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This study presents a comprehensive analysis of the monthly, seasonal, and
interannual variability of smoke aerosol properties over North America from
2016 to 2024, using data retrieved from the MAIAC algorithm applied to
NASA's EPIC instrument aboard the DSCOVR spacecraft. The MAIAC EPIC data
provide high-frequency, multi-year retrievals of key smoke properties, including
aerosol optical depth (AOD), spectral absorption, aerosol layer height (ALH), and
inferred black carbon (BC) and brown carbon (BrC) concentrations. The analysis
reveals strong seasonal and regional variations, with peak smoke activity
occurring in spring over Mexico and in summer over Canada and the western
United States. Canadian and Alaskan smoke plumes frequently reach higher
altitudes and exhibit elevated AOD, while smoke in Mexico tends to remain at
lower altitudes with notably higher BC concentrations, likely influenced by
smaller and lower-intensity fires and mixed biomass burning sources
(agriculture and forest). The eastern United States, as a downwind region,
shows increasing smoke influences, characterized by elevated ALH and rising
levels of AOD and absorbing aerosols. Most study regions show a significant
increase in smoke AOD (up to 5% per year in Canada), absorbing AOD, and BrC
concentrations, highlighting the growing impact of wildfires on atmospheric
composition and their potential implications for climate, air quality, and solar
energy resources. These findings underscore the utility of MAIAC EPIC
observations for monitoring multi-year smoke aerosol changes and for
assessing their environmental consequences.
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1 Introduction

Increasing frequency and intensity of wildfires, driven by accelerating climate change,
have resulted in substantial emissions of smoke aerosols, significantly affecting atmospheric
conditions worldwide, particularly over North America (Jones et al., 2024). Satellite
measurements over recent decades have clearly indicated rising aerosol emissions from
biomass burning and wildfires, as reflected in aerosol optical depth (AOD) records (e.g.,
Buchholz et al, 2022; Eck et al, 2023; Wang and Lyapustin, 2024). Surface PM,5

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frsen.2025.1654779/full
https://www.frontiersin.org/articles/10.3389/frsen.2025.1654779/full
https://www.frontiersin.org/articles/10.3389/frsen.2025.1654779/full
https://www.frontiersin.org/articles/10.3389/frsen.2025.1654779/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frsen.2025.1654779&domain=pdf&date_stamp=2025-09-09
mailto:myungje.choi@nasa.gov
mailto:myungje.choi@nasa.gov
https://doi.org/10.3389/frsen.2025.1654779
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org/journals/remote-sensing#editorial-board
https://www.frontiersin.org/journals/remote-sensing#editorial-board
https://doi.org/10.3389/frsen.2025.1654779

Choi et al.

concentrations declined between 2000 and 2016 due to reductions in
anthropogenic aerosol emissions but increased again from 2016 to
2022 as wildfire activity intensified, especially in the western U.S.
states (Wei et al., 2023; Burke et al., 2023). Burke et al. (2023)
projected that this upward trend in PM, 5 levels will likely continue
as rising temperatures and increasing aridity further impact forest
ecosystems. Heavy smoke also contributes to reduced surface
irradiance, thereby affecting the availability of solar energy
resources (Corwin et al, 2025). These findings underscore the
importance of establishing a long-term climatology of smoke
properties, including their temporal variability, based on reliable
measurements to more accurately assess the impacts of
climate change.

While smoke aerosols exhibit complex and highly variable
chemical composition, microphysical characteristics, and optical
properties depending on the ecosystem type and ambient
environmental conditions (Junghenn Noyes et al., 2022), analyses
of changes in smoke aerosols and their impacts across various
disciplines have largely relied on total aerosol loading (e.g., total
AOD), without incorporating detailed information on the
microphysical and optical properties of smoke particles.

Understanding the effects of smoke aerosols on the atmospheric
radiative balance, air quality, and public health requires long-term,
reliable satellite observations. Accurately inferring particle size,
absorption, and composition demands advanced satellite
measurement techniques and specialized retrieval algorithms. A
few studies have utilized such advanced observations to derive
detailed

characterizing smoke. For example, Junghenn Noyes et al. (2022)

aerosol optical and microphysical properties for
analyzed smoke aerosol properties retrieved from the Multi-angle
Imaging SpectroRadiometer (MISR), including particle size,
height, and

significant differences in smoke characteristics between fires in

absorption, and plume reported  statistically
forests and those in savannas and grasslands. Li et al. (2022)
provided a global climatology (2005-2013) of inferred aerosol
composition, including black carbon and brown carbon, from the
POLarization and Directionality of the Earth’s Reflectances
(POLDER) Generalized
Retrieval of Aerosol and Surface Properties (GRASP)-component
algorithm (Dubovik et al., 2014; Li et al., 2019). Long-term trends in

aerosol absorption properties derived from ultraviolet (UV) satellite

measurements processed with the

measurements, such as the UV aerosol index or single scattering
albedo, reflect shifts in aerosol composition. For example, Hammer
et al. (2018) identified positive trends in the UV aerosol index over
boreal forests in North America, which they attributed to increasing
total organic aerosol and brown carbon.

The Multi-Angle Implementation of Atmospheric Correction
(MAIAC) is an operational time series analysis approach designed
to separate the relatively stable contributions of surface properties
from the more rapidly varying atmospheric components, such as
aerosols and clouds. The standard MAIAC products, originally
developed for MODIS, include a detailed cloud mask, aerosol
properties such as AOD over land and ocean, and fine-mode
fraction over oceans, plume injection height, column water vapor,
and surface characteristics such as bidirectional reflectance factor
(BRF), scaled Ross-thick Li-sparse (Lyapustin et al., 2025)
bidirectional reflectance distribution function (BRDF), snow
fraction, and grain size (Lyapustin et al., 2011a; b, 2012; 2018).
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MATAC has since been extended to support VIIRS data (Lyapustin
et al., 2023).

NASA’s Earth Polychromatic Imaging Camera (EPIC), aboard
NOAA’s Deep Space Climate Observatory (DSCOVR) spacecraft,
has been operating since 2015, capturing the entire sunlit
hemisphere of Earth using ten narrowband spectral channels
ranging from UV to near-infrared, including oxygen absorption
bands (Marshak et al., 2018). The MAIAC algorithm has been
adapted for EPIC data to perform atmospheric correction
(Lyapustin et al., 2021b) and includes newly added capabilities
for retrieving aerosol properties from smoke and dust events
(Lyapustin et al, 2021a). In addition, major light-absorbing
components have been inferred: black and brown carbon for
smoke (Choi et al., 2024), and hematite and goethite for dust
(Go et al, 2022). For smoke aerosols, the retrieved optical
properties and aerosol layer height have been evaluated against
measurements from the Aerosol Robotic Network (AERONET) sun
photometers and the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), respectively, showing good agreement
with root mean square errors (RMSE) of 0.2 for AOD at
443 nm, 0.04 for single scattering albedo (SSA) at 443 nm,
0.02 for SSA at 680 nm, and 1.3 km for ALH over North
America (Choi et al., 2024).

Nearly a decade of EPIC measurements, processed with the
MATIAC algorithm, enables the characterization of global smoke
properties across multiple time scales, with frequent temporal
sampling (every 1-2 h during the daytime) comparable to that of
geostationary satellites. This high-frequency sampling, provided
by geostationary platforms or EPIC/DSCOVR, facilitates the
detection of highly variable diurnal aerosol changes, resulting
in improved daily representations with fewer spatiotemporal
gaps (Choi et al, 2019; Torres and Ahn, 2024). In this study,
we integrated MAIAC EPIC smoke properties, including AOD,
spectral absorption, aerosol layer height, and estimated black and
brown carbon, over North America for the period from 2016 to
2024. We then analyzed the geographical characteristics of smoke
properties across seasons, as well as monthly and interannual
variability, and statistically assessed temporal changes over the
study period across several study regions.

The remainder of this paper is organized as follows. Section 2
outlines the MATAC EPIC smoke property retrievals, the ancillary
datasets used, and the defined study regions across North America.
Section 3 presents the analysis of smoke properties across multiple
time scales, including their spatial distribution and seasonal,
monthly, and interannual variability, along with an assessment of
their short-term changes. Section 4 examines the sampling
characteristics of the MAIAC EPIC smoke retrievals. Section 5
concludes the paper with a summary of key findings and
final remarks.

2 Data and methods
2.1 MAIAC EPIC smoke properties
NASA’s Earth Polychromatic Imaging Camera (EPIC), aboard

NOAA’s Deep Space Climate Observatory (DSCOVR), has been
providing unique observations since 2015 from its position at the
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first Lagrange Point (L1), approximately 1.5 million kilometers from
Earth (Marshak et al., 2018). EPIC captures images of the entire
sunlit hemisphere of Earth every 1-2 h, acquiring approximately
10-12 observations per day during the boreal summer and
6-7 observations in winter. It is equipped with ten narrowband
spectral channels, with center wavelengths ranging from 317.5 to
779.5 nm, and provides a spatial resolution of approximately
8-16 km at nadir, which degrades toward the edges of the image.

MATAC EPIC products are processed on a rotational sinusoidal
grid at a 10 km spatial resolution, oversampling the original
measured pixels (Lyapustin et al, 2021b). In addition to the
standard atmospheric correction and AOD retrieval (Lyapustin
et al, 2018; 2021b), a dedicated retrieval process for absorbing
smoke or dust aerosols is applied to both land and ocean pixels
(Lyapustin et al., 2021a). This process provides AOD at 443 nm,
spectral absorption parameterized as the imaginary refractive index
at 680 nm (ko) and the spectral absorption exponent (SAE), as well
as aerosol layer height (ALH). The spectral imaginary refractive
index (k,) is defined by the following equation with k, and SAE:
ky = ko (%)_SAE,kA = ko for A=Ay, where Ay = 680 nm.

assumed microphysical properties, such as region-dependent

Given

particle size and real refractive index (spectrally invariant
value of 1.51), spectral SSA from UV to visible is also
provided. The particle size defined as
AV _ N2 Gy b

fd = D e

and coarse), r is the particle radius, ry; is the volume mean radius, o;

distribution s

, where i indicates each mode (fine

is the geometric standard deviation, c¢,; is the volumetric
concentration for each mode. For smoke aerosols over North
America, we assume a fine mode volume mean radius of 0.14 um
and a geometric standard deviation of 0.4 pm, a coarse mode
volumetric mean radius of 2.8 um with a geometric standard
deviation of 0.6 pm, and a coarse-to-fine volumetric
concentration ratio (Cy./Cyy) of 0.7. It is based on long-term
AERONET climatology and has been fine-tuned to optimize the
overall performance of the algorithm (Lyapustin et al., 2021a; Choi
et al, 2024).

concentration of light-absorbing aerosol components are inferred

Furthermore, the volume fraction and mass
from the retrieved spectral absorption: black carbon and brown
carbon for smoke (Choi et al., 2024); hematite and goethite for dust
(Go et al., 2022). The detailed smoke retrieval procedure, analyses of
severe smoke cases, validation against ground-based and satellite
measurements, and  integrated  regional  statistics  are
comprehensively described in Choi et al. (2024).

Notably, absorbing aerosols are identified using two main
criteria: (1) a UV Aerosol Index greater than 4.5-5.5, and (2) the
spectral shape of AOD from UV to blue wavelengths. The EPIC
MAIAC algorithm restricts dust retrievals to known dust source
regions, as described in Lyapustin et al. (2018), while the smoke
aerosol model is applied globally in all other areas. In regions near
dust sources where both smoke and dust may coexist, the algorithm
performs retrievals using both aerosol models and assigns the
aerosol type associated with the lower cost function. A detailed
description of this process is provided in Lyapustin et al. (2021a).

For the climatological analysis of the retrieved smoke properties,
x 0.5

latitude-longitude grids using an equidistant cylindrical projection

individual measurements were re-sampled onto 0.5°

and aggregated using area-weighted averaging. Only grids meeting
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the following conditions were included: at least 20% EPIC smoke
retrieval coverage, EPIC standard model AOD > 0.2, and solar or
view zenith angles less than 60°. To generate daily averages, additional
filtering was applied to exclude grids potentially affected by residual
clouds or high-uncertainty retrievals, based on MAIAC MODIS cloud
detection or MODIS AOD < 0.2. The MAIAC MODIS products used
for this additional filtering have a higher spatial resolution (1 km) and
utilize thermal infrared bands, enabling improved cloud screening and
more accurate AOD estimates (Lyapustin et al., 2018). It should be
noted that the standard model AOD is retrieved using a blue-band-only
inversion, in contrast to the multi-channel inversion used for smoke
retrievals. In the standard model AOD retrieval, a regionally fixed
aerosol model is applied for both atmospheric correction and AOD
estimation, which is the standard procedure in MAIAC processing
(Lyapustin et al., 2018; Lyapustin et al., 2021b). Monthly and seasonal
averages were calculated based on the daily mean data.

2.2 Other ancillary datasets

For a comprehensive interpretation of the study areas in terms of
surface and fire conditions, MAIAC EPIC Normalized Difference
Vegetation Index (NDVI), VIIRS/NPP fire detection, and maximum
fire radiative power (MaxFRP) data were integrated for the period
from 2015 to 2024, as shown in Figure 1. The MATAC EPIC product
suite provides various surface properties, including the bidirectional
reflectance factor, Lambertian surface reflectance, bidirectional
reflectance distribution function, and NDVI, as outputs of its
atmospheric correction process (Lyapustin et al., 2021b). Fire
detection and MaxFRP retrievals were specifically obtained from
the VIIRS/NPP Thermal Anomalies and Fire Daily L3 Global 1 km
SIN Grid V002 (VNP14A1.002) dataset (Giglio, 2003).

2.3 Study regions and periods

North America, comprising the U.S., Canada, and Mexico, was
selected as the study domain. To examine regional variations in
smoke properties, Canada, Mexico, and five regions within the U.S.
were defined for detailed analysis, as shown in Figure 1. The regions
of Alaska, the Northwest, Northern California, Southern California,
and the Eastern region were delineated based on the National
Geographic Area Coordination Center framework, which is
utilized by the Wildland Fire Data Management Program under
the National Interagency Fire Center. The first four U.S. regions
encompass major wildfire sources, while the Eastern subregion
primarily represents a downwind area influenced by long-range
smoke transport.

The mean NDVI for boreal forest regions (Canada, Alaska, the
Northwest, and Northern California) ranges from 0.4 to 0.6, while
Southern California (0.22) and Mexico (0.35) exhibit lower
vegetation cover. The dominant land cover type in wildfire-prone
areas of Alaska and Canada is boreal forest, which includes both
deciduous and coniferous forests. Wildfires in these boreal forest
regions typically show higher maximum fire radiative power
(MaxFRP): for example, Canada (73 MW), Alaska (72 MW), and
Northern California (72 MW), compared to lower values observed
in Mexico (40 MW) and the Eastern U.S. region (42 MW).

frontiersin.org
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FIGURE 1
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Geographical coverage of the study regions across North America, showing MAIAC EPIC Normalized Difference Vegetation Index (NDVI) (left panel),
VIIRS/SNPP fire detection (center panel), and the average maximum fire radiative power (right panel) from 2015 to 2024.
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Geographical distribution of seasonal MAIAC EPIC smoke properties, including the number of smoke retrievals, aerosol optical depth at 443 nm
(AOD443), single scattering albedo (SSA) at 443 nm and 680 nm, aerosol layer height above ground level (ALH a. g. l.), and mass concentration of black

carbon and brown carbon.
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FIGURE 3

Multi-year averages of monthly variations in MAIAC EPIC smoke aerosol optical depth at 443 nm (AOD443), single scattering albedo at 443 nm
(SSA443), absorbing AOD at 443 nm (AAOD,43), aerosol layer height (ALH) above ground level, and black carbon (BC) and brown carbon (BrC) mass
concentrations. Circles indicate the means of the multi-year monthly values, and whiskers represent the corresponding spatial standard deviations. Note
that each region is slightly time-shifted to allow clearer visual discrimination.

We defined the major smoke months for analysis by considering
both the known regional burning seasons and statistics from EPIC
smoke Alaska;
January-August for Mexico; April-August for the Eastern region;

retrievals, as follows: May-September for
and April-October for the other regions. The analysis period
encompasses 8 years of continuous EPIC measurements from
2016 to 2024, excluding 2019, which is significantly incomplete

due to an 8-month data outage from June 2019 to February 2020.

3 Results

3.1 Geographical distribution of smoke
properties

Smoke aerosols over North America are most prevalent from
boreal spring through fall (Figure 2). In particular, a high number of
smoke retrievals, ranging from approximately 200 to over 300 days
per season across the 8-year study period, were observed over
Mexico during spring. This period coincides with the region’s hot
and dry season, during which both natural wildfires and agricultural
burning occur annually. The typical smoke characteristics in this
region are moderate AOD (at 443 nm unless otherwise specified)
around 0.5-0.6, weak spectral absorption, and low ALH near the
surface. During summer, the overall smoke properties remained
similar, although the number of smoke retrievals decreased.

Frontiers in Remote Sensing

Based on the number of detected wildfires and smoke retrievals,
smoke events occurred less frequently in Canada, Northwest, and
Northern California regions. However, these events exhibit broader
spatial coverage. They are also associated with higher mean smoke
AOD values exceeding 1 and elevated smoke plumes, with ALH
greater than 3 km above ground level. Severe wildfires in these
regions, including those in Alaska, often release sufficient thermal
energy to inject smoke into the free troposphere. These high-altitude
plumes are frequently transported eastward by the jet stream to
downwind regions (e.g., Ceamanos et al., 2023). Peat burning,
another significant source in Alaska and northern Canada, can
result in low-altitude smoke containing very weakly absorbing
aerosols (Turquety et al, 2007; Eck et al., 2009), but it was not
prominent in the climatological ALH analysis. The number of
smoke retrievals increased from spring to summer, the peak
burning season, and decreased again in the fall, although AOD
values remained high, consistently exceeding 1. In fall, less frequent
but still highly intense wildfires and the associated transported
smoke plumes contribute to these climatological characteristics.

The Eastern region, where wildfire sources are relatively scarce,
is strongly affected by smoke transported from the western U.S. and
Canada. This results in elevated ALH values, often exceeding 3 km,
and relatively high smoke-related statistics in these downwind
regions. As smoke plumes are transported over long distances,
they tend to become more dispersed, leading to lower AOD
values but impacting a wider spatial area. These multi-year

05 frontiersin.org
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Interannual variations in MAIAC EPIC smoke aerosol optical depth at 443 nm (AOD,43), single scattering albedo at 443 nm (SSA443), absorbing AOD at
443 nm (AAOD43), aerosol layer height (ALH) above ground level, and black carbon (BC) and brown carbon (BrC) mass concentrations. Each region is

slightly time-shifted to allow for clearer visual discrimination.

regional smoke patterns are generally consistent with the analysis in
Choi et al. (2024), which examined both individual smoke events
and seasonally integrated properties during 2018.

Note that the observed discontinuity in retrieved properties
between land and ocean can arise from both real and artificial
factors. One contributing factor is the significantly lower number of
retrievals over water, due to frequent cloud cover and generally low
AOD conditions, which can lead to differences in monthly or
seasonal averages. Additionally, differences in retrieval algorithms
between land and ocean may introduce artificial discontinuities. For
example, the ocean retrieval algorithm uses different spectral
weights in the cost function compared to the land algorithm,
which affects
inversion. Furthermore, the typically low AOD over ocean grids

the outcome of the iterative multi-variable
may not provide sufficient information to accurately and
simultaneously retrieve all variables. Addressing the land-ocean
discontinuity in retrieval products remains a continuing challenge
and focus of ongoing development.

3.2 Monthly variability

This section presents the monthly climatology of smoke
properties over selected regions, as shown in Figure 3. We
computed monthly means by averaging the multi-year data for
each calendar month; the corresponding standard deviations are
also presented. Over Canada, the sample size is relatively low during

Frontiers in Remote Sensing

spring, which may limit the climatological representativeness for
that season. As the number of observations increases, indicating
more frequent wildfires and greater emissions of smoke aerosols,
smoke AOD increases by approximately 0.1-0.2 from spring to
summer and fall. SSA shows a slight increase from ~0.92 to
0.93-0.94, while ALH rises substantially from about 1 km to
3 km. Inferred BC mass concentrations show a relative decrease,
whereas BrC concentrations do not show a significant reduction. In
Alaska, smoke properties are quite similar to those in Canada from
March to August due to geographic proximity and similar fire
regimes, although the AOD peaks in July.

The Northwest (including Oregon and Washington states) and
Northern California regions that have experienced frequent and
severe wildfires, exhibit monthly AOD variation similar to that in
Canada, though with slightly lower overall values. SSA remains
nearly constant at 0.91-0.92, resulting in higher and increasing
absorbing AOD (AAOD; defined as AOD x (1-SSA)) from June to
September. Although ALH increases from spring to summer and
fall, its average remains relatively low (approximately 1.2 km).
(e.g.
September 2020, as analyzed in Eck et al., 2023), which increased
the variability in ALH and were also detected by EPIC (not shown).
However, the generally low mean ALH suggests less frequent long-

Several extremely elevated smoke plumes occurred

range transport or lower wildfire energy compared to Canada. BC
concentrations stay around 2 mg/m* while BrC concentration
increases significantly, ranging from 20 to 40 mg/m’. During the
major burning months, smoke aerosols in Southern California show

frontiersin.org
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more absorption (SSA~0.91), resulting in the highest AAOD and BC
concentration among the regions. BrC concentration is quite similar
to that in the Northwest and Northern California, and ALH is quite
low close to 1 km.

The Eastern region, which primarily represents downwind areas,
also exhibits a similar increase in AOD from June to August.
However, smoke AOD levels are consistently lower, and the
aerosols are less absorbing (i.e., exhibit higher SSA) compared to
those in Canada, Alaska, and Northwest and Northern California.
ALH increases from approximately 1 km to ~2.2 km from spring to
summer. The combination of low AOD and high SSA in summer
leads to very low BC and BrC concentrations.

For Mexico, smoke AOD slightly increases from February to April
and then decreases through August. It remains relatively lower
compared to other regions, which primarily experience smoke from
forest wildfires. SSA closely follows the variations in AOD, leading to a
relatively stable AAOD throughout the analysis period. ALH also stays
consistently low, approximately at 0.5 km. Interestingly, despite the low
AQOD (less than 0.6), this region exhibits relatively high BC mass
concentrations (~2.3 mg/m®), potentially influenced by background
urban pollution but more likely due to a greater proportion of flaming-
phase combustion of agricultural fuels with less woody material.
Conversely, BrC levels are consistently low, averaging around
20 mg/m’.

3.3 Interannual variability

This section examines the interannual variability of smoke
properties across the selected regions (Figure 4) and provides a
summary of the corresponding linear trends in Table 1.
Consistent increases in smoke AOD are observed across all
study regions. Notably, Canada exhibits the largest increase in
smoke AOD in both absolute and relative terms, with the highest
peak recorded in 2023 and the second highest in 2024. Since 2020,
SSA has shown a slight decrease with increasing AOD, ranging
from 0.935 to 0.925, although it does not show a clear systematic
change over this period. This contributes to the highest
increasing trends in AAOD (4% per year) and BrC mass
concentration (6% per year). These severe wildfire events and

10.3389/frsen.2025.1654779

the associated high AOD in recent years are corroborated by
independent observations (Jain et al., 2024; Jones et al., 2024;
Chen et al.,, 2025; Ehret et al., 2024).

Although overall AOD in the Eastern region is relatively low,
changes in aerosol properties closely resemble those observed in
Canada, with increasing AOD (3% per year), AAOD (3% per year),
and BrC (5% per year). The peak year of AOD (2023) also coincides
with that of Canada. These interannual variability suggest that
smoke properties in the Eastern region are strongly influenced by
long-range transport originating from Canada.

In Alaska, AOD peaked in 2022 alongside an increase in SSA
(~0.94); however, no clear systematic changes were found in any of
the properties. Among the western U.S. regions, the Northwest
exhibits the largest AOD increase (2% per year). BrC concentrations
in these regions increase at rates of approximately 2%-4% per year,
while BC concentrations remain nearly unchanged.

In Mexico, the interannual variability of smoke properties is
relatively lower than in other regions, but there are consistent
increases in AOD (2% per year), BC (1% per year), and BrC (3%
per year). Although the observed changes in Mexico are smaller in
magnitude, they are statistically significant due to the higher data
volume and lower variability, whereas changes in certain regions are
not statistically significant because of greater interannual
fluctuations and fewer data points.

Across all regions, ALH shows some degree of interannual
variability but does not exhibit any clear systematic change.
Additionally, changes in BrC are more pronounced than those of
BC, due to the higher relative abundance of BrC and its stronger
association with AOD.

It should be noted that the current data record spans only 9 years,
which is relatively short for estimating robust changes in variables that
are strongly influenced by both meteorological variability and
interannual fluctuations in fire frequency. Consequently, both the
calculated rates of change and their statistical significance should be
interpreted with caution, as they may change substantially when
longer-term  observations become available. Additionally, this
smoke dataset contains missing values under low AOD conditions,
which may affect the completeness and accuracy of the analysis.

Long-term changes or climatology of smoke optical and
microphysical properties have been studied over specific regions

TABLE 1 Estimated linear changes in smoke properties from 2016 to 2024, calculated from monthly mean values. Statistically significant changes (p < 0.05)
are marked with an asterisk (*), and percentage rates are given in parentheses.

Regions AOD443 SSA443

(/year)

AAOD 443
(/year)

(/year)

ALHasl (km/
year)

BrC conc. (mg/m?/
year)

BC conc. (mg/m?/
year)

Canada 0.035* (4.3%) ~0.0005 (~0.05%) = 0.0021* (3.9%) ~0.007 (~0.3%) 0.02 (0.9%) 1.75% (5.8%)

Mexico 0.008* (1.5%) —-0.0010* 0.0010* (2.1%) 0.002 (0.3%) 0.02* (1.1%) 0.68* (3.3%)
(~0.10%)

Alaska 0.005 (0.8%) 0.0002 (0.02%) 0.0003 (0.7%) 0.011 (0.5%) 0.01 (0.5%) 0.16 (0.6%)

Northwest 0.014 (2.0%) 0.0000 (0.00%) 0.0008 (1.5%) 0.030 (2.1%) 0.00 (0.2%) 0.64 (2.2%)

Northern 0.008 (1.2%) —-0.0013* 0.0014 (2.4%) 0.010 (0.8%) 0.01 (0.4%) 1.20 (4.0%)

California (-0.14%)

Southern 0.005 (0.7%) —0.0009 (-0.10%) = 0.0010 (1.5%) 0.004 (0.5%) 0.00 (0.0%) 0.92 (2.9%)

California

Eastern 0.014* (2.5%) —0.0009 (-0.09%) = 0.0011* (3.1%) 0.002 (0.1%) 0.02 (1.1%) 0.82% (5.0%)
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FIGURE 5

Frequency distribution of retrieval grids over North America
(2016-2024), categorized into all standard aerosols (blue), standard
aerosols collocated with smoke aerosols (yellow), and smoke aerosols
(red), plotted as a function of aerosol optical depth (AOD)

at 443 nm.

using data from selected AERONET sites (e.g., Sayer et al., 2014; Eck
et al., 2003; Eck et al., 2013; Eck et al., 2023). However, only a few
satellite retrievals are suitable for analyzing long-term changes due
to limitations in accuracy, coverage, or data availability. For
example, the recent GRASP/POLDER processing has produced a
global climatology of aerosol composition, including black carbon
(BC) and brown carbon (BrC), but the available period is limited to
2005-2013 (Li et al., 2022). MISR-based smoke property retrievals,
including composition-specific AOD (BC and BrC), particle size,
and plume height, also offer valuable climatological insights by
aggregating individual detected smoke plumes (Junghenn Noyes
et al,, 2022), though their spatiotemporal coverage is limited due to
MISR’s narrow swath, as discussed in Choi et al. (2019). EPIC has its
own limitations, including relatively coarse spatial resolution
(10-20 km), lack of infrared bands, and a single viewing angle,
which prevents retrieval of particle size information. Nevertheless,
its unique global coverage and high temporal resolution make it
possible to generate a climatology with relatively sufficient sampling,
which is crucial for producing temporally integrated properties (e.g.,
daily, monthly, and with  reliable
representativeness.

annual  averages)

4 Discussions

Smoke retrieval in the MATAC EPIC algorithm at the pixel level
(10 x 10 km?) is performed when absorbing aerosols are detected
and the standard model AOD at 443 nm exceeds 0.4. As mentioned
in Section 2.1, the two processes, 1 standard model AOD retrieval
and 2 smoke retrievals (AOD, spectral absorption, and layer height)
differ in terms of inversion bands, assumed aerosol models, and
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retrieval conditions. This results in differences in the spatial and
temporal coverage of smoke property retrievals compared to
standard AOD retrievals. Since the sampling of smoke properties is
biased toward moderate-to-high AOD conditions, statistical differences
may arise when comparing or analyzing these datasets with other
measurements or modeling results. Retrieving detailed smoke
properties under low-AOD conditions is particularly challenging
from intensity-only satellite remote sensing due to higher
uncertainties in aerosol signals. While some retrieval approaches use
a priori information when signal degrees of freedom are insufficient,
the EPIC MAIAC smoke/dust retrieval processing explicitly excludes
such conditions and performs no retrievals.

To indirectly quantify the impact of this skewed sampling, we
quantified the sampling differences between smoke property
retrievals and standard AOD retrievals over North America from
2016 to 2024 (Figure 5). It should be noted that this comparison does
not include any additional filtering used to generate the daily
regridded properties described in Section 2.1, but rather
represents a direct comparison of the retrieved AOD values. And
grids with EPIC standard or smoke model AOD > 5.99, which are
either near the maximum AOD (6) or beyond the range of the
retrieval lookup table, are excluded to minimize potential
contamination from residual clouds.

Overall, the number of smoke property retrieval grids (red line)
corresponds to approximately 22% of all standard AOD retrievals
(blue line), with most of the discrepancy originating from very low
AOD conditions (e.g., AOD < 0.4). The mean value of standard
AOD collocated with smoke property retrievals is 0.53 (yellow line),
which is more than twice as high as the mean value of all standard
AOD retrievals (0.29). For these same grids, the mean smoke AOD is
0.69. The difference between the smoke AOD (0.69) and the
corresponding standard AOD (0.55) results from differences in
the assumed aerosol microphysical properties and spectral
inversion bands (blue band only for standard AOD versus multi-
band, multi-parameter retrievals for smoke). These differences in
the number of retrievals and AOD values are likely to vary by region
and season. Therefore, this analysis provides important context for
interpreting the climatology derived from the MAIAC EPIC smoke
property datasets.

5 Summary and conclusion

This study examined the multi-year climatology of retrieved
smoke properties over North America using EPIC measurements
from 2016 to 2024. The retrievals were spatially aggregated into
0.5° x 0.5" cells on an equal-angle grid and temporally integrated,
first into daily datasets and then further into monthly, seasonal, and
annual averages. The subsequent analysis focused on the seasonal
geophysical distribution, monthly and annual variability, and short-
term changes over the study period.

Strong seasonal patterns in smoke AOD were observed, with peaks
occurring from July to September in the forested regions of the western
U.S. and Canada, in October in the Eastern region, and a more stable
pattern with a peak in April in Mexico. Elevated SSA at 443 nm during
peak smoke AOD seasons characterized Canada and Alaska, where
intense forest fires produce dense smoke, as well as the Eastern region,
which is located downwind of Canadian fires. In contrast, Mexico and
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Southern California exhibited relatively lower SSA values, around 0.91,
with limited variability. Other regions showed only minor monthly
variations in SSA. ALH generally increased from spring to summer
and fall across most fire-prone and downwind regions, suggesting
enhanced aerosol injection into the free troposphere during high-
AQD periods. BC concentrations were generally inversely related to
SSA, with persistently high levels in Southern California and Mexico.
Monthly variations in BrC concentrations closely followed changes in
total AOD across most regions.

All study regions exhibited positive changes in AOD, with recent
peak years and some regional variability. Statistically significant
increases were found in Canada, the Eastern U.S., and Mexico. In
contrast, SSA remained largely stable or showed a slight decrease, up
to —0.14% per year, indicating a shift toward more absorbing
aerosols and contributing to an overall increase in AAOD. No
ALH and BC
concentrations. However, BrC concentrations showed statistically

significant changes were observed in
significant increases in Canada, Mexico, and the Eastern region, with
rates reaching up to approximately 6% per year.

Analyzing changes in MAIAC EPIC smoke properties has been
challenging due to the product’s sampling bias toward absorbing aerosols
and moderate-to-high AOD conditions. This limitation, which is not
unique to this product, is common among most satellite-based aerosol
measurements, particularly when aerosol signals are too weak to be
reliably detected. As a result, the estimated changes could differ if low-
AOD conditions were included, which cannot be accurately measured by
satellites. Therefore, spatiotemporal sampling characteristics must be
carefully considered when comparing smoke property retrievals with
outputs from global or regional aerosol models.

This study estimated only linear changes in smoke properties.
However, more complex variability and potential relationships with
climate phenomena, such as the El Nifio-Southern Oscillation (ENSO),
surface drought, or vegetation changes, remain topic for future research.
As EPIC continues to operate under normal conditions without
significant degradation, it should support ongoing monitoring of
global smoke aerosols in the coming years. Future studies should also
include intercomparisons of these estimated changes with results from
other satellite retrievals to enhance understanding and validation.
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