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A new algorithm is described for joint retrievals of the aerosol optical depth and spectral

absorption from EPIC observations in the UV—Vis spectral range. The retrievals are

illustrated on examples of the wildfire smoke events over North America, and dust storms

over greater Sahara region in 2018. An initial evaluation of single scattering albedo (SSA)

at 443 nm over these regions shows a good agreement with AERONET data, generally

within the uncertainty of AERONET SSA of ± 0.03. A particularly good agreement is

achieved for dust with R∼0.62, rmse∼0.02, negligible bias, and 85% points within the

expected error. This new capability is part of version 2 MAIAC EPIC algorithm. The v2

algorithm has recently completed reprocessing of the EPIC record covering the period

of 2015–2020.
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INTRODUCTION

Absorption is an important aerosol property determining, along with its total loading,
aerosol-radiation and aerosol-cloud interactions (Boucher et al., 2013). High natural variability and
lack of detailed knowledge of aerosol absorption make it one of the largest sources of uncertainty in
assessments of aerosol direct radiative effects (DRE) (Samset et al., 2018; Thorsen et al., 2020) and
in current climate projections (IPCC: Climate Change, 2013). Information on spectral dependence
of aerosol absorption provides a pathway to the speciation of absorbing aerosol components and
chemical composition analysis (e.g., Schuster et al., 2016; Li et al., 2020b). The latest climate
multi-model analysis showed that uncertainties in the mineral dust iron content give rise to∼85%
uncertainty of dust DRE estimates by the models (Li et al., 2020a). Composition analysis of aerosol
particles and investigation of toxicity and adverse health effects of different components is a central
goal of the future NASA MAIA (Multi-Angle Imager for Aerosols) mission (Diner et al., 2018).

Historically, the Total Ozone Monitoring Sensor (TOMS) and Ozone Mapping Instrument
(OMI) were the first spaceborne instruments providing initially qualitative, in form of UV Aerosol
Index (UVAI) (Herman et al., 1997; Torres et al., 1998), and later quantitative information on
aerosol absorption for cloud-free conditions (Torres et al., 1998, 2002, 2007, 2013, 2018; Ahn et al.,
2014; Jethva et al., 2014), and most recently for the characterization of aerosol above clouds (Torres
et al., 2012; Jethva et al., 2018). The UV channels of these sensors were the key for two main
reasons: (i) the surface is significantly darker than in the visible range, which reduces the respective
uncertainty, and (ii) higher Rayleigh and aerosol optical depth in the UV increases sensitivity to
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absorption via increase in the multiple scattering of light. On the
other hand, the UV range adds the uncertainty due to the aerosol
layer height sensitivity (Torres et al., 1998, 2013) which plays only
a minor role at longer wavelengths in the visible and near-IR.

The present OMAERUV algorithm of Aura/OMI retrieves
aerosol optical depth (AOD) and single scattering albedo (SSA)
using two channels, i.e., 354 and 388 nm. The algorithm relies
on an ancillary data on spectral dependence of absorption
compiled from different sources, including lab measurements
(Jethva and Torres, 2011) and seasonal/regional climatological
aerosol height from CALIOP CALIPSO observations (Torres
et al., 2013). Because of the aerosol height sensitivity, the
product is reported for several effective heights (0, 1.5, 3, 6,
and 10 km). OMAERUV is currently the baseline algorithm used
to process data from several instruments having UV capability,
including DSCOVR/EPIC, OMPS on SNPP platform, as well as
S5p/TropOMI (Torres et al., 2020), and GEMS (Kim et al., 2020)
imaging spectrometers.

The near-simultaneous multi-angle imagery (e.g., MISR)
extends the range of measurements and provides an additional
information on aerosol particle size, shape and absorption
(Kahn et al., 2010; Kahn and Gaitley, 2015). Finally, with
adding the polarization dimension, the multi-angle spectro-
polarimetric missions in development, such as MAIA (Diner
et al., 2018), multi-angle polarimeters on PACE (Remer et al.,
2019), or EUMETSAT EPS-SG/3MI (e.g., Fougnie et al.,
2020), are expected to provide the most advanced global
aerosol characterization including spectral refractive index, AOD
and size distribution, as demonstrated by the processing of
POLDER/PARASOL observations (Chen et al., 2020) with the
Generalized Retrieval of Atmosphere and Surface Properties
(GRASP) (Dubovik et al., 2011) algorithm.

In this work, we present a new approach to derive AOD
and spectral aerosol absorption from observations of the Earth
Polychromatic Imaging Camera (EPIC) onboard the Deep Space
Climate Observatory (DSCOVR) satellite located at Lagrange-1
(L1) point. Due to DSCOVR’s unique orbit, EPIC continuously
observes the entire sunlit side of the Earth in 10 narrowband
channels (317, 325, 340, 388, 443, 551, 680, 688, 764, and 779 nm)
and provides 10–12 observations for the same surface area from
dawn to dusk in summer, and 6–7 images in winter (Marshak
et al., 2018). Given a reliable characterization of spectral surface
reflectance by MAIAC, a well-calibrated set of EPIC’s visible (443
and 680 nm) and UV channels (340 and 388 nm) offers a unique
opportunity to simultaneously retrieve both optical depth (AOD)
and spectral absorption of aerosols.

Below, the new approach to derive AOD and spectral aerosol
absorption from EPIC is presented in section MAIAC EPIC
Processing Algorithm. Analysis of the global EPIC dataset for
2018 is provided for both biomass burning smoke and mineral
dust in sections Retrieval Examples From EPIC and AERONET
Validation. AERONET (Holben et al., 1998) validation of single
scattering albedo at 443 nm (SSA443) shows a good correlation
and retrieval accuracy comparable with AERONET product
uncertainty. This approach is a part of the v2 MAIAC EPIC
atmospheric correction algorithm described in detail in a
companion paper (Lyapustin et al., submitted).

MAIAC EPIC PROCESSING ALGORITHM

The current development takes advantage of the baseline EPIC
MAIAC algorithm over land, which includes cloud detection,
characterization of spectral regression coefficients (SRC), aerosol
retrievals with regional background aerosol models, and
atmospheric correction resulting in surface reflectance and
parameters of spectral bidirectional reflectance distribution
function (BRDF) model. Below, we provide a brief outline of the
standard MAIAC algorithm relevant to sections AOD - Spectral
Absorption Algorithm to Detection of Smoke and Dust that
introduce the new flexible inversion algorithm.

Outline of MAIAC Algorithm
MAIAC relies on a dynamic time series analysis, which helps
separate relatively static surface properties from aerosols and
clouds that are changing rapidly over time. Observing the same
surface area over time requires resampling data on a regular
spatial grid. In v2 MAIAC, we introduced a rotated Sinusoidal
projection that minimizes spatial distortions (for detail, see
Lyapustin et al., submitted). The original nadir spatial resolution
of EPIC is 8 km in the Blue band (443 nm) and 16 km in other
bands due to 2× 2 onboard aggregation. To raise the probability
of cloud detection and capture maximal aerosol variability, we
grid EPIC data to 10 km resolution. This results in oversampling
in all bands except 443 nm, but the overhead in processing is
minor given current computing resources. For simplicity, the
fixed grid cells are called “pixels” further on.

MAIAC cloud detection includes several steps. It starts with
traditional pixel-level spectral tests, including (1) the bright cloud
test based on fixed thresholds; (2) 3 × 3 standard deviation test
using pixel-specific thresholds, and (3) oxygen A and B-band
test for high clouds. The next level of cloud detection follows
aerosol retrievals: it filters high AOD values in 25 × 25 pixels
window using threshold being a function of the cloud fraction
in the spatial window. The final detection of residual clouds
takes place during the atmospheric correction, and is based on
the known spectral BRDF for each land pixel. For instance, it
filters pixels when the derived reflectance at 443 nm exceeds the
BRDF model prediction by more than 0.05. The last two steps
provide a significant enhancement to the cloud mask. As a result,
despite the coarse spatial resolution and lack of thermal channels,
the overall achieved quality of MAIAC EPIC cloud detection is
satisfactory for aerosol retrieval and atmospheric correction.

Retrieving spectral regression coefficient (SRC) is a central
part of MAIAC that ensures separation of the surface
and atmospheric signals in the top of atmosphere (TOA)
measurements, and is required for aerosol retrievals over
different land surface types globally. SRC is retrieved for cloud-
free pixels as a minimum value for the ratios ρ443/ρ680, ρ388/ρ680,
and ρ340/ρ388, where surface reflectance (SR) ρ is a result of
Rayleigh atmospheric correction (for detail, see Lyapustin et al.,
2018). To account for the angular dependence, the ratios are
characterized in 4 bins of the cosine of solar zenith angle between
0.3 and 1, for the morning and afternoon observations separately.
Because of higher uncertainties of atmospheric correction at
340 nm, and large difference in reflectance at 340 and 680 nm, we
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use the ratio 340/388 nmwhich is derived from observations near
the local noon. Through these three ratios, we have an assessment
of SR at 340, 388, and 443 nm from themeasured 680 nm for each
10 km grid cell. Figure 1 gives an example of SRC for the North
American continent for August 2018.

Following the MAIAC MODIS algorithm (Lyapustin et al.,
2018), EPIC aerosol retrievals use eight prescribed regional
aerosol models to represent global variability of aerosol
properties over land. For cloud-free pixels, the surface reflectance
at 443 nm is estimated from the red band, as described above, and
AOD443 is derived by matching the measured TOA reflectance.
Finally, for low to moderate atmospheric opacity (AOD443 <

1.2),MAIAC performs atmospheric correction and derives BRDF
from the accumulated set of up to 80 previous observations at
different angles.

AOD - Spectral Absorption Algorithm
With the knowledge of surface reflectance, we can use the
Blue and UV channels to retrieve both AOD and spectral
aerosol absorption. As mentioned before, spectral dependence
of absorption carries information on particles chemical
composition, including black-brown carbon partitioning for
smoke, or hematite/goethite content for the mineral dust. In
this work, spectral absorption is represented by a conventional
power-law expression (e.g., Bond, 2001; Kirchstetter et al., 2004),

kλ= k0(λ/λ0)
−b for λ<λ0, and kλ= k0 for λ≥λ0, whereλ0=680nm(1)

where k is an imaginary refractive index. In the limit of small
(fine mode) particles, the spectral absorption exponent (SAE) b
is related to the conventional Absorption Angstrom Exponent
(AAE) that defines spectral dependence of the aerosol absorption
optical depth (AAOD) as b ∼ AAE-1. Below, the term SAE will
be used to denote exponent b for convenience.

We are using Levenberg-Marquardt optimal fit algorithm
(Marquardt, 1963) to derive the unknowns (AOD443, k0,
b) by matching EPIC TOA reflectance at 340, 388, 443,
and minimizing:

F2 =
1

N

∑

[

Lmλ − Ltλ
Lmλ

]2

= min{AOD443, k0, b}, (2)

where Lmλ and Ltλ are measured and theoretical values. The
retrievals are based on the look-up table (LUT) computed with
combination of vector code IPOL (Emde et al., 2015; Korkin
and Lyapustin, 2019) computing path reflectance and scalar
code SHARM (Lyapustin and Knyazikhin, 2002; Lyapustin, 2005)
generating atmospheric Green’s function, transmittance, and
spherical albedo.

The real refractive index (m) and size distribution for both
smoke and dust models are fixed. Specifically, the smoke model
uses m = 1.48 and a bimodal lognormal size distribution with
rvf = 0.14, σ vf = 0.4, rvc = 2.8, σ vc = 0.6, and Cvf/Cvc = 2.5.
Here, rv, σ v are the volumetric radius and standard deviation,
and Cv is the volumetric concentration for the fine (f) and coarse
(c) modes, respectively. The dust LUT uses model of randomly
oriented spheroids (Dubovik et al., 2006) withm=1.56, following

the dynamic model of Dubovik et al. (2002) for the Solar Village
site where the relative concentration of the coarse mode dust
grows rapidly with AOD.

The LUTs are generated on a 4 × 4 matrix of b = {0.1, 1.5,
3, 4} and k0 = {0.001, 0.006, 0.011, 0.016} for smoke and k0 =

{0.0006, 0.0014, 0.0022, 0.003} for dust. For each combination
of (k0, b), the standard sub-LUT is computed for 8 AOD443

nodes {0.2, 0.5, 0.8, 1.2, 1.8, 2.8, 4.2, 6.}, 18 values of cosine of
solar and view zenith angle from 0.15 to 1 with step 0.05, and 5
azimuths for the range 160–180◦ with step 5◦. The sub-LUT is
computed for 2 relative pressure levels, P = 1 and 0.7, for the
surface height interpolation.

Calculation of TOA reflectance for each nodal combination
(k0,i, bj, AODn) involves 4D-interpolation in view geometry and
surface pressure/height. Generating output for an arbitrary set of
parameters (k0, b, AOD) involves further tri-linear interpolation
over the respective nodes. The partial derivatives over these
parameters are also estimated using the neighbor nodes. Despite
this rather crude estimation of partial derivatives, the algorithm
generally features fast convergence on average within ∼1–3% of
the measurements. Overall, the developed LUT-based approach
is numerically optimized and very efficient, resulting only in
a fractional increase of the processing time compared to the
standard MAIAC EPIC algorithm.

Finally, to account for the dependence on the aerosol plume
height, we generated 2 smoke LUTs with an effective height at
1 and 4 km, generally representing the boundary layer aerosol
and the long-range transport. We make separate retrievals for
2 heights and report them for the biomass burning smoke. In
the v2 algorithm, the dust is represented by the boundary layer
aerosol only.

The described flexible inversion algorithm is applied when
AOD443 retrieved with the background aerosol model exceeds 0.6
or absorbing smoke or dust were detected (see section Detection
of Smoke and Dust). This cut-off was introduced based on
observation that our EPIC SSA443 retrievals are systematically
biased low at lower AOD compared to those for higher AOD
for the same events. A similar pattern is often observed in
AERONET inversion dataset, which points to a generic nature of
this artifact when, at lower AODwith higher role of uncertainties,
a better fit to the measurements is often achieved at higher
absorption. In certain cases, such pattern may, at least partially,
be explained by aerosol humidification at high relative humidity
accompanied by the increase of both AOD and SSA [e.g., Schafer
et al. (2014), Figure 12].

The described approach was developed for regions with pure
biomass burning or dust. A proper handling of cases with mixed
dust and biomass burning, prevalent, for instance, in sub-Saharan
Africa, will require further development.

Detection of Smoke and Dust
The OMI OMAERUV algorithm uses the UVAI to detect
absorbing aerosols, along with the ancillary AIRS (Atmospheric
Infrared Sounder) carbon monoxide (CO) serving as a
tracer of carbonaceous aerosols to separate from dust.
MAIAC uses a different, perhaps less flexible, approach
developed for MODIS, where dust is limited to known
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FIGURE 1 | SRC of the MAIAC EPIC algorithm for August 2018 for North America and Greenland (surface reflectance ratios): (A) 443/680; (B) 388/680; (C) 340/388.

Ratios (A,B) are shown for four cSZA bins labeled on the top from the morning on the left till the evening on the right. Ratio (C) is built from cloud-free measurements

within ± 2 h from the local noon.

FIGURE 2 | Illustration of flexible MAIAC EPIC retrievals for August 17, 2018. Shown are EPIC TOA RGB image, Aerosol Index (AI), and results of flexible retrievals for

smoke at 1 km effective height.

dust source regions (see Lyapustin et al., 2018), and the
smoke model is used globally elsewhere. Because cloud
edges and certain types of thin clouds often show spectral

signatures similar to those of dust, such an approach
was chosen in MAIAC to limit omission errors of cloud
detection globally.
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FIGURE 3 | Effect of assumed smoke height (1 or 4 km) on retrieved spectral absorption.

FIGURE 4 | Examples of flexible MAIAC EPIC retrievals for three different dust storms over Sahara region. The columns are the same as in Figure 2.

In v2 MAIAC EPIC algorithm, flexible inversion is performed
after cloud detection and standard aerosol retrieval with
associated residual cloud filtering. Designed to ensure high
quality of its main product—atmospheric correction—MAIAC

cloud filtering is rather conservative and often masks optically
thick smoke and dust. To avoid such filtering, v2 algorithm uses
AI > 4.5 for the initial identification of absorbing smoke. This
AI is generated internally, while the official UVAI EPIC product
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FIGURE 5 | AERONET validation of MAIAC EPIC AOD443 over North America in 2018. (A) standard MAIAC AOD (background model) for all 114 sites; (B) is equivalent

to (A) but for 103 sites with 11 bright sites excluded; (C) MAIAC AOD from flexible retrievals for 103 sites.

is reported by the EPIC aerosol algorithm [Marshak et al., 2018;
Ahn et al., in review]. While generally robust at moderate-to-
high values AI > 4.5–6, AI is often low for the weakly absorbing
smoke, e.g., from the Boreal forest fires or peat fires (e.g., Eck
et al., 2009, 2019) with AI∼1–2 where it cannot be used for
reliable separation from clouds. AI can also take high values
over some bright surfaces or over clouds, in particular at high
sun/view zenith angles.

To overcome these issues, we developed a separate, more
generic test for smoke detection. It relies on understanding
that due to progressively increasing multiple scattering toward
UV, aerosol absorption reduces atmospheric reflectance much
stronger at 340 nm compared to 443 nm. Thus, we make three
independent retrievals of AOD443 with the weakly absorbing
background aerosol model using observed reflectance at 443 nm
(τ 443443 ), 388 nm (τ 388443 ), and 340 nm (τ 340443 ). The surface reflectance
at each wavelength, required for AOD retrieval, is evaluated from
680 nm using MAIAC spectral ratios (SRC) (section Outline of
MAIAC Algorithm). Note that AOD is always reported at the
Blue band (443 nm, lower index) while the upper index indicates
the wavelength used to derive AOD443 from the measurements.
Spectrally increasing absorption caused by aerosol manifests in
the ratios τ 388443 /τ

443
443 and τ 340443 /τ

388
443 notably below 1, while over

non-absorbing clouds they are close to 1. Analysis of different
smoke events shows that threshold 0.8 for both ratios detects the
majority of smoke events even when the AI is low, and ensures
robust separation from clouds, thus complementing the AI-based
smoke detection.

We apply the described approach for dust detection in the
dust regions as well, but only when the surface is sufficiently
dark, or when the associated parameter AOD uncertainty (for
definition, see Lyapustin et al., 2018) is low (<0.1). Because most
world deserts are bright and a single-band, single-angle AOD
retrieval is unstable, we use the test AI > 3.5 as the baseline for
dust detection.

Below, we provide examples and AERONET validation
analysis for the wildfire smoke and mineral dust based

on processed EPIC 2018 data over North America and
Sahara/Middle East regions, respectively.

RETRIEVAL EXAMPLES FROM EPIC

Biomass Burning
With an overall increase in the wildfires over the last decades,
2018 witnessed a number of significant fire events, with the
largest in August on the West Coast and central USA and in
September in Alaska. In the first case, the smoke was injected
above the boundary layer and was transported across the USA,
reaching the East Coast.

Figure 2 shows an example of consecutive EPIC RGB images
andMAIAC products from flexible retrievals, including AOD443,
k0, b, and resulting single scattering albedo SSA443. One can
see that except extreme angles, the results are rather stable
with variation of the viewing geometry. At high zenith angles,
parameters b and k0 often change in the opposite directions, b
decreases and k0 increases while keeping SSA443 approximately
constant. The reported absorption values are typical and
agree well with the range of values reported in AERONET
climatological analyses (e.g., Giles et al., 2012).

The result in Figure 2 corresponds to aerosol in the boundary
layer (mean height of 1 km). Figure 3 compares retrievals for
smoke at 1 km and 4 km. The difference is significant. The higher
single scattering albedo at 4 km reflects an obvious fact that it
takes less absorption for the elevated smoke (with less Rayleigh
atmosphere above) to create the same reduction in the reflected
intensity as compared to the smoke near the surface. This is
supported by a notably lower baseline absorption k0 for smoke
at 4 km, which is a proxy of spectrally neutral component of
absorption, or a black carbon (e.g., Schuster et al., 2016). The
observed spectral dependence (SAE, or b) for the elevated smoke
may be smaller, similar, or larger than that at 1 km. For instance,
b4km is lower for August 13, but it is slightly higher for the August
16 and 17. Analysis of all large wildfires in 2018 observed by EPIC
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FIGURE 6 | Site-level AERONET validation of MAIAC EPIC SSA443 over North America in 2018 for the effective aerosol height of 1 km.

shows that SSA443 is always higher for the lofted smoke, inverse
being true for k0.

Thus, the role of aerosol height cannot be overestimated: not
only it changes the total aerosol absorption, by up to 0.02–0.05 for
SSA443 in cases considered, but it also affects the interpretation of
the results regarding aerosol chemical composition. For instance,
the lower baseline absorption (k0) and higher SAE for the lofted
smoke would be interpreted as less black andmore brown carbon
as compared to the boundary layer smoke.

Mineral Dust
North Africa is a very active part of the world responsible
for about 60% of the total global dust emissions (Tanaka and
Chiba, 2006). We selected three episodes shown in Figure 4.
The top row shows dust originating from the Bodélé depression

on January 1, 2018. Bodélé represents a dry salt lake bed
with very low hematite content or lack of thereof. It shows
a very low absorption (b, k0) and high SSA443∼0.94–0.96. It
is interesting to note that a separate dust source is located
right south of Bodélé with dust blown at a small angle (∼15◦)
to the main Bodélé source in the South-West direction. The
visual analysis shows that it has a yellow color in contrast
to Bodélé’s white dust. Figure 4 shows that EPIC resolves
higher absorption and lower single scattering albedo (by ∼0.03–
0.05) from this satellite source. Such difference in absorption
is distinct in the plume right at the source as well as in
the “dust cloud” several hundred km downwind, which was
emitted earlier.

The middle Figure 4 shows a dust mega-storm from Arabian
Peninsula covering nearly the entire Sahel region for several days
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FIGURE 7 | The same as Figure 6 but for the effective aerosol height of 4 km.

in late March–early May 2018. It features a moderate absorption
typical for most dust emission sources in Sahara. On March 30
shown here, the Bodélé source was also active. Mixing of the
respective white dust with the main dust plume shows as a well-
resolved reduction in the total absorption, especially visible in
lower SAE (b) and increased SSA.

Finally, the bottom row shows results for May 29 for the dust
storm in West Africa. It is characterized by the highest spectral
dependence of absorption (SAE) and lowest SSA in the Blue-UV
range, indicating enhanced hematite content.

These examples show that v2 MAIAC EPIC provides a new
information on spectral absorption with sufficient resolution and
accuracy to differentiate sources and a change of absorption
properties from the downwind mixing.

AERONET VALIDATION

To assess accuracy of the flexible retrieval algorithm, we
performed validation analysis using AERONET version 3 (Giles
et al., 2019) level 1.5 AOD data with improved cloud screening.
MAIAC EPIC AOD443 data were limited to cosines of view and
solar zenith angles above 0.45. We used average MAIAC AOD
collocated in space and time within± 20 km and± 30min for all
AERONET stations, respectively.

Biomass Burning
AOD validation for North America in 2018 shows correlation
coefficient R > 0.8 for most sites. An exception is the
Rocky Mountain region and south-west USA, where the
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FIGURE 8 | A summary AERONET validation of MAIAC EPIC SSA443 over North America in 2018 for the effective aerosol height of 1 km (A) and 4 km (B).

low background AOD and its low variability, exacerbated by a
bright surface, result in lower R-values and a bias of ∼0.15. This
is typical for all sensors, including MODIS [e.g., see validation
study by Jethva et al. (2019)]. It should be mentioned that
such conditions are particularly challenging for EPIC making
observations 4–16◦ from the retro-scattering direction where
surface brightness is near its peak due to reduced shadowing.
Figure 5 shows the summary validation ofMAIACEPICAOD443

over North America in 2018. The first scatterplot (a) shows
validation of standard MAIAC AOD (background model) for all
114 sites. The middle plot shows the same result for the reduced
number of 103 sites where 11 sites with bright surface were
excluded (Bakersfield; Goldstone; KeyBiscayne; Neon_ONAQ;
Railroad Valley; Sandila_NM_PSEL; TableMountain_CA;
Tucson; UACJ_UNAM_ORS; White_Sands_HELSTF; Yuma).
Located in arid regions with generally low cloudiness, these 11
sites contribute disproportionate ∼19% of the total matching
points. With this exclusion, plot (b) shows improvement in all
parameters of validation statistics. Finally, the last plot (c) shows
validation of MAIAC AOD from flexible retrievals for 103 sites.
In this case, we used results for the 1 km aerosol height, which
are not generally representative. Nevertheless, flexible retrievals
generally correct the low bias at high AOD values and raise R to
0.85 from 0.81.

Validation of the single scattering albedo is shown in
Figures 6, 7 for 17 AERONET/NEON sites with more or less
significant statistics of at least 5 points. To enhance matchups,
we extended the spatio-temporal range to ± 30 km and ± 3 h,
and require at least 50% valid MAIAC retrievals in the spatial
window. The results are shown in two groups, for aerosol at
1 km (Figure 6) and 4 km (Figure 7). Except Rexburg_Idaho and
Waskesiu representing the boundary-layer aerosol, all other sites

show a much better agreement with AERONET at 4 km, thus
representing lofted smoke. While most sites indicate a general
agreement with AERONET within stated uncertainty of ± 0.03,
several sites, such as Missoula, Table_Mountain, Neon_Cvalla,
Waskesiu (at 1 km) show a meaningful correlation.

A summary validation (Figure 8), representing points with
AOD443 > 0.6, once again confirms that for the most part, the
smoke was lofted. 73.6% of results at 4 km fall within the expected
error (EE) of± 0.03.

Mineral Dust
Validation of SSA443 over desert dust sites from North Africa and
partly, the Middle East, is shown in Figure 9. The collocation
criteria were similar to the smoke case but with AERONET
AOD0.44 > 0.4. Contrary to the analysis for smoke, the dust
sites show a significantly better correlation with AERONET.
More than half of 17 sites show a good correlation, whereas a
good general agreement within EE is seen for the majority of
sites. Among exceptions are Ilorin representing mixture of dust
and biomass burning, to some extent, Mongu which has mostly
biomass burning aerosol with some dust contribution, and
Cairo_EMA_2,where EPICmay have an issue of unresolved sub-
pixel water contribution combined with a few AERONET values
anomalously low for the pure dust. As v2MAIAChas dust at 1 km
effective height only, the good overall agreement with AERONET
indicates that the boundary layer dust provides a significant
contribution to the measured TOA radiance, complementing
that from the elevated dust layers playing an important role in
the dust transport across Atlantic. We plan to optimize reporting
layers for smoke and dust in the next version of algorithm based
on extended EPIC data analysis.
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FIGURE 9 | Site-level AERONET validation of MAIAC EPIC SSA443 over north Africa/Middle East in 2018.

Figure 10 displays the summary results. Plots (a) and
(b) show comparison with AERONET SSA using thresholds
AERONET AOD0.44 > 0.4 and > 0.6, respectively. Regarding
SSA, Jethva et al. (2014) suggested using the term “comparison”
rather than validation “because both inversion techniques involve
assumptions.” Using higher AERONET AOD cutoff filters a
number of low outliers in AERONET retrievals. This becomes
obvious when we exclude 2 sites with a poorer agreement,
Cairo_EMA_2 and Ilorin. The resulting plot (c) shows an
excellent agreement for SSA443 with R = 0.62, rmse = 0.021,
negligible bias, and EE= 85%.

Spectral Dependence of Absorption
Unlike the described validation of SSA443, a direct comparison
of spectral dependence of absorption against AERONET is

associated with much higher uncertainties. First, an assessment
of the AERONET inversion products (Dubovik and King,
2000) states a 30–50% accuracy for the imaginary refractive
index at AOD440 > 0.4, with uncertainties being higher for
the coarse mode dust and optically thin aerosols. Second, v2
MAIAC derives SAE (parameter b) from the 340–443 nm range,
whereas AERONET provides refractive index for the non-
overlapping range of wavelength range 440–1,020 nm. Both,
Extinction and Absorption Angstrom Exponents depend on
selected pair of wavelengths or spectral interval of evaluation
(e.g., Moosmüller and Chakrabarty, 2011), which should hold
true for the imaginary refractive index as well. Besides all that,
the curvature of absorption is higher in the UV for hematite (e.g.,
Sokolik and Toon, 1999; Wagner et al., 2012) and in particular
for brown carbon (e.g., Kirchstetter et al., 2004; Chen and Bond,
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FIGURE 10 | A summary AERONET validation of MAIAC EPIC SSA443 over North Africa/Middle East in 2018. Plots (A,B) represent all 17 sites with AERONET AOD440

> 0.4 and > 0.6, respectively. Plot (C) is equivalent to (B) but for 15 sites, with Cairo_ENM_2 and Ilorin excluded.

FIGURE 11 | A comparison of spectral dependence of absorption between AERONET and v2 MAIAC EPIC for smoke (top) and dust (bottom). The AERONET results

correspond to AOD440 > 0.4. The blue line on top, approximating MAIAC EPIC results, serves to illustrate the difference in absorption at 440 nm with AERONET.
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2010) as compared to the vis-NIR spectral range. For this reason,
we provide only a qualitative assessment of spectral dependence
of v2MAIACEPIC vs. AERONET. Following the idea of Figure 4
in Schuster et al. (2016), Figure 11 shows k440-k670 plots for the
North America smoke (top) and north Africa dust (bottom).
For AERONET, parameter b was computed with Eq. (1) from
the imaginary refractive index at 440 and 670 nm. In turn, EPIC
values k440, k670 were computed from (k0, b). In both cases, the
value of parameter b+1 is indicated by the color.

For both smoke and dust cases, EPIC data occupy a much
smaller range of values. The results for dust are quite similar with
AERONET. EPIC showsmore variation at 440 nm in comparison
to 670 nm than AERONET. On the other hand, AERONET has
data at k670 > 0.003 where EPIC has none. According to Schuster
et al. (2016), data points with high absorption in the Red-NIR
should represent a mixture of dust with carbonaceous aerosols.

In case of smoke, EPIC displays much higher values of SAE
(b) than AERONET, which is expected from the properties
of brown carbon where EPIC’ sensitivity to parameter b
mainly comes from the two UV channels. This is indicated
by both the color of points and the offset along the y-axis, as
illustrated by the blue line. Despite these expected differences,
this comparison indicates an overall robust performance of the
developed algorithm.

CONCLUSIONS

This paper described a new algorithm for joint retrievals of
the aerosol optical depth and spectral absorption from EPIC
observations in the UV–Vis spectral range. The retrievals were
illustrated on examples of the wildfire smoke events in North
America, and dust storms over the greater Sahara region in
2018. An initial validation of SSA443 over these regions shows
a good agreement with AERONET data, generally within the
uncertainty of the AERONET product of ± 0.03. For many
AERONET sites, in particular those influenced by dust, retrieved
SSA shows a good site-level regression with R∼0.5–0.8. This
fact is important given that it is easier to demonstrate good
correlation at continental or global scales due to a significant
variation of aerosol types and absorbing properties. Despite the
near-backscattering EPIC view geometry, generally unfavorable
for aerosol retrievals because of high surface reflectance, EPIC’s
high rate of observations providing good surface characterization
and a well-selected combination of UV-Vis bands allowed us to
achieve an overall good quality of aerosol characterization. The
global validation of v2 MAIAC flexible retrieval products based
on full EPIC record and comparison with other satellite datasets
will be provided elsewhere.

The described flexible inversion algorithm is part of the v2
MAIAC EPIC algorithm. The v2 re-processing of the full EPIC’s

record 2015–2020 has recently been completed and the products
will be released soon. The v2 dataset includes AOD443, SSA443,
SAE (or b), and k0 as part of MAIAC’s standard output provided
in HDF5 format. The results of flexible retrievals are reported
for two aerosol effective heights (1, 4 km) for smoke and for one
height (1 km) for dust. The full list of MAIAC EPIC products is
given in the companion paper of this Special Issue.

Current work points to two directions of high practical value,
which we plan to explore in our future research. The first
one is a simultaneous evaluation of the aerosol layer height
from EPIC’s A and B oxygen absorption bands. Although
Xu et al. (2017) developed aerosol height algorithm over the
dark ocean and Xu et al. (2019) demonstrated a possibility
of the wildfire smoke height retrieval over the vegetated land,
systematic and reliable aerosol layer height retrieval from EPIC
over land remains challenging. Such retrieval requires a good
cloud detection and knowledge of both surface reflectance and
optical properties of aerosol. This information is currently
provided by the v2 MAIAC algorithm. The second direction
relates to the aerosol speciation of the airborne smoke and
dust, based on spectral absorption. Such information would
complement current datasets from the AERONET inversion
products (Schuster et al., 2016) and from POLDER/PARASOL
measurement record processed by the GRASP Components
algorithm (Li et al., 2019).
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