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Abstract: We have developed a method for evaluating the fidelity of the Aerosol Robotic Network
(AERONET) retrieval algorithms by mimicking atmospheric extinction and radiance measurements in
a laboratory experiment. This enables radiometric retrievals that use the same sampling volumes,
relative humidities, and particle size ranges as observed by other in situ instrumentation in the
experiment. We use three Cavity Attenuated Phase Shift (CAPS) monitors for extinction and University
of Maryland Baltimore County’s (UMBC) three-wavelength Polarized Imaging Nephelometer (PI-Neph)
for angular scattering measurements. We subsample the PI-Neph radiance measurements to angles that
correspond to AERONET almucantar scans, with simulated solar zenith angles ranging from 50◦ to 77◦.
These measurements are then used as input to the Generalized Retrieval of Aerosol and Surface Properties
(GRASP) algorithm, which retrieves size distributions, complex refractive indices, single-scatter albedos,
and bistatic LiDAR ratios for the in situ samples. We obtained retrievals with residuals less than
8% for about 90 samples. Samples were alternately dried or humidified, and size distributions were
limited to diameters of less than 1.0 or 2.5 µm by using a cyclone. The single-scatter albedo at 532 nm
for these samples ranged from 0.59 to 1.00 when computed with CAPS extinction and Particle Soot
Absorption Photometer (PSAP) absorption measurements. The GRASP retrieval provided single-scatter
albedos that are highly correlated with the in situ single-scatter albedos, and the correlation coefficients
ranged from 0.916 to 0.976, depending upon the simulated solar zenith angle. The GRASP single-scatter
albedos exhibited an average absolute bias of +0.023–0.026 with respect to the extinction and absorption
measurements for the entire dataset. We also compared the GRASP size distributions to aerodynamic
particle size measurements, using densities and aerodynamic shape factors that produce extinctions
consistent with our CAPS measurements. The GRASP effective radii are highly correlated (R = 0.80) and
biased under the corrected aerodynamic effective radii by 1.3% (for a simulated solar zenith angle of
θ◦ = 50◦); the effective variance indicated a correlation of R = 0.51 and a relative bias of 280%. Finally,
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our apparatus was not capable of measuring backscatter LiDAR ratios, so we measured bistatic LiDAR
ratios at a scattering angle of 173 degrees. The GRASP bistatic LiDAR ratios had correlations of 0.71 to
0.86 (depending upon simulated θ◦) with respect to in situ measurements, positive relative biases of
2–10%, and average absolute biases of 1.8–7.9 sr.

Keywords: aerosols; aerosol retrievals; AERONET; GRASP

1. Introduction

Aerosol remote sensing is an important tool for understanding the effect of aerosols on the Earth’s
climate. Passive remote sensing of aerosols from satellite platforms involves measurement of the
scattering field at one or more wavelengths, and then “inferring” the microphysical and optical properties
of the aerosols that created the scattering field. The aerosol parameters that can be inferred from
scattering measurements—and their robustness—partly depends upon the geometry of the measurements.
For instance, the Moderate Resolution Imaging Spectrometer (MODIS) uses a continuously rotating scan
mirror for its multi-wavelength measurements, which corresponds to a single scattering angle for each
area of ground coverage. The MODIS teams use this information to retrieve aerosol optical depth (AOD),
Angstrom exponent, and fine mode fraction [1–4]. However, the MODIS measurement geometry does not
provide enough information to retrieve aerosol absorption or aerosol layer height without additional a
priori information.

Other satellite instruments—such as the Multi-angle Imaging SpectroRadiometer (MISR) and the
Polarization and Directionality of the Earth’s Reflectances (POLDER) —are designed to provide multi-angle
measurements at multiple wavelengths foreach location [5,6]. These geometries provide aerosol scattering
at 9–12 angles, which increases the information content of the retrievals over single-angle geometries.
As a result, additional aerosol parameters can be retrieved from the measurements provided by these
instruments, including information about particle non-sphericity and absorption [7–10].

Perhaps the most reliable aerosol retrievals to date come from the surface-based Aerosol Robotic
Network (AERONET), which is a collection of 600+ sun photometers that also have sky-scanning
capabilities and are located worldwide [11–14]. These upward-pointing instruments have narrow
fields of view that measure sky radiances at up to 28 scattering angles; AERONET’s upward-pointing
geometry is advantageous over satellite viewing geometries because the measurements are uncomplicated
by direct surface reflectance. These instruments have another significant advantage over satellite
instruments, though—they directly observe the sun’s extinction after it has been attenuated through
the atmosphere. Thus, the AERONET instruments measure AOD by application of the extinction law
(e.g., [15], Equation (2.23)) instead of inferring it from the scattering field, and this offers a tremendous
advantage over downward-pointing satellite viewing geometries for determining aerosol absorption.
Routine AERONET products include AOD, aerosol absorption optical depth (AAOD), single-scatter
albedo (SSA), complex refractive index, size distribution, asymmetry parameter and phase function
(data is available at aeronet.gsfc.nasa.gov). The relative robustness of the AERONET retrievals (compared
to satellite retrievals) as well as the uniformity of data processing at hundreds of locations with decades of
measurements have rendered AERONET as the de facto standard for validation of satellite instruments
and global aerosol models.

Unfortunately, the spatial representation of any AERONET site is much smaller than a global
model grid (a 1◦ × 1◦ global model grid is approximately 112× 112 km2 at the equator). For instance,
the backbone of the AERONET absorption and size distribution retrievals are the almucantar radiance
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scans (a measurement sequence that scans the sky at a constant viewing zenith angle that is equal to the
solar zenith angle). Thus, if all aerosols are located within 5 km of the surface and the solar zenith angle is
θ◦ = 77◦, then the spatial representation of an almucantar scan is at best 43 km. (That is, the AERONET
almucantars outline an inverted right circular cone with an apex angle that is equal to twice the solar
zenith angle, or 2θ◦, and the height of the cone is determined by the top height of the aerosol layer.
Thus, the maximum horizontal coverage is twice the base radius of the cone; so, for a 5 km aerosol top
height this is 5 km× 2× tan θ◦ = 43 km). Almucantar scans obtained when aerosols are confined to a
1-km boundary layer and θ◦ = 50◦ only represent a 2.4 km diameter circle. Thus, a single AERONET
site generally represents a small portion of a global model grid. The AERONET team has addressed this
issue by regularly establishing sub-grid networks of instruments during NASA field campaigns [16,17],
but no field campaign can provide global coverage. Satellite instruments have smaller footprints than
models (about 500 m for MODIS, 1.1 km for MISR, and 7 km for POLDER/Parasol at nadir) and their
viewing geometries allow for global coverage over a period of days. Consequently, satellite comparisons
to AERONET are subject to less sub-grid inhomogeneity than global model comparisons to AERONET.
Thus, from a sampling perspective, we should validate satellite retrievals with AERONET (or other
surface/airborne measurements) and then validate global models with the satellite retrievals. However,
first, we need to evaluate the robustness of the AERONET sky-scan retrieval products.

Validation of the AERONET sky-scan retrievals with in situ measurements remains problematic,
even though it has been nearly two decades since the technique was first published [12,13].
Column retrievals such as AERONET are generally difficult to validate with in situ measurements because
of several sampling mismatch issues. Traditionally, AERONET validation exercises involve heavily
instrumented aircraft flying over an appropriate ground site at a variety of altitudes; the flight data is
averaged over the altitude range of the aircraft and compared to the column retrievals. However, it is
difficult to obtain many quality comparisons with this approach. Research flight hours are expensive,
so flight missions tend to have multiple agendas that may not prioritize spirals over AERONET sites at
the low sun elevations required for quality AERONET retrievals (i.e., solar zenith angles greater than
50 degrees). Of course, long flight legs in clear skies may be used instead of spiral descents, but that
inevitably results in much larger horizontal sample sizes for the aircraft instrumentation than is observed
by the AERONET radiometer (thus adding noise to the comparison). Additionally, sufficient aerosol signal
and clear skies over the surface radiometer are required to obtain quality retrievals (AERONET requires
AOD ≥ 0.4 at the 0.44 µm wavelength for the quality-controlled Level 2 retrievals of aerosol absorption);
this happens infrequently during many flight missions, and it is not unusual to end up with only 2–3 flight
profiles that correspond to Level 2.0 AERONET sky-scan retrievals for a six week field mission. Flight
payloads that fly regularly over AERONET ground sites year-round do not necessarily show better
results. For instance, NOAA was only able to obtain one Level 2.0 AERONET SSA for comparison to
their Airborne Aerosol Observatory (AAO) profiles after hundreds of flights over the Bondville, Illinois,
AERONET site (presented by J. Ogren at the 8th Aerocom workshop in 2009) and the Southern Great
Plains (SGP) Cart_Site [18]. Granted, these statistics are somewhat poor because these flights have other
agendas and did not necessarily “target” the right conditions for quality retrievals, but the results further
illustrate the non-trivial (and expensive) nature of validating column aerosol retrievals with flight data.

Field validation is likely to be even more problematic for the next generation of satellite instruments
that are expected to provide aerosol absorption. While there is potential for 10 or more retrievals per
day at many AERONET ground sites, scanning radiometers on satellites in sun-synchronized orbits
offer one validation opportunity per day at any given location (weather permitting). Opportunities
for validation are even worse for so-called “push-broom” imagers such as MISR and LiDARs such as
CALIPSO that have narrow fields of view and repeat cycles of approximately 16 days for most locations
[5,19,20]. The validation sampling problem for these narrow field of view satellite instruments cannot
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be solved with large networks of surface radiometers or LiDARs, either. For instance, we compiled
statistics for 1.6 years of CALIPSO overpasses within 40 km and 30 min of Level 2.0 AERONET almucantar
retrievals (at ∼170 AERONET sites), and found only 40 coincident retrievals; this amounts to an average
of 25 coincident retrievals per year. AERONET requires approximately one year of lag time after data
acquisition to achieve Level 2.0 status (because of post-field calibration), so it would take approximately
5 years to obtain 100 satellite/AERONET retrieval comparisons. That is too much time for too few
comparisons, even if AERONET were robustly validated.

Nonetheless, the AERONET retrieval products have been used extensively as validation tools for
global and transport models [21–26], computation of the direct radiative effect at various AERONET
sites [27], as a possible surrogate for surface concentrations [28,29], and the development of aerosol
climatologies [30]. The climatological size distributions and refractive indices derived from the AERONET
retrievals have been incorporated into both satellite retrievals and aerosol transport models, and have been
used to classify plumes by aerosols type (e.g., [31–33]). Additionally, the mismatch between modeled and
AERONET column absorption is so significant (factor of 2–4) that some studies have resorted to scaling
modeled emissions or AAOD to match the AERONET retrievals worldwide [34,35].

The purpose of this article is to circumvent the remote sensing validation issues described above
by assessing the skill of the core AERONET retrieval algorithm, rather than actual retrievals. That is, we
apply the column aerosol retrieval algorithm to an in situ sampling volume (instead of using in situ
instruments to sample the entire atmospheric column). The advantage of this approach is that the retrieval
algorithm is applied to essentially the same aerosol sample as the in situ measurements. We first describe
the laboratory apparatus that we use to simulate the AERONET radiance scans, while simultaneously
measuring the aerosol optical properties of real aerosols using conventional in situ techniques (Section 3.1).
The experiment took place at NASA Langley for a period of four months and resulted in 232 independent
aerosol measurements. We call this experiment STEAR, for the Statistical Evaluation of Aerosol Retrievals.

We then describe the GRASP (Generalized Retrieval of Aerosol and Surface Properties) radiometric
retrieval algorithm (Section 3.2), which is an evolution of the AERONET algorithm [36,37]. GRASP is a
flexible inversion algorithm that admits input from a wide variety of instrument viewing geometries and
has already been applied to a wide range of sensors, including POLDER/ADEOS, POLDER/PARASOL,
MERIS/Envisat (e.g., [38–43]), ground-based AERONET photometers and LiDARs [44], sky cameras [41],
polar-nephelometer data [45], and surface measurements of AOD [46]. In addition, GRASP has already
been prepared to evaluate Sentinel-4 and 3MI/Metop data and adapted for producing many user-oriented
products such as direct radiative forcing [47].

Finally, we recognize that this laboratory approach has limitations as well, and we discuss some of
them in Section 5.3 (first and foremost, we do not actually use AERONET instruments for this experiment).
Nonetheless, the approach described here provides a valuable “necessary but not sufficient” component
of an algorithm assessment process, and should be included in NASA’s program as a supplement to
conventional validation techniques. Our experiment and the subsequent discussion focuses on the
AERONET retrievals, but this technique can be easily applied to other retrieval algorithms.

2. Rationale

New aerosol retrieval algorithms are typically tested with computational sensitivity studies, but such
studies require forward modeling of the scattered radiation field produced by an aerosol-molecular system.
Unfortunately, fast forward models can only accommodate aerosol populations with simple shapes that are
uniform in composition (i.e., spheres and spheroids that each have a uniform refractive index), whereas real
atmospheric aerosols have complicated shapes and compositions. The challenge of complicated shapes can
be met to some extent with exact methods such as the discrete dipole approximation (DDA; [48]), but this
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method suffers from relatively slow computational speeds. Consequently, the DDA method is usually
applied to theoretical populations of irregular particles that have only a handful of unique shapes and
complex refractive indices (i.e., less than about 10 shapes or refractive indices; [49–53]). Hence, the only
way to determine the scattered radiation field produced by a large range of real aerosol populations is
to measure the angular dependence of scattering of real particles. The next section describes how we
measured the angular dependence of scattering for 232 aerosol populations and used these measurements
to evaluate the GRASP algorithm.

3. Method

Although this work emphasizes evaluation of the AERONET retrieval algorithm, we are not actually
using the AERONET product (or data from any of the AERONET radiometers, for that matter). Rather,
we are working with a newer version of the algorithm called the GRASP [36,37]. The GRASP retrieval
algorithm builds upon the legacy code that was first developed for the AERONET surface sun photometers.
The algorithm uses kernels that are an expansion of the AERONET kernels, but the input module
has enhanced flexibility so that the GRASP algorithm can be applied to a wide variety of airborne,
satellite, and surface-based instruments. The GRASP algorithm version 0.7.4 is publicly available at
www.grasp-open.com at the time of this writing.

3.1. Experimental Apparatus

Figure 1 shows a schematic of the STEAR laboratory experiment that we created to test the integrity
of the AERONET retrieval method. The Polarized Imaging Nephelometer (PI-Neph) provides the angular
dependence of scattering P(Θ) that is normally obtained with an AERONET almucantar scan, and the
Cavity Attenuated Phase Shift (CAPS) Monitor provides the extinction (τ) that is normally obtained with
AERONET’s direct sun measurements. Thus, these two instruments act as surrogates for the surface
radiometers normally used by the AERONET radiometric inversion code (the appropriateness of this
substitution is discussed in Section 5.3). The radiances and extinctions provided by these instruments
are used as input to the GRASP retrieval algorithm, and the GRASP algorithm infers the aerosol size
distribution and complex refractive index. The aerosol size and refractive index are then used to compute
the SSA, extinction-to-backscatter ratio (lidar ratio), asymmetry parameter, and the phase function at all
scattering angles. The SSAs provided by GRASP are verified with multiple independent measurements of
aerosol absorption (α), extinction (τ), and scattering (κ). The size distributions provided by GRASP are
verified with aerodynamic particle size measurements.

The CAPS Monitor is manufactured by Aerodyne Research Inc. It uses very highly reflective
mirrors in a cavity that is less than 30 cm in length to obtain very long optical paths (up to 2 km)
[54,55]. We incorporated three CAPS instruments in our experiment to obtain particle extinctions at three
wavelengths (0.450, 0.530, and 0.630 µm). The CAPS instruments have a 1-s response time and a detection
level of less than 2 Mm−1. The Particle Soot Absorption Photometer (PSAP) is manufactured by Radiance
Research; it determines absorption coefficient αabs by monitoring the changes in optical transmission at
three wavelengths (0.470, 0.532, and 0.660 µm) as aerosols are deposited on a filter. These absorption
measurements were corrected for filter scattering using data from the integrating nephelometer [56,57].
One-minute averaged data provides 0.5 Mm−1 resolution. The Photo-Acoustic Soot Spectrometer (PASS) is
manufactured by DMT. It measures aerosol absorption coefficient at the 405, 532, and 781 nm wavelengths,
with a sensitivity of 3 Mm−1 at 781 nm and 2-s integration times. The integrating nephelometer is
manufactured by TSI Inc., and measures total scattering coefficient (7 to 170 degrees) at three wavelengths
(0.450, 0.550, and 0.700 µm) with . 0.2 Mm−1 resolution at all wavelengths for one-minute sampling.
Scattering measurements were corrected for truncation errors according to [58]. All the instruments operate
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at slightly different wavelengths, so we interpolate the extinction, scattering, and absorption measurements
to the PI-Neph wavelengths using a modified version of the Angstrom relation [59]. The aerodynamic
particle sizer is manufactured by TSI Inc., and provides aerodynamic measurements of particle diameters
from 0.5 to 20 µm. The CAPS, PSAP, PASS, APS, and integrating nephelometer measurements are available
at https://science.larc.nasa.gov/large/data.html.

Inlet 

APS

Integrating 
nephelometer

Size 
distribution

Single-scatter 
albedo

Lidar Ratio

Simulated sky-scan

“Direct”  measurements

Validation 
Parameters

AERONET/GRASP 
Retrieval Algorithm

↵sca, P (✓)

↵ext

PSAP, PASS
↵abs

↵sca

Schematic

CAPS

PI-Neph

Figure 1. Apparatus for comparing aerosol remote sensing retrievals to in situ measurements. The Polarized
Imaging Nephelometer (PI-Neph) and Cavity Attenuated Phase Shift monitor (CAPS) provide angular
scattering and extinction measurements required for the Generalized Retrieval of Aerosol and Surface
Properties (GRASP) retrieval algorithm. The GRASP algorithm reports the LiDAR ratio, single-scatter
albedo, and the aerosol size distribution; results are verified with “direct” in situ measurements shown in
the lower left corner, including the Particle Soot Absorption Photometer (PSAP), the Photo-Acoustic Soot
Spectrometer (PASS), an integrating nephelometer, and Aerodynamic Particle Sizer (APS).

The Polarized Imaging Nephelometer (PI-Neph) represented in Figure 1 was custom built at the
Laboratory for Aerosols, Clouds and Optics (LACO) of the University of Maryland Baltimore County
(UMBC). This instrument provides absolute and polarized phase functions of aerosol plus molecular
scattering at three wavelengths (0.473, 0.532, and 0.671 µm) with 0.1◦ angular resolution (at angles between
4.5 and 175 degrees and 10-s temporal resolution; [45,60]). Other polar nephelometers have been used in
the past to successfully infer aerosol size distributions and complex refractive indices [61–64].

An instability in the PI-Neph’s light source during the experiment resulted in an angularly
independent error in the resulting raw measurement of aerosol and molecular scattering X(Θ). A constant
scaling factor ξ was therefore applied to the PI-Neph data to make it consistent with the aerosol scattering
coefficient κraw measured by the integrating nephelometer prior to any truncation error correction.
Specifically, ξ was chosen such that

1
2

∫ 170◦

7◦
ξ X(Θ)w(Θ) dΘ = κraw +

1
2

∫ 170◦

7◦
R(Θ)w(Θ) dΘ, (1)

where w(Θ) is the response function of the TSI integrating nephelometer measured
by Müller et al. [65] and R(Θ) is the absolute Rayleigh (molecular) scattering phase function [66]
in units of m−1 sr−1. Once ξ has been found, the angular dependence of absolute scattering for the aerosol
component is simply obtained by ξX(Θ)− R(Θ). The resulting “aerosol-only” phase function was then
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normalized such that the integral of P(Θ) over all solid angles is equal to 4π sr−1, with the truncated
angles taking on their nearest neighbor values in the integration. The normalized aerosol phase function is
then weighted with the relevant scattering coefficient for input to the GRASP algorithm (Section 4.1).

3.2. AERONET and GRASP Retrieval Algorithms

AERONET is a network of sun and sky-scanning radiometers located at surface sites throughout
the world (details may be found in reference [11]). The number of instruments in the network changes
constantly, but 342 radiometers transmitted data to NASA GSFC on 9 August 2017. The radiometers
have a narrow field of view (1.2 degrees) and are mounted on programmable trackers that enable
sky-radiance measurements as well as direct sun measurements. One particular set of sky-radiance
measurements is called the almucantar scan, whereby the instrument scans the sky at a constant
elevation angle that is equal to the solar elevation angle, and pauses at specific azimuth angles to
measure radiance (nominally at four wavelengths: 440, 675, 870, and 1020 nm). These direct sun and
almucantar sky-radiance measurements form the basis of the size distribution and complex refractive
index retrievals in the AERONET database [12]. Once particle size and complex refractive index are
determined, the AERONET processing algorithm uses this information in a forward model to compute
aerosol absorption optical depths (AAODs), SSAs, asymmetry parameters, and phase functions. An early
accuracy assessment of the AERONET retrievals can be found in reference [13], but AERONET processing
has been subsequently improved by incorporating a model of randomly oriented spheroids [67] into
the AERONET retrieval [68,69]. Additionally, the AERONET sky-radiance measurements have been
combined with satellite radiance measurements to enhance the information content of the retrievals [70].

The GRASP code is based upon the same concept as the operational AERONET retrieval algorithm,
so we can use GRASP to mimic the AERONET retrievals. We configured the GRASP code to mimic the
routine AERONET processing by:

1. subsampling the PI-Neph at the same scattering angles routinely sampled by the AERONET
instruments,

2. constraining the code to infer real refractive indices between 1.3–1.6 and imaginary refractive indices
between 0.0005–0.5, and disallowing refractive index variability with respect to size,

3. using 22 radii of equal lognormal spacing between 0.05 and 15 µm to infer the volume size
distributions, and

4. allowing sphere and spheroid shapes.

Like AERONET, the GRASP code independently iterates the volume of particles at each radius, the
complex refractive index of the particles, and the percentage of spherically shaped particles until the
computed extinctions and radiances converge with the measurements. This results in particle populations
with spectrally dependent complex refractive indices that are not constrained with lognormal-shaped
size distributions.

Our configuration differs from the AERONET measurements in some important ways, though.
For instance, the PI-Neph provides scattering phase functions at the 473, 532, and 671 nm wavelengths,
whereas the AERONET instruments use the 440, 675, 870, and 1020 nm wavelengths. The multiple
scattering that occurs in the atmosphere must be properly modeled in the AERONET retrievals, but it is
not an issue with the STEAR experiment. Finally, the STEAR instruments and the AERONET instruments
have different responsivities and sensitivities. All these discrepancies could cause the GRASP code to
produce different results than the AERONET code for a given aerosol system. Nonetheless, this experiment
provides important “necessary but not sufficient” evidence. That is, if GRASP is unable to provide robust
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retrievals with the STEAR apparatus, then it is likely that the AERONET is not providing robust retrievals
as well.

Monitoring Residuals

Residuals provide quantitative assessments of a retrieval’s ability to reproduce the input data field
(i.e., a “goodness of fit;” see [13,36,69]), and the value of the residuals for successful retrievals should be
close to the measurement noise. We use standard deviations (of calculations with respect to measurements)
reported by the GRASP code to quantify the residuals, which are reported separately for extinctions and
phase functions. For phase functions, the residual is expressed as:

σ =

√√√√∑3
i=1 ∑

N(λi)
j=1

[
ln Igrasp(λi, Θj)− ln Imeas(λi, Θj)

]2
∑3

i=1 N(λi)
. (2)

Here, Igrasp and Imeas are the computed and measured radiances for each wavelength and scattering
angle (λi, Θj), and N(λi) are the number of measurements at each wavelength. The expression is similar
for the extinctions (not shown), except that there is only a single measurement angle at each wavelength
(i.e., N(λi) = 1). The extinction residuals are always much smaller than the phase function residuals for
our experiment, so we use the phase function residuals as our quality-screen criteria.

Large residuals indicate retrievals that are not able to reproduce the input measurements and therefore
should not be implemented. AERONET requires residuals of less than 5–8% for their Level 2 products,
depending upon solar zenith angle [71]. We use residuals of σ ≤ 8% as screening criteria for quality
retrievals in this document.

Figure 2 shows residuals for 195 GRASP retrievals as a function of extinction. Here, we used CAPS
extinction and PSAP absorption to determine the scattering coefficient at a simulated solar zenith angle of
θ◦ = 50◦, but we achieve similar results with θ◦ = 77◦ or 1-deg sampling. The circles in Figure 2 show
a monotonic decrease in residuals as extinction goes from 0 to 400 Mm−1 (albeit there is much scatter).
This happens because the relative measurement error for extinction and scattering increases as the value of
the extinction decreases; hence the input signal is noisier at low extinctions, and this causes noise in the
output. The bars in Figure 2 indicate the percentage of retrievals with residuals of σ ≤ 8%, grouped into
100 Mm−1 bins. Figure 2 indicates that minimal extinctions of about 300 Mm−1 are required to reliably
obtain σ ≤ 8% using our measurement apparatus with GRASP.

3.3. The Aerosol Samples

We tested a variety of different particles, as shown in Table 1. Many of the minerals that we tested
were purchased from the Clay Minerals Society and shipped as clay powders or rock. We crushed and
sieved the rocks to 44 µm before testing. We also purchased Arizona Test Dust, hematite, and silica dust
from Powder Technology Inc and illite-rich Arginotec NX from B + M Nottenkämper [72]. Two of our
samples were collected from deserts in Senegal and Israel. The volcanic ash was collected from the Earth’s
surface [73]. Soot of various sizes was obtained with a portable propane burner (Jing Ltd., miniCAST
4100). The size and organic carbon content of the soot was varied based upon the input flow of propane,
air, and nitrogen to the burner [74].
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Figure 2. Circles indicate GRASP residuals σ as a function of extinction for 195 successful PI-Neph
measurements (using PSAP absorption measurements and a simulated solar zenith angle of 50◦).
The dashed line shows maximum residual allowed for Level 2 Aerosol Robotic Network (AERONET)
retrievals (i.e., σ ≤ 8%). The bars indicate the percentage of retrievals that satisfy the σ ≤ 8% requirement
in each extinction bin.

Table 1. 285 different combinations of the following samples (internally and externally mixed), including
humidified and dried runs of both PM1 and PM2.5.

Minerals Volcanic Ash Artist Pigments and source locations

Hectorite Mt. St. Helens (USA) Blue Ridge Hematite (Virginia, USA)
Hematite Fuego (Guatemala) Brown Ocher Goethite (Kaluga, Russia)
Arizona Test Dust Mt. Pinatubo (Philippines) Yellow Ocher Light (Luberon Massif, France)
Cambrianshale Imt-2 Eyjafjallajokull (Iceland) Nicosia Yellow Ocher (Nicosia, Cyprus)
Saz-2 Ca-rich Montmorillonite Puyeheu (Chili) Lemon Ocher (Northern Italy)
Illite-smectite Spurr (Alaska) Ambrogio Yellow Earth (Northern Italy)
Na-Montmorillonite Gulagong (Indonesia) Italian Yellow Earth (Northern Italy)
Montmorillonite, STx-1b
Montmorillonite SCa-3 Soot
Negev Desert (Israel) Standards Ashrae #2
Senegal 600 nm PSL 120 nm soot
Ripidolite CCa-2 900 nm PSL 105 nm Soot
Palygorskite 100 nm PSL 60 nm soot
Arginotec NX Europe Ammonium Sulfate 25 nm soot
A1 ultrafine test dust Ammonium Nitrate 70 nm soot
Silica Dust Adipic Acid Fullerene soot

We also purchased several minerals from Natural Pigments, a company that specializes in the sale of
artist pigments. Artist pigments are particularly convenient for testing iron oxides, as hematite and goethite
are common commodities used by the art community to obtain reddish and yellowish hues. These natural
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substances are mined, separated from sand, ground to 50 µm, and packaged for consumer use by the
supplier. Pigments must contain at least 12% iron oxide to be labeled as an ocher, and French ochers
typically contain about 20% iron oxide (per naturalpigments.com). Although there are many forms of
hematite, only two forms are used as artist pigments: oolitic hematite and hematite rose. The iron content
of the Blue Ridge Hematite that we tested is greater than 80%, according to the manufacturer specification
sheet. Additional information about artist pigments is available at http://naturalpigments.com.

We used a flask and a shaker as a saltation mechanism to entrain the loose dry particles (dust, ash,
and pigments) into our sample airstream, and limited the diameters of these particles to 1.0 or 2.5 µm
with a cyclone (i.e., PM1 and PM2.5). Tests were usually run for 10–20 min to assure adequate temporal
averaging. Although Table 1 only presents 43 aerosol species, we were able to obtain 285 independent
samples by testing different particle sizes at ambient and high relative humidities (i.e., RH & 80%) and by
mixing different species. Mixing different samples also allowed us to test bimodal aerosol size distributions.
We successfully processed PI-Neph data for 232 of the 285 samples, and the GRASP algorithm produced
successful retrievals with residuals of less than 8% for about 90 of the samples. Most of the high-residual
retrievals occurred when extinctions were less than 300 Mm−1 (see Figure 2).

3.4. Simulating AERONET Scans at Different Solar Zenith Angles

The PI-Neph can obtain high angular resolution measurements at essentially all scattering angles
between 4.5 and 175 degrees. The AERONET field instruments, on the other hand, have a different
geometry with less angular resolution and range. The almuncantar scans used for the AERONET inversion
products maintain a fixed elevation angle (equal to the solar elevation angle) and pause at 28 azimuth
angles ranging from 3–180 degrees ([71], and https://aeronet.gsfc.nasa.gov/new_web/Documents/
AERONETcriteria_final1_excerpt.pdf, Table 1). Consequently, the angular sampling varies with solar zenith
angle and the maximum sampled scattering angle is equal to twice the solar zenith angle. High-quality
Level 2 AERONET retrievals require 50◦ < θ◦ < 77◦ in the Version 2 dataset.

This sampling issue is illustrated in Figure 3. The large squares in the upper two panels illustrate
that the field instruments provide measurements over a smaller range of values when θ◦ = 50◦ than when
θ◦ = 77◦; consequently, the retrievals are better constrained at large solar zenith angles. The lowest panel
in Figure 3 presents the GRASP phase function when all available angles (1-degree averaging) are used
for the retrieval. This high-resolution sampling is never available for AERONET or present-day satellite
retrievals, but our results for 1-degree sampling are useful for understanding the utility of the PI-Neph as
an in situ instrument.

Finally, we note that the AERONET team has recently added “hybrid scan” retrieval products to the
Version 3 processing. The hybrid scan uses both the almucantar and principal plane (constant azimuth)
geometries, which allows measurements over a wider range of scattering angles than can be achieved with
the almucantar scan during periods of high sun. This decreases the minimum solar zenith angle required
for Level 2 products from 50◦ for the almucantar scan to 25◦ for the hybrid scan (Brent Holben, personal
communication). However, we do not analyze the hybrid scan sampling in this document.

naturalpigments.com
http://naturalpigments.com
https://aeronet.gsfc.nasa.gov/new_web/Documents/AERONETcriteria_final1_excerpt.pdf
https://aeronet.gsfc.nasa.gov/new_web/Documents/AERONETcriteria_final1_excerpt.pdf
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Figure 3. Illustration of AERONET angular sampling for one of the test samples (volcanic ash from Mt.
St. Helens, PM1 size cut). The small blue dots show the normalized phase function (532 nm wavelength)
measured with the PI-Neph and averaged to one degree; these are identical in all three panels. The large
squares in the top panel indicate subsampling used by AERONET instruments at a solar zenith angles of
50 degrees, while the squares in the middle panel indicate subsampling used by the AERONET instruments
at a solar zenith angles of 77 degrees. The solid black lines in the top two panels show the phase function
retrieved by the GRASP algorithm using the subsampled angles (squares). The black line in the bottom
panel shows the retrieved phase function when the GRASP algorithm uses all available measurements
(small blue dots).
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4. Results

4.1. Single-Scatter Albedo

SSA (ω◦) is defined as the ratio of scattering (κ) to extinction (τ), but it may also be expressed in terms
of aerosol absorption (α):

ω◦ =
κ

τ
= 1− α

τ
. (3)

SSA can be measured with in situ instrumentation located at the surface or on aircraft. Column retrievals
of ω◦ are available from satellite instrument products (e.g., Ozone Monitoring Instrument, Parasol) or
the AERONET surface instruments. When τ represents extinction of the atmospheric column, or aerosol
optical thickness (AOD), the SSA links AOD to absorption aerosol optical thickness (AAOD):

AAOD = (1−ω◦)× AOD. (4)

The AERONET retrievals of AAOD provide an important constraint for global aerosol
models [26,34,35,75].

There are three ways to use Equation (3) to compare GRASP ω◦ values with values derived by other
instruments in Figure 1, and all three methods use the CAPS instrument for the extinction coefficient
(represented by τ in Equation (3)). The first two methods use the PSAP and PASS instruments to determine
the absorption coefficient (α), and the third method uses the integrating nephelometer to determine the
scattering coefficient (κ). We evaluate the performance of GRASP using all three methods, but the PI-Neph
phase function used as input to GRASP is weighted with slightly different scattering coefficients for each
comparison. So for instance, we set the absolute radiance I for GRASP to I(Θ) = κP(Θ) when comparing
to ω◦ = κ/τ, but we use I(Θ) = (τ − α)P(Θ) when comparing to ω◦ = 1− α/τ. This maintains a
consistency of the radiance field and extinction coefficient with the appropriate in situ measurements.

Figure 4 provides a comparison of GRASP vs in situ ω◦ for one of the above methods; here, the
in situ ω◦ was determined by Equation (3) using PSAP absorption measurements for α and the CAPS
extinction measurements for τ. Additionally, the PI-Neph data was subsampled with a simulated solar
zenith angle of 50◦ for the GRASP input (e.g., see the top panel of Figure 3). The blue circles of Figure 4
indicate retrievals with residuals of 8% or less, which is consistent with AERONET Level 2 quality control
at high AOD. The white diamonds indicate retrievals with residuals greater than 8%. Blue circles in the
left and right panels are identical, but the right panel has zoomed axes. Both panels indicate that the two
datasets are highly correlated, with a correlation coefficient of cc = 0.971 for data that comply with the 8%
residual restriction. The GRASP algorithm has a bias of +0.024 with respect to the in situ measurements
when subject to the 8% residual restriction. Additional statistics for the blue circles are provided in Table 2.

The high-residual retrievals in Figure 4 (white diamonds) still indicate a significant correlation with
respect to the in situ measurements (cc = 0.867), but the residual restriction of 8% for the blue circles
clearly reduces the scatter and removes obvious outliers. We note that such outliers are not removed from
standard AERONET Level 1.5 processing, so the user needs to use additional screening when analyzing
Level 1.5 AERONET data to assure a quality analysis.

The right panel of Figure 4 focuses on the restricted data (i.e., residuals≤8%). Here, we clearly see that
the GRASP retrieval saturates before the in situ measurements, and GRASP seems to have less sensitivity
to changes in ω◦ than the in situ instrumentation when absorption is very low. That is, ωgrasp ' 1 while
ωinsitu exhibits a range of values from about 0.97 to 1. This is a consequence of the linearity and bias
between the two measurements.
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Figure 4. Comparison of single-scatter albedo derived using GRASP to ω◦ derived directly from PSAP
absorption and CAPS extinction measurements. GRASP retrievals use scattering angles identical to data
with solar zenith angles of 50◦ in the AERONET database. Blue circles indicate GRASP retrievals that have
residuals of less than 8%, while white diamonds in the left panel indicate the additional scatter that occurs
when residuals are not restricted. Red square is the mean value, and error bars represent two standard
deviations of the mean. Data in the right panel is identical to blue circles in the left panel, but the axis ranges
are different. In situ ω◦ were determined using CAPS extinction measurements and PSAP absorption
measurements. Solid lines are 1:1 and dashed blue lines correspond to linear regression of the blue circles;
statistics are presented in Table 2.

Table 2. Linear regression statistics for single-scatter albedo using different in situ measurement
techniques. The first row of numbers corresponds to Figure 4, 4th and 7th rows correspond to Figure 5.
Correlation coefficient is denoted by cc. Absolute bias Ba = ∑i(Gi −Mi)/N and root mean square error
RMS =

√
∑i(Gi −Mi)2/N, where Gi represents the GRASP retrieval and Mi represents the corresponding

in situ measurement.

ω◦ Method θ◦ Slope Intercept cc Ba RMS N

(1− αpsap/τcaps) 50 0.849 0.167 0.971 0.024 0.027 89
77 0.860 0.155 0.973 0.023 0.026 90

1-deg 0.741 0.270 0.916 0.023 0.028 73

(1− αpass/τcaps) 50 0.821 0.191 0.967 0.023 0.028 85
77 0.784 0.227 0.966 0.024 0.028 86

1-deg 0.948 0.074 0.976 0.026 0.032 72

κneph/τcaps 50 0.961 0.068 0.973 0.033 0.038 117
77 0.823 0.196 0.929 0.033 0.039 95

1-deg 0.842 0.176 0.925 0.029 0.033 83

τcaps—extinction coefficient measured with the Cavity Attenuated Phase Shift (CAPS) Monitor; αpsap—absorption
coefficient measured with the Particle Soot Absorption Photometer; αpass—absorption coefficient measured with
the Photo-Acoustic Soot Spectrometer; κneph—scattering coefficient measured with an integrating nephelometer;
θ◦—solar zenith angle; cc—correlation coefficient; Ba—absolute bias; RMS—root mean square error; N—number
of samples.

Our experiment also includes photo-acoustic and integrating nephelometer measurements that can be
used with Equation (3) to compute ω◦; scatter plots for these other two ways of computing ω◦ are shown
in Figure 5. The left panel of Figure 5 uses photo-acoustic absorption measurements and the plot is similar
to the PSAP absorption measurements shown in Figure 4. The right panel compares GRASP ω◦ to the ω◦
calculated using integrating nephelometer measurements. Once again, we see a strong linearity between
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the GRASP and in situ values, but the integrating nephelometer produces the unphysical value ω◦ > 1
for 19 of the 232 comparisons (8%), even under the ideal conditions of our laboratory experiment (i.e.,
minimum extinction of 12.3 Mm−1 and ∼20-minute averaging time). This occurs because the scattering
and extinction measurements produce comparable values when ω◦ is small, so scattering/extinction ratios
greater than one can be obtained when the noise of the two instruments are out of phase (i.e., when the
scattering measurement has a high bias and the extinction measurement has a low bias). One might expect
these abnormally large ratios of κ/τ to occur at low extinctions, but the extinctions for these 19 points
ranged from 28 Mm−1 to 364 Mm−1. There are six points with κ/τ > 1.1, with extinctions ranging from
28 Mm−1 to 110 Mm−1.
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Figure 5. Comparison of single-scatter albedo derived using GRASP to ω◦ derived directly from in situ
measurements. GRASP retrievals use scattering angles identical to data with solar zenith angles of 50◦ in
the AERONET database. Left panel uses photo-acoustic absorption coefficients to determine ω◦, whereas
the right panel uses the integrating nephelometer. Blue circles indicate GRASP retrievals that have residuals
of less than 8%, while white diamonds indicate the additional scatter that occurs when residuals are
not restricted. Red square is the mean value, and error bars represent two standard deviations of the
mean. Solid lines are 1:1 and dashed blue lines correspond to linear regression of the blue circles; statistics
presented in Table 2.

Statistics for all three methods of calculating ω◦ are shown in Table 2 for two solar zenith angles as
well as maximal P(Θ) sampling (i.e., 1-degree sampling). Table 2 shows that all three ω◦ methods produce
high correlation coefficients (0.916–0.976). The absolute bias (Ba) is less than +0.026 when the absorption
coefficients are used to obtain ω◦, but reaches a value as high as +0.033 when scattering coefficients
are used to determine ω◦. Absolute bias and RMS error are nearly identical for simulated solar zenith
angles of 50◦ and 77◦ (the same to within 0.001 for any ω◦ method), indicating that solar zenith angle
should not be a source of artifacts in the AERONET retrievals. The biases in Table 2 are consistent with
uncertainties quoted for AERONET and in situ measurements [13,76]. We note that the GRASP retrieval of
ω◦ is always biased high of the in situ measurements, unlike aircraft comparisons that often show a low
bias for AERONET retrievals [18]. We discuss this apparent discrepancy in Section 5.2.

Please note that increasing the angular resolution of the phase function measurements to 1 degree
does not necessarily improve the SSA statistics in Table 2. This is because aerosol phase functions generally
have a rather smooth angular dependence, so increasing the angular resolution of the measurements does
not improve results over a subset of angles that capture the main angular features. Also note that the
information content of the AERONET retrieval geometries has been extensively studied, and has led to the
conclusion that 31 parameters (i.e., 22 radii, 8 real and imaginary refractive indices, and the percentage of



Remote Sens. 2019, 11, 498 15 of 32

spheres) can be uniquely retrieved from the standard AERONET measurements if a priori smoothness
constraints on the size distribution and spectral dependence of the refractive index are applied [12,13,69,77].

4.2. Bistatic LiDAR Ratio

LiDAR ratio (or extinction-to-backscatter ratio) is an important parameter that is used to convert
backscatter measurements to AOD for elastic LiDARs such as CALIPSO [78]. The LiDAR ratio is defined as:

Sa =
4π

ω◦P(180)
, (5)

where P(Θ) represents the normalized phase function at scattering angle Θ, and P(180) represents the
normalized phase function at Θ = 180◦. Since the SSA and phase function can be computed from
the size distribution and complex refractive index, we can use the AERONET retrievals to compute
column-effective LiDAR ratios for the atmosphere [69,79]. LiDAR ratio can also be measured with Raman
LiDARs or high spectral resolution LiDARs (HSRLs) when these measurements are available (e.g., [80,81]).
The LiDAR ratio is sensitive to particle size and complex refractive index [79,82]; consequently, different
aerosol species exhibit different LiDAR ratios. That is, dust, pollution, and marine aerosols all have different
LiDAR ratios, so LiDAR ratio can be used with other optical parameters to infer aerosol “type” [83,84].

Unfortunately, the PI-Neph does not measure the backscatter phase function at Θ = 180, so our
experiment cannot provide measurements of the LiDAR ratio needed for elastic backscatter LiDARs.
However, we can measure a bistatic LiDAR ratio by using Θ = 173◦ instead of Θ = 180◦ in Equation (5).
Successful retrieval of the bistatic LiDAR ratio at Θ = 173◦ improves confidence in the retrieval at
Θ = 180◦, but it does not confirm the backscatter LiDAR ratio retrieval.

Results for 89 samples are shown in Figure 6; here, we used the PSAP absorption coefficients to
determine ω◦ and simulated solar zenith angles of 50◦ (left panel) or 77◦ (right panel). The circles
correspond to retrievals with residuals ≤8% and are color-coded by the GRASP residual values. Linear
regression statistics are shown in Table 3. Figure 6 indicates that individual GRASP-based calculations
of Sa can have substantial errors when θ◦ = 50◦, but the average value lands close to the 1:1 line (red
square). The statistics presented in Table 3 also indicate that GRASP has substantial skill at computing
Sa for an ensemble of retrievals at this solar zenith angle (50◦): the correlation coefficient is cc = 0.714,
the absolute bias is 1.79 sr, and the relative bias is 2%. The slope and intercept are 0.774 and 19.8 sr when
θ◦ = 50◦, but these values improve to 1.004 and 7.55 sr when considering the 77◦ solar zenith angle.
Further improvements in the correlation and absolute bias are achieved if 1-degree sampling is used for
the GRASP retrievals.

Interestingly, Table 3 indicates that the absolute and relative biases increase as θ◦ increases from 50◦

to 77◦, which is unexpected. However, close inspection of Figure 6 indicates that there are many more
points with residuals of 7–8% (black dots) at θ◦ = 77◦ (right panel) than at θ◦ = 50◦ (left panel). In fact,
60% of the retrievals right panel have residuals of 5–8% (θ◦ = 77◦), whereas only 44% of the retrievals in
the left panel have residuals of 5–8% (θ◦ = 50◦). We also note that we can improve the θ◦ = 77◦ statistics
by filtering the analysis for residuals with values less than 5% (absolute and relative biases are reduced to
4 sr and 5%). Thus, it is probable that the higher quality residuals of the θ◦ = 50◦ case are decreasing the
absolute and relative biases with respect to the θ◦ = 77◦ case. It is also worth mentioning that the θ◦ = 77◦

case captures the variability better than the θ◦ = 50◦ case (as shown by the slope and intercept), and that
the θ◦ = 77◦ case also has a better Taylor skill score [85]. The skill score for θ◦ = 77◦ and 8% residual is
0.91, whereas the skill score for the θ◦ = 50◦ comparison was only 0.85.
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Figure 6. Comparison of bistatic LiDAR ratio derived using the GRASP phase function to bistatic LiDAR
ratio derived using PI-Neph phase function, both using a bistatic scattering angle of 173◦. Color code
corresponds to retrieval residuals (%). Analysis in left panel uses a simulated solar zenith angle of 50◦ for
the GRASP retrievals and the right panel uses a simulated solar zenith angle of 77◦. Solid lines are 1:1,
dashed lines are linear regressions, and red squares are the mean of both methods; error bars represent two
standard deviations of the mean. Regression statistics are provided in Table 3.

Table 3. Linear regression statistics for bistatic LiDAR ratio at a backscatter angle of 173o and a wavelength
of 532 nm, effective radius, average radius, effective variance, average standard deviation, and integrated
volume of the size distributions. Analysis is restricted to retrievals with residuals of less than 8%.
The in situ LiDAR ratio was computed using PSAP absorption measurements for ω◦ in Equation (5)
(i.e., ω◦ = 1 − αpsap/τ). The APS equivalent volume re f f and ve f f were computed using variable
dynamic shape factors (10% greater than χ∗min) or densities (10% less than ρmax) for the conversion from
aerodynamic size to equivalent volume size, as described in Section 4.3. Correlation coefficient is denoted
by cc. Absolute bias Ba = ∑i(Gi − Mi)/N , relative bias Br = Gi/Mi − 1, and root mean square error
RMS =

√
∑i(Gi −Mi)2/N, where Gi represents the GRASP retrieval and Mi represents the corresponding

in situ measurement.

θ◦ Slope Intercept cc Ba Br RMS N

LiDAR 50 0.774 19.80 0.714 1.79 0.02 19.94 89
Ratio 77 1.004 7.55 0.860 7.89 0.10 15.97 90
(sr) 1-deg 0.991 4.76 0.973 4.11 0.06 6.54 73

Effective 50 1.284 −0.167 0.800 −0.051 −0.13 0.10 50
Radius 77 1.344 −0.190 0.763 −0.053 −0.13 0.10 45
(µm) 1-deg 1.425 −0.261 0.816 −0.091 −0.22 0.12 38

Average 50 1.588 −0.224 0.922 0.042 0.09 0.10 50
Radius 77 1.556 −0.216 0.853 0.030 0.07 0.11 45
(µm) 1-deg 1.698 −0.318 0.875 −0.009 −0.02 0.10 38

Effective 50 2.726 0.114 0.511 0.297 2.80 0.36 50
Variance 77 3.074 0.067 0.591 0.286 2.71 0.35 45

1-deg 1.683 0.266 0.295 0.337 3.24 0.40 38

Average 50 0.953 0.229 0.588 0.223 1.56 0.23 50
Standard 77 1.227 0.183 0.550 0.215 1.53 0.23 45
Deviation 1-deg 1.031 0.219 0.559 0.224 1.62 0.23 38

Total 50 1.031 5.812 0.896 7.604 0.13 11.55 50
Aerosol 77 1.100 3.482 0.844 9.363 0.16 14.40 45
Volume 1-deg 1.014 10.284 0.713 11.139 0.18 18.50 38

θ◦—solar zenith angle, cc—correlation coefficient, N—number of samples.
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4.3. Converting Aerodynamic Size to Equivalent Spheres that Are Consistent with Extinction Measurements

We measured in situ size distributions with an aerodynamic particle sizer (APS) in our experiment.
However, a direct comparison between the aerodynamic size distributions provided by the APS and the
equivalent-volume size distributions provided by the GRASP retrievals is not possible because particle
densities (ρ) and dynamic shape factors (χ) are generally unknown. The equivalent volume diameter (De)
is related to the aerodynamic diameter (Da) by:

De = Da

√
ρ0

ρ

Ca

Ce
χ, (6)

where ρ0 is unit density, Ca and Ce are the Cunningham slip corrections associated with the aerodynamic
and equivalent volume spheres (e.g., TSI application note APS-001, [86–88]). Cunningham correction
factors vary with the Knudsen number (Kn), which can be expressed as

Kn = 2Λ/d, (7)

where Λ is the mean free path of the gas medium and d is the minor diameter for a spheroid particle.
The mean free path of air at 1 standard atmosphere is 35 nm, which results in a maximum Kn = 0.14 for
the TSI APS (since d > 0.5µm for APS measurements). Cunningham factors for various particle sizes and
Knudsen numbers are listed in Table 17 of [89]; Knudsen numbers of 0.1 in that table indicate that Ca/Ce

ratio can vary by up to ∼10% from unity for randomly oriented spheroids with axis ratios up to infinity.
Thus, we define χ∗ = (Ca/Ce)χ as a parameter that has values similar to χ, and so relate the equivalent
volume radius (rev) to the aerodynamic radius (ra) as

rev = ra

√
χ∗

ρ
. (8)

If ρ is known, we can use simultaneous extinction and aerodynamic size measurements with Mie
theory to determine the minimum value of χ∗ necessary to achieve optical closure between aerodynamic
size and extinction. This is illustrated in Figure 7; here, we measured the bulk aerosol density using a
densimetry method, which is accurate to about ±10% [90]. The solid white line presents Mie computations
of extinction for non-absorbing spherical aerosols using the APS size distribution with the measured
density and a broad range of real refractive indices. The solid black line in the figure presents the CAPS
extinction measurement for this sample. Since the solid white line is biased low of the solid black line for
all reasonable values of the real refractive index, we know that non-absorbing Stokes-equivalent spheres
(i.e., k = 0, ρ = ρmeas, and χ = 1) cannot be used to compute the measured extinction. Furthermore,
including absorbing particles in the Mie computations increases the bias, as evidenced by the brown line
in Figure 7 where the imaginary refractive index is increased to k = 0.5. However, increasing the dynamic
shape factor from 1.0 to 1.2 allows the Mie computations to replicate the measured extinction, as shown by
the dashed white line. This indicates that χ∗ & 1.2 results in an equivalent-volume size distribution that is
consistent with the extinction measurements at the 532 nm wavelength. However, this figure only presents
the 532 nm wavelength; implementing Mie computations with the aerodynamic size and all three CAPS
wavelengths indicates that χ∗ ≥ 1.3 for this particular sample (other wavelengths not shown).
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Figure 7. Measured (black line) and computed extinctions of the Mt. St. Helens PM1 sample; shaded region
covers ±5% of measured value. Mie theory computations of volume equivalent sizes (white and brown
lines) were processed using the measured aerodynamic size distribution, measured density (2.48 g-cm−3),
and a wide range of real refractive indices. Each computed line has a specific imaginary refractive index
(k) and dynamic shape factor (χ∗) as noted in the legend. Intersections of computed white lines with the
measured extinction line indicate that χ∗ ≥ 1.2.

Likewise, if ρ is unknown we can set ρ∗ = (ρ/χ∗) and express Equation (8) as

rev = ra

√
1

ρ∗ . (9)

In this case, we adjust ρ∗ to determine the maximum ρ∗ that is consistent with the measured size
distribution and extinction. Results for both χ∗min and ρ∗max for some samples are shown in Table 4.
These parameters can be used to convert aerodynamic size distributions to equivalent-volume size
distributions that are consistent with the CAPS extinction measurements. However, since χ∗min and ρ∗max
represent lower and upper bounds and do not precisely represent χ and ρ, the resulting equivalent-volume
size distributions are not necessarily correct. Nonetheless, using values of χ ≥ χ∗min and ρ ≤ ρ∗max
guarantees size distributions that are consistent with the extinction measurements and provides an
indication of whether the GRASP retrieval is consistent with the aerodynamic size measurements.
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Table 4. Bulk densities (ρmeas, g-cm−3) measured using the densimetry technique and corresponding
minimum dynamic shape factors (χ∗min) required to produce Mie theory extinctions from aerodynamic
particle size for several of the tested samples with two different size cuts (PM1 or PM2.5). Dried samples are
presented in the left columns and samples humidified to 80+% are provided in the right column. Maximum
ρ∗ (defined as ρ∗ = [ρ/χ∗], g-cm−3) that produce Mie theory extinctions from aerodynamic particle size
are also shown. GRASP residuals for all samples are ≤ 8%, except for Brown Ocher and the hematites.

Sample RH PM ρmeas [ρ∗]max χ∗
min Sample RH PM [ρ∗]max

Mt. St. Helens dry 2.5 2.48 2.25 1.10 Mt. St. Helens wet 2.5 2.30
Mt. St. Helens dry 1.0 2.48 1.98 1.25 Mt. St. Helens wet 1.0 1.80
Eyjafjallajokull dry 2.5 2.16 2.16 1.00 Eyjafjallajokull wet 2.5 2.80
Eyjafjallajokull dry 1.0 2.16 2.16 1.00 Eyjafjallajokull wet 1.0 2.20
Puyeheu dry 2.5 1.84 1.84 1.00 Puyeheu wet 2.5 2.30
Puyeheu dry 1.0 1.84 1.84 1.00 Puyeheu wet 1.0 1.90
Fuego Volcano dry 2.5 2.36 2.36 1.00
Fuego Volcano dry 1.0 2.36 2.15 1.10
Pinatubo dry 2.5 2.20 2.10 1.05
Pinatubo dry 1.0 2.20 1.83 1.20
Gulagong dry 2.5 2.40 2.18 1.10
Spurr dry 2.5 2.60 Spurr wet 2.5 2.60
Spurr dry 1.0 2.10
Negev Desert, Israel dry 2.5 1.90 Negev Desert, Israel wet 2.5 1.80
Senegal dry 2.5 1.80 Montmorillonite SCa-3 wet 2.5 1.50
Brown Ocher (Goethite) dry 2.5 3.67 2.22 1.65
Brown Ocher (Goethite) dry 1.0 3.67 1.93 1.90
PTI Hematite dry 2.5 5.86 4.19 1.40
PTI Hematite dry 1.0 5.86 3.45 1.70
Blue Ridge Hematite dry 2.5 3.19 1.82 1.75
Nicosia Yellow Ocher dry 2.5 1.40
Mont. STx, 150 Mm−1 dry 2.5 1.60
Ashrae #2 dry 1.0 1.10
Hectorite dry 1.0 1.50

4.4. Statistical Comparison of Size Distributions

We are now able to compare the GRASP size distributions to the equivalent-volume size distributions
inferred from the APS measurements. We begin by presenting the respective size distributions for a
single run in Figure 8. Here, we see that both the GRASP and APS methods indicate similar peak mode
radii, but that GRASP infers a lower peak volume concentration and a significantly higher mode width
than the APS measurement. We found this type of behavior to be rather typical of our observations,
as discussed below.

To compare multiple size distributions, though, we need a simple way of characterizing the size
distributions with a couple of parameters. The effective radii (re f f ) and effective widths (ve f f ) of size
distributions are recognized as the best parameters for determining the radiative impact of particle size
distributions (e.g., [66,91]):

re f f =
∫ dV

d ln r
d ln r

/ ∫ dV
d ln r

d ln r
r

(10)

and

ve f f =
∫ (r− re f f )

2

r
dV

d ln r
d ln r

/( ∫ r2
e f f

r
dV

d ln r
d ln r

)
. (11)

Note the spuriously high value of dV/d ln r in the lowest-radius bin of the in situ measurements in
Figure 8, which often occurred during the STEAR experiment. This spurious behavior occurs because the
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lowest-radius bin captures all particles smaller than a certain size; consequently, this bin has a larger bin
width than all the other bins. Therefore, particle volumes cannot be computed accurately for the particles
in that bin, so we do not include the first APS bin in the effective radii and effective variance calculations
of Equations (10) and (11). We also adjust the lower integration limit of the GRASP size distributions to
match the in situ lower limit (for Figure 8, this is 0.19 µm) so that both methods cover the same range of
particle sizes.

Mt. St. Helens Volcanic Ash
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Figure 8. Comparison of retrieved size distribution (GRASP) with APS measurements of equivalent volume
spheres for dry PM1 volcanic ash that was erupted from Mount St. Helens. The GRASP size distribution
was obtained using a simulated solar zenith angle of 50◦, and the APS aerodynamic size measurements were
converted to equivalent volume spheres using a dynamic shape factor of χ∗ = 1.25; this is the minimum
χ-value consistent with Mie theory and extinction measurements (as discussed in Section 4.3). Relative bias
of the GRASP effective variance with respect to APS measurements for this case is 2.94, which is close to
the average variance bias of 2.80 shown in Table 3 at θ◦ = 50◦.

We compare GRASP effective radii and variances (with a simulated θ◦ = 50◦) to equivalent-volume
effective radii and variances in Figures 9 and 10, using χ∗ = χ∗min or ρ∗ = ρ∗max to convert aerodynamic
size to equivalent volume size. Linear regression statistics for the effective radius and effective variance
comparisons are shown in Table 3 for θ◦ = 50◦, θ◦ = 77◦, and 1-degree sampling. Here we see that the
absolute bias of the effective radius ranges from −0.051 to −0.091 µm and that the absolute relative bias
is always less than 22%. (Please note that the subsampled GRASP retrievals that simulate AERONET
produce lower biases than the 1-deg sampling.)

The GRASP size distributions are significantly wider than the APS values, however, and Table 3
indicates that the GRASP ve f f has relative biases of 280–324% for our three sampling schemes.
Both AERONET retrievals and in situ measurements have significant uncertainties regarding variances,
but the variance biases that we measured seem to be larger than those found during field campaign
comparisons of AERONET with in situ measurements [92–95]. We note that the variances retrieved with
GRASP are quite stable when using the a priori smoothness constraints that we have chosen, and that
when those constraints are relaxed, the size distributions exhibit unrealistic oscillations. This means that
there are smoothing effects associated with the fundamentals of light scattering by ensembles of particles,
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and a fundamental bias to larger variances for the GRASP technique may indeed exist. However, the in situ
methods also rely upon several assumptions (especially for non-spherical particles) and this contributes
to the bias as well (see, for example, Reid et al., 2003, for a discussion about measurement assumptions
required for in situ observations of irregularly shaped particles [92]).
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Figure 9. GRASP effective radius (subsampled to an equivalent solar zenith angle of 50◦) vs. APS
equivalent-volume effective radius using variable dynamic shape factors or densities for the conversion
from aerodynamic size to equivalent volume size. Red square and error bars represent means and two
standard deviations of the means for the blue points. Solid line is 1:1 and dashed line represents linear
regression; see Table 3 for regression statistics.
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Figure 10. GRASP effective variance (subsampled to an equivalent solar zenith angle of 50◦) vs. APS
equivalent volume variance using variable dynamic shape factors or densities for the conversion from
aerodynamic size to equivalent volume size. Red square and error bars represent means and two standard
deviations of the means for the blue points. Solid line is 1:1 and dashed line represents linear regression;
see Table 3 for regression statistics.
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We also compare the total aerosol volumes (or integrated size distributions), which is an underused
parameter in the AERONET database. Aerosol volume is important because it provides a link to the
mass-based emissions that are the starting point for all aerosol transport models. Although many aerosol
transport models produce the correct AOD(550), they do not necessarily produce the correct column mass
load. (Correct modeled AOD with incorrect column mass load occurs when size distribution assumptions
in the model are incorrect). The AERONET aerosol volumes, on the other hand, are constrained by
AOD and the scattered radiation field. Taken together, AERONET AOD and aerosol volume offer a pair
of constraints that could improve the size distribution and refractive index assumptions in the models.
Modelers who can reliably produce the AERONET aerosol volumes can argue that their modeled column
aerosol mass is consistent with the measured radiation field.

The results of the aerosol volume comparison are shown in Figure 11 and statistics are provided
in Table 3. The correlation coefficient is greater than 0.84 and the relative bias is less than 16% for both
simulated solar zenith angles (50◦ and 77◦). This indicates that the GRASP retrieval provides reliable
aerosol volume concentrations when configured for the AERONET viewing geometries, and that the
integrated size distributions can be used with confidence as a validation parameter for aerosol transport
model simulations.
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Figure 11. Total aerosol volume for GRASP and APS equivalent volume spheres. GRASP retrievals
subsampled to an equivalent solar zenith angle of 50◦; APS sphere sizes determined using χ∗min or ρ∗max.
Red square and error bars represent means and two standard deviations of the means for the blue points.
Solid line is 1:1 and dashed line represents linear regression; see Table 3 for regression statistics.

5. Discussion

5.1. GRASP Imaginary Refractive Index as an Indicator of Aerosol Absorption

The imaginary refractive index of a material is an intrinsic parameter that is directly related to the
bulk absorption coefficient (e.g., [96–98]). We test the ability of the GRASP algorithm to quantify aerosol
absorption by comparing the GRASP imaginary refractive indices to in situ SSA measurements (expecting
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a strong anti-correlation). We tested 89 samples that included various proportions of soot and fullerene
mixed with ammonium sulfate, ammonium nitrate, and mineral dust, adjusting the carbonaceous fraction
to achieve SSAs between 0.78 and 0.98. We found the GRASP imaginary refractive index to be highly
anti-correlated with the in situ SSA (r = −0.964), as shown in Figure 12. We conclude that the GRASP
imaginary index can be used to determine bulk aerosol absorption properties that are consistent with in
situ SSA measurements.
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Figure 12. Imaginary refractive index for 89 samples that have residuals σ ≤8%, plotted against
single-scatter albedo (measured with CAPS extinction and PSAP absorption). Data are color-coded with
the effective radii of equivalent volume spheres (EVSs) computed from aerodynamic size using the method
outlined in Section 4.3 to obtain dynamic shape factors. A simulated solar zenith angle of θ◦ = 50◦ was
used for the GRASP imaginary index retrieval. Solid line is a linear regression with correlation coefficient
of cc = −0.9092. Please note that the color code indicates that ω◦ tends to decrease with respect to Re f f for
a given k-value.

The advantage of using refractive index to understand inherent aerosol properties over SSA is that
the refractive index does not depend upon the size of the particles. That is, even though SSA is often
used as an indicator of intrinsic aerosol absorption, it is not a truly intrinsic aerosol parameter. This is
because the SSA depends upon the size of the particles as well as the absorption. The variability of
SSA with particle size also manifests itself in Figure 12, which shows significant spread in SSA for a
given imaginary refractive index; the color code in that figure indicates that large particles generally
have lower SSAs than the small particles. Since any internal mixture of aerosol components has a certain
imaginary refractive index, one must also conclude that a range of SSAs also occur for a given aerosol
mixture. This confounds attempts to characterize aerosol composition (e.g., the relative contribution of
carbonaceous or dust particles) solely based on the AERONET SSA retrievals.



Remote Sens. 2019, 11, 498 24 of 32

5.2. AERONET Absorption bias

Figures 4 and 5, and Table 2 indicate that the SSA inferred by the GRASP/AERONET algorithm
has a high bias of 0.024–0.036 when compared to in situ measurements, indicating that the AERONET
algorithm might not be capturing enough absorption in the global data product. On the contrary,
Andrews et al., 2017 [18] found a low bias of AERONET ω◦ retrievals with respect to in situ aircraft
measurements, especially at low AODs. AERONET retrievals of ω◦ are also biased low of global aerosol
models as well [26,34]. Since AERONET is biased low of both in situ measurements and global aerosol
models, there is a concern that the AERONET retrievals might be indicating too much absorption [35].

However, most (if not all) comparisons of aerosol absorption with AERONET retrievals include
Level 1.5 retrievals with AOD(440) < 0.4 (in addition to the high-quality Level 2.0 retrievals that are
not available at low AOD). These low AOD retrievals are known to have substantially more noise than
the Level 2.0 retrieval products, but the low AOD are still used because their omission would skew the
average AAODs to inappropriately high values. The rationale is that the average values of the Level 1.5
retrievals at low AOD might be correct, even though individual retrievals can be unrealistic. However,
Bond et al. 2013 [35] point out that the AERONET retrievals are capped at ω◦ ≤ 1 (see their Appendix B),
and that the resulting distribution of ω◦ at low AOD is not Gaussian. Consequently, this causes a low bias
in the retrieved ω◦.

We are unable to address the low AOD issue with this study. The GRASP/AERONET retrievals
presented in Section 4 have the benefit of strong signal-to-noise ratios (SNRs) that are not always possible
to obtain with field measurements. Please note that the minimum extinction coefficient with an acceptable
residual (i.e., σ ≤ 8%) in Figure 2 is 45 Mm−1, and the median extinction of the data points with acceptable
residuals is 388 Mm−1. We also note that the median PSAP absorption coefficient consistent with our
residual requirement is 14.1 Mm−1, and 98% of the absorption coefficients are greater than 1 Mm−1.
Thus, the aerosol loading in our experiment is substantial enough to quantify ω◦ using both the GRASP
algorithm and the in situ instrumentation, but we cannot claim to have evaluated the AERONET retrievals
in circumstances with low AOD. Indeed, a low-AOD assessment of the AERONET algorithm is not
possible using our experimental apparatus, since instrument sensitivity is so important at low SNR and
our instrumentation is different than the AERONET field instruments.

5.3. Caveats

The successful results shown here are “necessary but not sufficient” proof that the AERONET
retrievals (or any other aerosol retrieval) works correctly. That is, our experiment fulfills some of the
validation requirements for column aerosol retrievals, but not all of them; this is because the geometry of
our experiment is not an exact imitation of the atmosphere or the AERONET instruments. The sensitivity
and calibration of our in situ measurements is different than the AERONET Cimels, and our experiment
does not suffer complexities associated with a multiple-scattering atmosphere that could possibly contain
clouds [99,100]. Modern radiative transfer models are sophisticated enough that computation of clear-sky
radiances can be done with confidence, though, [101,102], so the lack of a multiple-scattering atmosphere
in these comparisons is no longer a major issue.

Additionally, there is a wavelength mismatch between the PI-Neph (0.473, 0.532, and 0.671 µm)
and the AERONET instrument (0.440, 0.670, 0.870, 1.020 µm), and a particle size discrepancy between
our experiment (max diameter ∼2.5 µm) and the AERONET retrievals (sensitive up to 15 µm radius).
Admittedly, we have not proven anything about the ability to retrieve coarse mode radii larger than
∼1.25 µm than with this experiment—that must be left to future experiments using longer wavelengths
and larger inlets. However, the wavelength range that we are using provides plenty of sensitivity to the
aerosol distributions observed in our experiment.



Remote Sens. 2019, 11, 498 25 of 32

Finally, our in situ measurements were performed at a static location and benefited from high
frequency sampling that was averaged over 10–20 min to vastly improve SNRs; atmospheric remote
sensing does not have this luxury because of relatively slow scan times for the AERONET instruments and
the rapid speed of the satellite instruments. Satellite retrievals are also susceptible to rapidly changing
surface albedos as the spacecraft moves over land.

6. Conclusions

We have created a laboratory experiment to evaluate the fidelity of the core AERONET retrieval
algorithm using the GRASP retrieval algorithm. That is, we measured the extinction and angular
dependence of scattering of real aerosols while simultaneously measuring aerosol microphysical and
optical properties with conventional in situ techniques. Importantly, we subsampled our scattering
measurements to match AERONET’s sampling at solar zenith angles of 50◦ and 77◦ (this brackets the
range of allowed θ◦ for Level 2.0 AERONET almucantar scans), and limited our analysis to retrievals with
residuals less than 8% in order to maintain consistency with AERONET Level 2.0 processing. We then
compared the aerosol microphysical and optical properties inferred by the GRASP algorithm to the
same properties measured with in situ instruments. We contend that this is a more robust method for
determining retrieval algorithm performance than theoretical sensitivity studies, which require simplified
aerosol microphysics to compute the scattered radiation fields. Overall, we generally found positive results.

We found that the GRASP-retrieved SSA (ω◦) has a high absolute bias of about 0.024 with respect
to in situ measurements of absorption and extinction. (The bias is slightly higher when the in situ ω◦
measurements are based upon scattering and extinction, but this in situ method sometimes indicated
ω◦ > 1.0, casting doubt upon the reliability of this approach.) This result contrasts the low ω◦ bias that
was observed when AERONET was compared to flight measurements [18], but we attribute the low ω◦
bias of [18] to the low AODs that dominated those measurements. We also note that the GRASP-retrieved
imaginary refractive index is highly correlated with the in situ SSA (cc = −0.9092), as expected.

The retrieved bistatic LiDAR ratio at a scattering angle of Θ = 173◦ has an absolute high bias of 1.79 to
7.89 sr and a relative bias of 2–10% with respect to CAPS extinction and PI-Neph scattering measurements,
depending upon the simulated solar zenith angle.

The effective radius of the retrieved size distributions has a low absolute bias of 0.05 µm and a low
relative bias of 13% with respect to aerodynamic particle size measurements adjusted to determine the
EVS radii. The retrieved size distributions are significantly wider than the aerodynamic measurements,
however, indicating a relative bias of up to 280% for the effective variance. The retrieved size distributions
have maximums at lower values than the EVS, though, so that the total aerosol volume of the simulated
AERONET size distributions are biased high of the EVS by less than 16%.

Perhaps the most significant feature of this work is that the phase functions are generated with
real aerosols, rather than using theoretical values from a forward scattering model. Forward scattering
computations are valuable for understanding the scattering properties of aerosols, but computational
speeds are slow for complicated morphologies; consequently, the scope of non-spherical scattering
studies is necessarily limited. Although our apparatus cannot mimic all aspects of the instruments
and measurements associated with actual remote sensing, the technique presented here is an important
component of a multi-pronged effort for validating column aerosol retrievals in a statistically robust
manner (in addition to in situ measurements and model sensitivity studies). That is, if a retrieval algorithm
cannot provide accurate microphysical properties for real aerosols using data from a controlled laboratory
experiment, then it certainly will not be able to provide accurate results based upon atmospheric radiance
measurements. Given the minuscule cost of a laboratory experiment in comparison to the cost of a



Remote Sens. 2019, 11, 498 26 of 32

satellite mission, laboratory experiments with real particle populations that mimic future satellite viewing
geometries should be an integral part of any aerosol remote sensing project.

Supplementary Materials: The GRASP algorithm is publicly available at http://www.grasp-open.com/. Data for
the in situ measurements that are maintained by the Langley Aerosol Group (LARGE) are available at https://science.
larc.nasa.gov/large/data.html.
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