angles (Russell et al., 2004). The averaged F11 data, corresponding to

the SEAC4RS BB and biogenic categories, show very weak forward scattering and thus suggests relatively

few coarse mode particles. It is found in section 4.2.2 that the fine mode particles of the SEAC4RS samples

tended to have slightly larger diameters than their DC3 counterparts. In the fine mode, the height of the

−F12∕F11 maximum is strongly dependent on rvf (see Figure 1), and it is likely that the reduced polariza-

tion observed in the SEAC4RS cases is attributable to these larger fine mode particles. Among the SEAC4RS

fine mode-dominated samples, the −F12∕F11 peak was slightly higher on average in the BB cases, with this

feature most clearly separating the BB aerosols from the other two types. Additionally, small differences in

the shape of F11 can also be observed in the BB averages, with the relative contribution from the extreme

forward and backward scattering angles being slightly suppressed relative to the other two types.

The variability within a given type's angular scattering patterns (not shown) was the highest in the case of

the samples associated with urban emissions. Further examination of this variability showed two distinct

subgroups, with the conditions around the Ohio River Valley differing significantly from conditions near

urban centers (scattering matrix elements shown in Figure S1 in the supporting information). The starkest

difference between these two subgroups occurred in the −F12∕F11 maxima, with significantly higher peaks

occurring in measurements made near the Ohio River Valley, a region known for high industrial activity.

The sensitivity studies performed in section 3.2.1, as well as GRASP retrievals, suggest that particle size

is likely the primary driver of the differences in these two population, with the particles sampled over the

Ohio River Valley being substantially smaller than urban aerosol sampled elsewhere. Despite the differences

between these two classes of particles, the two types were combined into a single group due to underlying
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Figure 6.Mean measured scattering matrix elements (circles) and the
corresponding GRASP fits (lines) for the five most prevalent aerosol types.

anthropogenic nature of the emissions and because the limited number of

cases within each subtype prevented high-quality GRASP fits from being

obtained.Additionally, themean scatteringmatrixmeasurements and fits

for the urban category were found to be almost identical to the biogenic

data and were therefore omitted from Figure 6.

4.1.3. Suitability of the Retrieval Assumptions

In order to retrieve properties of the aerosol frommeasurements contain-

ing limited information an inversion must make significant assumptions

about the particles in question. In our application of the GRASP retrieval

the two most significant assumptions are that the particles can be mod-

eled by a combination of homogenous spheres and spheroids with a fixed

shape distribution and that the refractive index is the same for all parti-

cles. In order to assess the retrieval's ability to reproduce the true optical

properties of the sampled aerosol, we examine the residuals between the

GRASP fits and PI-Neph measurements. These residuals are primarily

driven by two distinct factors: (1) measurement errors in the PI-Neph

data that cannot be fit by GRASP and (2) an inability of GRASP's aerosol

model to produce the true angular scattering patterns produced by the

sampled particles. In an attempt to isolate the contribution of the later

factor, which is likely much smaller than the former factor, we have plot-

ted in Figure 7 the median residuals of various aerosol types after the

subtraction of the median residual of all samples from the correspond-

ing campaign. The underlying assumptionmotivating the campaignwide

median subtraction is that the contribution to the residuals that is driven

by deficits in GRASP's aerosol assumptions will correlate significantly

within but not between different particles types while systematic calibra-

tion errors present in PI-Neph data will be relatively constant across an

entire campaign. The campaigns were treated separately as each of the

two PI-Neph's had separate calibrations as well as instrument specific

defects that lead to unique angularly dependent artifacts.

It should be emphasized that these adjusted residuals cannot be taken as absolute measures of the deficits

of GRASP aerosol assumptions but merely provide upper bounds on the component of the fitting error that

is specific to, and consistently observed, a single aerosol type. PI-Neph errors can also vary over time scales

shorter than an entire campaign but long enough to persist in a type wide median, resulting in instrumental

artifacts that remain in the adjusted residual plots. Factors contributing to these errors include long-term

drifts in laser power, shifts in instrument alignment driving variations in stray light, and changes produced

by contaminates settling on the optical elements. One tangible byproduct of these artifacts is the sharp

transition of the SEAC4RS biomass burning −F12∕F11 adjusted residual around 90
◦ in scattering angle. The

PI-Neph illuminates the forward and backward angles with two partially independent laser beams, and

these two regions therefore have unique calibration factors (Dolgos & Martins, 2014). High sensitivity in

the −F12∕F11 measurement to errors in these two separate calibrations produced this observed sign change

in the adjusted residuals around 90◦. In SEAC4RS, this calibration drift seems to have happened to occur

more severely in some types than others and, as a result, was not perfectly removed by the subtraction of

the campaign wide median.

It is also possible that the overwhelmingmajority of samples from a given campaign share common features

(e.g., unfavorable morphology andmultiple particle types with very diverse refractive indices) that results in

scattering patterns that GRASP is unable to reproduce. The residual signatures resulting from the inversions

inability to fit these common features will be removed when the campaign wide median subtraction is per-

formed. However, given the significant difference between each of these aerosol categories (Espinosa et al.,

2018), it is unlikely that the fitting errors resulting from deficits in GRASP's assumptions would share sig-

nificant commonalities. These plots therefore at least provide a qualitative picture of GRASP's remarkable

ability to reproduce the true scattering properties of the particles. The fact that these adjusted residuals rarely

ESPINOSA ET AL. 8013



Journal of Geophysical Research: Atmospheres 10.1029/2018JD030009

Figure 7. The adjusted residual between the 532-nm PI-Neph measurements and GRASP fits for each aerosol type.
Panels (a) and (b) show the relative differences between the F11 fit and measurement for the DC3 and SEAC

4RS
aerosol types, respectively. Panels (c) and (d) show the absolute differences between the −F12∕F11 fit and measurement
from the two field experiments. Within each panel the adjusted residuals of the standard retrieval (solid lines) are
shown alongside the corresponding residuals obtained if the spheroid particles are not included in GRASP's aerosol
assumptions (dotted line). The adjusted F11 residuals of the CO storm samples fit with only spheres extend beyond the
vertical limits of panel (a) up to 0.2 and −0.2 at the extreme forward and backward scattering angles, respectively.

extend beyond 2% speaks strongly to the capacity of the assumptions made within GRASP to accurately

reproduce the true scattering patterns of a wide range of particle types.

In addition to the fits making use of spheres and spheroids shown in Figure 7 (solid lines), adjusted residuals

resulting from the application of GRASPwith only the use of spherical particles (dotted line) are also shown

in Figure 7. This comparison allows us to investigate the benefits of incorporating the Dubovik et al. (2006)

spheroid model over simply fitting with Mie theory alone. Significant biases appear in the sphere-only fits

that are not present when the spheroid model is included. The limited ability of Mie theory alone to accu-

rately reproduce the DC3 F11 and −F12∕F11 data is particularly apparent. Additionally, the DC3 deviations

can be seen to increase as the contribution of the likely nonspherical coarse mode increases, culminating in

greater than 20% error in the case of the CO storm samples at the extreme forward and backward angles of

F11 (plot cropped to enhance detail). This contrasts with a maximum of 5% fitting error in the same regions

if the spheroid model is included in the fitting routine.

4.2. Retrieved Aerosol Properties

After concluding that the GRASP retrievals are likely able to accurately reproduce the sampled optical prop-

erties, generally to within 2%, we examine GRASP retrievals of aerosol refractive index, size distribution,

and spherical fraction. Overall, the retrieval results obtained in this work are generally found to agree well

with the values presented in previous studies.

4.2.1. Complex Refractive Indices

Measurements of dry aerosol refractive index are relatively rare, especially outside of laboratory measure-

ments performed on artificially generated aerosols. Previous laboratory studies have deduced values of n in

the visible that range from as low as 1.33 (the refractive index of pure water) to values greater than 1.6, with

the differences being explained by different chemical compositions of the particles (Kim & Paulson, 2013).

This wide range of values maps to a very diverse set of radiative properties in the corresponding aerosols.
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Yu et al. (2012) found that the optical extinction produced by the fine mode of a typical naturally occurring

aerosol could increase by a factor of two given a change in n from 1.33 to 1.53. It has also been demonstrated

that a change in fine mode real refractive index of 0.1 can induce a change in the corresponding asymmetry

parameters on the order of 10% (Kim et al., 2010). Moreover, the radiative properties tend to be even more

sensitive to refractive index when coarse mode particles are included (Kim & Paulson, 2013). Redemann

et al. (2000) showed that a 5% decrease in n can produce a decrease of around 30% in the radiative forcing

at the top of the atmosphere given a realistic bimodal ambient aerosol. In the same study, it was also found

that top of the atmosphere radiative forcing was less sensitive to the imaginary refractive index, with a 20%

increase in k producing a 5% decrease in the radiative flux.

Field measurements of real refractive index have generally produced values falling within a slightly nar-

rower range than their laboratory counterparts, suggesting that laboratory studies may be overestimating

the variety of chemical compositions found in natural aerosols. Zhao (1999) also performed retrievals on

polar nephelometer data and found a natural aerosol composed primarily of urban emissions in Sendai,

Japan, to have a real refractive index of 1.52. The imaginary part of the refractive index was also retrieved

and found to be on the order of 0.01, although the lack of a direct constraint on particle absorption led to a

significant uncertainty in this parameter. Hand and Kreidenweis (2002) derived the real part of the refrac-

tive index for summertime aerosols over Texas, combining a Dynamic Mobility Analyzer (DMA) with an

Optical Particle Counter (OPC), and obtained a value of 1.566. A DMA was also used, this time in combi-

nation with a polar nephelometer, by Dick et al. (2007) to retrieve a value of n = 1.49 for aerosols located

in the SEUS during July and August. Measurements made during DC3 and SEAC4RS by the Differential

Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP; Sorooshian et al., 2008) provided rarely

obtained values of aerosol real refractive index above the surface layer (Aldhaif et al., 2018; Shingler et al.,

2016; Sorooshian et al., 2017). The DASH-SP instrument also paired a DMA with an OPC to obtain values

of n typically ranging from 1.5 to 1.54.

Box and whisker plots representing six of the parameters derived here from the retrievals of individual sam-

ples grouped by aerosol type are shown in Figure 8. Thewhite centralmark indicates themedian valuewhile

the boxes denote the 25th and 75th percentiles with the whiskers extending to the 5th and 95th percentiles

of the data. The real refractive indices retrieved from the sample averages of this study are shown in Table 4

and fall between 1.51 and 1.59 for all aerosol types. A modified version of the Monte Carlo simulation of

section 3.3 was used to estimate the uncertainties of each of these retrieved parameters relative to the true

mean value for that aerosol type.

In the modified uncertainty simulation the simulated instrumental errors corresponding to the individual

samples were reduced to the values expected in the sample averages. The relative error of the PSAP data,

which is expected to originate primarily from calibration and scattering correction uncertainties, was left

at 20%, as these error sources are expected to correlate strongly across measurements of a single aerosol

type. The simulated absolute error of the PSAP was reduced by the square root of the number of samples

comprising the sample average as this error source is expected to originate primarily from photon counting

noise for which no correlation between independent measurements is expected. The PI-Neph noise sources

that are not expected to correlate between samples, which include photon counting noise and artifacts from

insufficient particle statistics, were also reduced by the square root of the number of samples composing

the type specific sample averages in the modified simulation. Several errors sources within the PI-Neph,

primarily those driven by laser power variations and stray light inside the sample chamber, are expected

correlate on time scales on the order of an hour. Estimating the reduction in these uncertainties produced by

averaging multiple samples is a more challenging task. In order to ensure that the error estimations derived

from the Monte Carlo simulations do not underestimate the true errors, the simulated errors stemming

from these sources have been reduced by the square root of the number of unique flight days composing

the corresponding type. If every unique flight day of a given sample average contained the same number

of individual samples, this procedure would represent errors that are completely correlated over a single

flight day but completely uncorrelated from one day to the next, likely a significant over estimation of the

true correlation times. These modified sample average Monte Carlo simulations containing the above error

reductions were run with 3,000 iterations for each sample average, and the resulting RMSE values follow

the “±” in Table 4.
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Figure 8. The spread of the retrieved complex refractive index, volume median radii, fine mode fraction, and spherical
fraction values grouped by aerosol type. The white central mark indicates the median while the boxes denote the 25th
and 75th percentiles with the whiskers extending to the 5th and 95th percentiles of the data.

It should be noted that the uncertainties in the values of Table 4 are driven primarily by systematic calibra-

tion errors since random errors with short correlation times are significantly reduced in the sample averages

that aremade up ofmany individualmeasurements. These errors are likely to be strongly correlated between

aerosol types so the differences between types, especially within a single campaign, aremore robust than the

corresponding values themselves. For example, the differences in n on the order of 0.03–0.04 found between

the BB and other SEAC4RS types is likely to be much more significant than the uncertainties ranging from

0.024–0.027 would imply if taken independently. This principle does not extend to the spectral dependence

Table 4
The Complex Refractive Indices and Spherical Fractions Retrieved From the
Sample Averages of Each Aerosol Type Are Listed Along With the Corresponding
1𝜎 Uncertainty Estimates Derived From the Monte Carlo Simulations

Aerosol SPH ( %) n532nm k532nm × 100 SSA

Biogenic 66 ± 23 1.51 ± 0.027 0.40 ± 0.09 0.977

BB 58 ± 19 1.55 ± 0.024 0.70 ± 0.16 0.962

Urban 85 ± 22 1.52 ± 0.026 0.50 ± 0.12 0.971

CO storms 17 ± 27 1.59 ± 0.057 0.43 ± 0.13 0.959

TX/OK storms 35 ± 28 1.56 ± 0.043 0.55 ± 0.13 0.962

AL storms 54 ± 33 1.52 ± 0.046 0.42 ± 0.12 0.973

Note. SPH=spherical particles. The single scattering albedo (SSA) retrieved from
the sample averages are also shown for reference, although uncertainties were
not estimated for derived parameters like SSA. The refractive indices and SSA
values are all listed at 532 nm.
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Figure 9. Normalized particle volume distributions and spectral real
refractive indices (inset) retrieved from the sample averages of all explored
classification types. Inlet cutoff effects, which predominately influence the
largest particles, likely lead to an underestimation of the particle volume
contained within the coarse mode.

derived for a given aerosol type as the three PI-Neph wavelengths are, for

the most part, calibrated independently. Furthermore, the spectral slopes

in real refractive index retrieved in this work are generally on the order

of the inversion uncertainties and should therefore not be used to draw

strong conclusions.

This elevated refractive index of the BB cases observed in the sample

average retrievals, as well as in the individual sample inversion results

portrayed in Figure 8, is a defining characteristic of the BB particles

measured in this work. While the retrieval uncertainties are higher at

473 and 671 nm, the inset panel of Figure 9 shows that this elevated

value of n also persists at these other two wavelengths. Espinosa et al.

(2018) demonstrated that unique characteristics in the normalized angu-

lar scattering patterns of the BB samples allowed them to be correctly

distinguished from the other SEAC4RS measurements in more than 90%

of the cases. The parameters relating to size distribution are found to

be remarkably similar (section 4.2.2), suggesting that the scattering dif-

ferences, clearly evident between the two populations, may be driven

primarily by differences in refractive index.

Measurements of dry BB real refractive indices are relatively rare, but

several other studies have found higher values of n in BB particles than

the values typically observed in other fine mode-dominated continen-

tal aerosols (Levin et al., 2010; Yamasoe et al., 1998). Additionally, the

DASH-SP instrument retrieved an elevated real refractive index during

SEAC4RS periods corresponding to wildfire emissions, although the rep-

resentative value of 1.53–1.54 deduced by Shingler et al. (2016) is slightly

lower than the values found in this study. This discrepancy may be par-

tially explained by the fact that increased aerosol absorption, a feature also observed in the BB samples, can

cause DASH-SP to underestimate the true real refractive index (Aldhaif et al., 2018). The elevated imaginary

refractive index in these samples is likely driven by black carbon, which has a notably higher k value than

other common particle constituents (Bergstrom et al., 2007; Kinne et al., 2003), and can be present in smoke

aerosols in concentrations as high as 10% (Reid et al., 2005).

Corr et al. (2016) concluded, based on aerodynamic size distributions and chemical composition measure-

ments, that a significant number of large dust particles were present in the air masses sampled by the DC-8

aircraft during DC3. Modeling studies have also shown that large convective systems can agitate surface soil

particles, drawing these particles up into the atmosphere and acting as a significant source of dust aerosol

(Seigel & van den Heever, 2012; Takemi et al., 2006). Dust aerosol often has a higher real refractive index

than many of the other particles found over the study region (Curtis et al., 2008; Dubovik et al., 2002; Pet-

zold et al., 2009); therefore, the elevated n532nm values retrieved here from the DC3 measurements further

support the hypothesis that significant quantities of dust-like particle were present. Furthermore, the differ-

ences in retrieved real refractive index between the storm domains may indicate differing quantities of dust

among these three regions. The hypothesis that the CO storm domain had the largest proportion of dust

particles, followed by the TX/OK and then AL domains, is further supported by the retrievals of particle size

and morphology and will be discussed further in sections 4.2.2 and 4.2.3.

Themeasurements presented by Sorooshian et al. (2017), however, do not indicate increases in the the value

of n when the DC-8 was sampling air associated with convective systems. These contradictory results can

likely be explained by systemic differences in the particle populations sampled by the different instruments,

with DASH-SP only measuring particles from the fine mode (90 nm < r < 200 nm) while the PI-Neph and

PSAP measured all particles small enough to pass through the aircraft inlet. If large dust particles were in

fact driving the elevated refractive indices seen in theGRASP retrievals of PI-Neph andPSAPmeasurements,

the effect would not be observed in the DASH-SP data, which is derived only from the fine mode particles.
4.2.2. Particle Size Distributions

Several trends are evident in the size distribution parameters retrieved from the individual samples, the

statistics of which are also portrayed in Figure 8. The rvf values are consistently skewed toward smaller par-

ticles in the DC3 retrievals relative to the corresponding SEAC4RS values. Furthermore, the Colorado storm
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domain had consistently smaller fine mode particles than Alabama, with the Texas and Oklahoma domain

falling between the two. No significant type-dependent differences were observed among the SEAC4RS rvf
values or any of the rvc values. The size of the rvf and rvc whiskers are generally in line with what is expected

given the uncertainties listed in Table 3 alone, suggesting limited variation in the true volume median radii

within each type. The rvf values obtained for biogenic and urban categories, however, did demonstrate

more variability than could be explained by the retrieval uncertainty alone. No obvious rvf correlations

were found in the biogenic data, but two clear subgroups emerged within the urban samples. These two

subgroups displayed strong spatial correlation, with the samples obtained near the Ohio River Valley con-

taining smaller particles (rv𝑓 = 0.148 μm) than the samples measured in close proximity to urban centers

(rv𝑓 = 0.171 μm).

All SEAC4RS fine mode fractions approach 100%, but a significant proportion of coarse mode particles were

observed in theDC3 retrievals. The progression fromCO toAL storms observed in the n532nm and rvf values is

also seen in the distribution of retrieved FMF values. The variations in coarse mode particle concentrations

among the three DC3 categories may be driven by increasingly arid surface features, leading to an increased

availability of this relatively large dust aerosol (Tulet et al., 2010). In addition to the aridity of the underlying

surface, variations in storm wind speeds may also have contributed to variations in the quantity of dust that

was suspended over a given region.

The normalized size distributions retrieved from sample averages of each type are plotted in the main panel

of Figure 9. The type-dependent differences in FMF observed in the individual sample retrievals shown in

Figure 8 is also evident in these retrievals of the sample averages. The coarsemodes shown in Figure 9 are all

skewed toward smaller sizes relative to those retrieved by GRASP-like inversions applied to the total column

ambient sky radiance measurements of AERONET (Dubovik et al., 2002). As mentioned in section 3.1.1,

the inlet providing the sample flow to the PI-Neph onboard the DC-8 severely limited the transmission of

coarser particles, truncating the upper end of the retrieved size distributions. While these inlet cutoff effects

significantly influenced the coarse mode, finemode particles properties are not expected to bemeaningfully

impacted (McNaughton et al., 2007).

The 16 bin PSD representation used by GRASP in this work allows the retrieval to reproduce a wide range

of size distribution shapes. However, lower dimensional (e.g., lognormal) parameterizations are more easily

transferred to other applications and are generally capable of reproducing their 16 bin counterparts with rea-

sonable fidelity. The lognormal parameters calculated from the size distributions retrieved from the sample

averages are shown in Table 5, along with their corresponding uncertainty estimates.

Several interesting features stand out in the parameterizations of the retrieved values. The intensive param-

eters representing the size distributions of the SEAC4RS types are again found to be remarkably similar,

suggesting the difference observed in the corresponding scattering patterns are driven by deviations in other

parameters, likely differences in refractive index. The values of rvf in the three DC3 storm types further

emphasizes that the aerosols in the vicinity of convective inflow had relatively small fine modes particles.

A satisfactory physical explanation for this fact will require further study, but significant new particle for-

mation, which often occurs in and around convective systems (Eck et al., 2014; Jeong & Li, 2010), may have

played a role. This theory may be supported by the two adjacent fine mode peaks observed in the retrieval of

the CO storms sample average, with the first peak potentially driven by fresh particles and the second peak

being composed of older, larger fine mode aerosol. However, it is also possible that this PSD feature is an

artifact produced by the specific GRASP size distribution constraints used in our retrievals and, therefore,

is not a true characteristic of these particle populations. In future work, optimization of the retrieval setting

may be able to reduce the likelihood of these types of artifacts.

Previous studies of comparable aerosols have often found dry fine mode size distributions that are slightly

smaller than the values retrieved in this work. In their polar nephelometer retrievals Zhao (1999) also esti-

mated the size of fine mode particles and found them to have a volume median radius of rv = 0.11μm with

a relatively wide lognormal standard deviation of 𝜎 = 0.85. Kim et al. (1988) deduced a very similar average

size distribution for aerosols over the non-summer time central United States, with a mean rv also equal to

0.11 μm and 𝜎 = 0.67. A variety of studies have found the fine mode volume median radius of BB emis-

sions from temperate forests to be in the range 0.1–0.15 μm (Reid et al., 2005). Analysis of speciated size

distributionmeasurements made with a Laser Aerosol Spectrometer (LAS) OPC during SEAC4RS produced

a BB size distribution very comparable to the size distributions retrieved by GRASP, with a LAS derived
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Table 5
Parameterizations of the Fine and Coarse Mode Size Distributions Retrieved From the Sample Averages of Each Aerosol
Type

Aerosol rvf (μm) rvc (μm) 𝜎f 𝜎c Cv

(

μm3

cm3

)

FMF

Biogenic 0.163 ± 0.0063 0.87 ± 0.11 0.36 ± 0.05 0.40 ± 0.04 13 ± 1.0 0.93 ± 0.015

BB 0.159 ± 0.0049 0.97 ± 0.11 0.32 ± 0.04 0.40 ± 0.03 24 ± 1.6 0.91 ± 0.015

Urban 0.155 ± 0.0057 0.99 ± 0.23 0.34 ± 0.04 0.34 ± 0.10 16 ± 1.3 0.91 ± 0.012

CO Storms 0.126 ± 0.010 1.12 ± 0.09 0.45 ± 0.06 0.35 ± 0.06 9.3 ± 0.9 0.53 ± 0.054

TX/OK Storms 0.138 ± 0.0078 1.01 ± 0.09 0.40 ± 0.04 0.34 ± 0.06 11 ± 1.0 0.74 ± 0.034

AL Storms 0.150 ± 0.0099 1.30 ± 0.21 0.38 ± 0.06 0.37 ± 0.06 11 ± 1.3 0.87 ± 0.038

Note. The quantity following the± represents the 1𝜎 uncertainty in the corresponding values estimated from theMonte
Carlo simulations. These uncertainties do not account for inlet cutoff effects, which likely cause the retrieved values of
rvc, 𝜎c, Cv, and FMF to differ significantly from the ambient values.

fine mode volume median radius on the order of 0.16 μm (Shingler et al., 2016). However, the fine mode rv
values obtained by the LAS for other SEAC4RS particles types was generally lower (rv ≈ 0.11μm) than the

corresponding values obtained in this work. An analysis of LAS data obtained during DC3 was performed

by Corr et al. (2016) and rv ≈ 0.11μmwas also found to represent the bulk of these measurements.

A complete explanation as to why the rvf values retrieved here are consistently larger than these other mea-

surements is not fully apparent, but the inconsistency may at least partially stem from the frequent use of

OPCs to determine aerosol size. OPCs measure the intensity of light scattered over a wide angular range by

a single particle, which generally increases monotonically with particle size. The exact mapping between

scattered light and aerosol size, however, depends significantly on the refractive index and morphology of

the particles in question. In most cases these properties are not known exactly and the OPC is calibrated

with a generic reference aerosol, polystyrene latex spheres (n532nm > 1.6; Jones et al., 2013) in the case of

all of the aforementioned studies. The particles sampled during SEAC4RS and DC3 have been shown, in

this work and others (Aldhaif et al., 2018), to have a consistently lower real refractive index than that of

polystyrene and will therefore produce a weaker scattering signature in the LAS. Moreover, most OPC cali-

bration standards, including polystyrene spheres, are nonabsorbing, which is not the case for many natural

aerosols. The use of a reference aerosol, which overestimates n and underestimates k, will result in an OPC

measurement that systematically underestimates the true geometric size of the particles.

The magnitude of the LAS biases can be estimated by examining the difference in scattering response over

the LAS's angular range for different refractive indices of the aerosols. Using the response curves provided by

Pinnick et al. (2000), it can be shown that a polystyrene particle with r = 0.15μm is optically equivalent (in

terms of the scattering signal registered by the LAS instrument) to a dioctylphthalate (m633nm = 1.485 + 0i)

particle that is 0.015 μm smaller. In Espinosa et al. (2017) we examined a subset of 50 SEAC4RS measure-

ments made by another OPC design, the Ultra-High Sensitivity Aerosol Spectrometer (UHSAS), and found

that a calibration based on ammoniumsulfate (m633nm = 1.53+0i) produced a size distributionwith a volume

median radius that was generally around 0.025 μm larger than a calibration based on polystyrene spheres.

Furthermore, the ammonium sulfate calibrated UHSAS data consistently produced size distributions that

were skewed toward larger particles than GRASP retrievals of only PI-Neph data, with rv ≈ 0.175μm for

the 50 selected SEAC4RS cases. In the present work, the magnitude of the deviation between the GRASP

retrieved rvf and corresponding value derived by the LAS is also consistentwith the hypothesis that refractive

index induced biases are driving a large part of the differences between the two techniques. The agreement

between the twomethods generally increases with the real refractive index, with higher values more closely

matching the refractive index of polystyrene, as in the BB or CO storm cases. Moreover, potential LAS biases

help to explain why Shingler et al. (2016) concluded, in opposition to the retrieval results of GRASP, that

the BB category had significantly larger fine mode radii than the other particle types. The elevated refrac-

tive index observed in the SEAC4RS BB samples will produce larger scattering intensities for a fixed particle

size, skewing the size distribution retrieved by the LAS to toward larger particles (Pinnick et al., 2000). This

artifact in the LAS data emphasizes the need for well constrained refractive indices when making optical

measurements of particle size, or ideally the simultaneous determination of size and refractive index.
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4.2.3. Spherical Fractions

The spherical fractions retrieved from the sample averages cover a wide variety of values, ranging from

almost no spherical particles in the Colorado storm domain (SPH = 17%) to a predominately spherical

aerosol found in the urban retrieval (SPH = 85%). The reduced spherical fractions observed in the DC3

retrievals is another feature commonly observed in dust aerosol (Dubovik et al., 2006). Furthermore, the

trends in these parameters mimic the trends observed in size distribution and refractive index, further sug-

gesting that dust particles were most prevalent over the Colorado storm domain and second most prevalent

over the Oklahoma and Texas domain.

The biogenic and urban categories were composed almost entirely of samples obtained over the summer

time SEUS and had spherical fractions retrieved from the sample averages of 66% and 85%, respectively.

These values compare relatively well with the results of Dick et al. (2007) who used azimuthal heterogeneity

in light scattering to infer that around 90% of particles found in the summer time SEUS were spherical.

The morphology of BB particles can take on a variety of shapes including chain aggregates, solid irregulars

and spheres, depending on the combustion material, burn conditions, and the time since emission (Reid

et al., 2005). In the retrievals of SEAC4RS BB samples the scattering patterns were generally well reproduced

by the spherical and spheroidal aerosol assumptions of GRASP. In Table 1 it can be seen that 99% of BB cases

had F11 residuals that were less than 10% and the adjusted residuals of the BB cases, shown in Figure 7,

were not significantly higher than the residuals for other types. Furthermore, the adjusted residuals do not

increase significantly when only spherical particles are included, indicating that a spherical model alone

can reproduce the optical properties of the sampled smoke well. These details however do not necessarily

imply that the true BB particles were made up of geometric spheres. In fact, several studies have shown

that the optical properties of a variety of smokes can correspond strongly with the expectations of spherical

particles while Scanning Electron Microscope images reveal much more complex morphologies (Martins

et al., 1998; Weiss et al., 1992). This result as not ubiquitous though, as at least one study has demonstrated

that Mie scattering is inadequate to reproduce the scattering fields of some BB particles (Chakrabarty et al.,

2007). It is possible that complex particle morphologymay partially account for the elevated refractive index

values of the BB samples, especially if these differences happen to closely mimic changes in n or k within

the context of GRASP's aerosol assumptions.

5. Conclusions

In this work PI-Neph and PSAP measurements from the DC3 and SEAC4RS field experiments were sub-

selected and averaged over periods corresponding to stable, high-quality data. An optically independent

aerosol typing scheme, making use of ancillary data, was developed and the resulting 2,390 cases were sep-

arated into seven classified categories, as well as an eighth unclassified category corresponding to cases

that did not meet any of the classification criteria. SEAC4RS measurements were separated into biogenic,

BB, urban, and dust types, based on composition measurements from the PALMS instrument, APS data,

and the concentrations of various gas tracers. The DC3 data set was divided into periods corresponding to

the measurements from one of three storm domains located in Colorado, Texas, and Oklahoma as well as

Alabama.

The GRASP retrieval, a generalized inversion technique to determine aerosol properties from optical mea-

surements, was applied to the airborne measurements to obtain size distributions, complex refractive

indices, and spherical fractions that are representative of each category. The addition of the PSAP data to

the more established GRASP inversion of PI-Neph measurements represents, to our knowledge, the first

combined retrieval of scattering matrix elements and filter-based absorption measurements. The retrieval

results were examined with and without the inclusion of PSAP data and the extra constraint on absorption

was found to significantly reduce the variability in the retrieved values of k. Furthermore, the incorporation

of PSAP data caused a consistent decrease in the retrieved spherical fraction while simultaneously increas-

ing the inverted real refractive index values. Monte Carlo simulations were performed to further explore

the effects of including PSAP data, as well as better understand the retrieval uncertainties in general. In

these simulations the inclusion of PSAP data produced significant increases in the accuracy of the retrieved

k. Modest increases in the accuracy of the retrieved spherical fractions and real refractive indices were

also observed, but parameters relating to PSD showed very slight decreases in accuracy. These conclusions

generally held true even when our PSAP relative error estimate of 20% was doubled to 40%.
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The aerosol assumptions present in GRASP generally proved sufficient to reproduce the observed scatter-

ing patterns with very high fidelity. A modified residual, designed to remove PI-Neph calibration errors,

suggested that GRASP's assumptions permitted fitting of the scattering matrix elements to within 2% at the

majority of angles. The removal of the spheroid component significantly degraded the quality of fits for

many types, suggesting that Mie theory alone was not sufficient to reproduce the measured scattering pat-

terns.When spheroids were included, over 80% of samples satisfied the condition, we imposed on the F11 fits

requiring average residuals of less than 10%, with the bulk of the cases not satisfying the condition occurring

at low aerosol loadings where the relative uncertainty of the PI-Neph is greatest. For reasons that are likely

instrument specific, none of the GRASP retrievals of the samples in the dust category met the 10% residual

condition, and the resulting retrieved parameters were therefore omitted from this work.

The retrieved refractive indices were generally in good agreement with the existing ranges from past stud-

ies. The inversions of the biogenic, urban, and AL storm categories all produced relatively small values of

n532nm ≤ 1.52. The retrieved real refractive indices representative of the remaining types increased to 1.55,

1.56, and 1.59 in the BB, TX/OK and CO storm cases, respectively. Imaginary refractive indices were found

to be in the very narrow range of 0.004 ≤ k532nm ≤ 0.005, with the exception of the TX/OK storm and BB

types, which had k532nm values of 0.0055 and 0.007, respectively.

The biogenic, urban, and BB types all had similar fine mode size distributions with volume median radii

ranging from 0.155 to 0.163 μm and 0.32 ≤ 𝜎f ≤ 0.36. All three DC3 storm domains contained fine

mode particles skewed toward smaller radii (rvf ≤ 0.15μm) as well as significant quantities of coarse mode

particles. The fine mode volume median radii retrieved in this work were often slightly higher than val-

ues determined in comparable studies. The bulk of these past studies have relied on measurements made

by OPCs, and part of this discrepancy is potentially explained by differences in the real refractive indices

retrieved here and those of the particles used in the OPC calibration. While coarse mode size distributions

retrieved here provide qualitative information, the exact values are of less general interest and should not be

used to derive remote sensing assumptions due to aerosol inlet cutoff effects strong influence on the larger

particle sizes.

The distinct scattering properties consistently associatedwith theBB typewere found to be explained,within

the context of GRASP's aerosol assumptions, by an elevated real and imaginary refractive index. The mag-

nitude of the scattering peak of −F12∕F11 was found to aid significantly in the discrimination of the BB type

(Espinosa et al., 2018), and theoretical simulations performed here have shown this peak is particularly sen-

sitive to refractive index. These facts support the conclusion of past studies (Mishchenko & Travis, 1997)

that polarimetric remote sensing can significantly improve our ability to accurately distinguish different fine

mode aerosols from space.

The retrieved size distributions, real refractive indices, and spherical fractions of the DC3 storms suggested

a larger amount of dust in the CO samples than in the AL cases, with the TX/OK cases having dust con-

centrations laying somewhere between the other two domains. These trends in dust particles correlated

closely with the aridity of the underlying surface features. Additionally, the skewing of the fine mode size

distribution toward smaller particles may indicate new particle generation brought about by the convective

systems.
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