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Aerosol optical depth (AOD) is a crucial data record to understand aerosols and
their direct and indirect effects on air quality and climate forcing. The Dark Target
aerosol retrieval product includes AOD and other properties derived from
multispectral satellite imagers, available for MODIS on Terra (from 2000),
MODIS on Aqua (from 2002), and VIIRS on Suomi-NPP (from 2012). Although
Terra now has over 25 years of observations, the record must continue onto VIIRS
beyond the end of the MODIS mission to meet requirements as a Global Climate
Observing System (GCOS) climate data record. We present the recent update to
version 2.0 of the VIIRS product, which now includes NOAA-20 VIIRS (from 2017)
and algorithm improvements. The combined MODIS-VIIRS dataset is examined
for consistency and to ascertain aerosol trends. Overall, the VIIRS products show
consistency with the MODIS products. To assess regional trends, two time
intervals are studied: a 22-year record that compares Terra and Aqua, and a
more recent 12-year record (the VIIRS era) that compares three sensors.
According to linear regressions of monthly average AOD for each global 1°x1°
grid cell, AOD has decreased by between 0.003 and 0.01 per year over parts of
China, the United States, Brazil, and much of Europe, while increasing on the
same scale over India and parts of Canada, while more modestly but significantly
increasing over the southern oceans. For seven regions with significant AOD
trends, this study examines the seasonal dependence, relationship to aerosol size
parameters, and whether the sign or magnitude of these trends have changed.
With high agreement among sensors, we are confident that the Dark Target AOD
record can extend into the 2030s and beyond.
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1 Introduction

Atmospheric aerosols, which vary greatly in composition and
concentration over regional scales, and which persist in the
atmosphere for only days or weeks, are among the largest
sources of uncertainty in the climate system (IPCC, 2021).
Measurements of aerosol loading and optical properties are
needed to assess air quality, direct radiative effects on global
climate, and indirect effects on cloud and precipitation processes,
and satellite observations are especially important because of their
global coverage.

Aerosols are emitted into the atmosphere from a variety of sources,
both natural and anthropogenic. Anthropogenic sources such as
effluents from burning fossil fuels for industry or transportation and
intentional agricultural burning change over time (Hand et al, 2012;
2014; Yu et al., 2020; Bauer et al., 2022; Quaas et al., 2022) based on
varying policy, technology and population patterns (Zhao et al., 2017;
Chowdhury etal,, 2019; Gupta et al., 2023). Additionally, because Earth’s
climate is changing, even the natural sources of aerosol vary in time.
Drought can modulate dust aerosol on an interannual basis (Aryal and
Evans, 2021), while enhanced fire weather (lightning activity, low
humidity, high winds) over dry wildlands can ignite more intense
and frequent wildfires that contribute smoke aerosol (Richardson
et al, 2022; Cunningham et al, 2024). The point is that the global
aerosol system is dynamic and changing on the order of years to
decades. Because aerosols have climate relevancy, measuring and
characterizing the change in the aerosol system is critical for input
into climate models and prediction of climate change (Bauer
et al,, 2022).

Aerosol optical depth (AOD), a measure of aerosol loading
integrated over the atmospheric column, is a designated essential
climate variable (ECV) according to the Global Climate Observing
System (GCOS, 2012; GCOS, 2017). To meet GCOS definition to
serve as an AOD climate data record (CDR), an AOD dataset should
include global coverage at a spatial resolution of 10 km or finer, with
an accuracy better than the maximum of 0.03 or 10% and a drift of
less than 0.01 per decade, and spanning at least the 30 years needed
to assess changes in climate. Benefiting from improved calibration,
mitigation of sensor drift, and algorithm development since Terra
and Aqua were launched, AOD retrievals derived from MODIS can
theoretically meet all but the temporal cadence and longevity
requirement. In 2021 both spacecraft that carry MODIS began
allowing their equatorial crossing time to drift, in preparation for
decommissioning before the end of the decade. Since MODIS
cannot meet the GCOS requirements, we have ported the AOD
retrieval to newer sensors with similar capabilities to MODIS. This
includes the Visible Infrared Imaging Radiometer Suite (VIIRS) and
advanced imagers in geostationary orbit (such as the Advanced
Baseline Imager (ABI) on the NOAA GOES series and the Advanced
Himawari Imager (AHI) on Himawari-8 and 9) Together, they can
satisfy both the remaining requirements.

The more than 20 years for which MODIS observations already
exist are not quite long enough to definitively show whether the
global AOD is changing over time. However, the global average may
be less important for decision makers than regional trends driven by
a single type of aerosol or aerosol event. Regional climate trends and
projections in the most recent IPCC do not explicitly account for
changes in aerosol (IPCC, 2021).
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In this study, we examine regional trends in AOD and related
parameters that appear in the combined MODIS record since the
launch of Aqua, and in the combined MODIS/VIIRS record since
the launch of Suomi-NPP. This is not the first attempt to
characterize the changing aerosol system from a trend analysis of
the satellite AOD record. Beginning with only 46 months of data,
Loeb and Manalo-Smith (2005) reported seasonal fluctuations and
random events in the MODIS AOD record, but no discernible
temporal trends across 13 broad regions in MODIS’s limited first
4 years. Local trends derived from MODIS AOD products began to
be reported in China after MODIS had achieved 6 years of data (Bao
et al, 2008) and 8 years of data (Lyapustin et al, 2011). With a
decade of MODIS AOD data available, Zhang and Reid (2010)
produced a global analysis that identified regions with statistically
significant temporal trends in the aerosol record. Chin et al. (2014)
took a broader view and searched for global and regional trends
from both satellite records and model results. As the satellite aerosol
product time series grew, we find updates to these trend studies from
the MODIS record (Cherian and Quaas, 2020) and from other
sensors (Gui et al, 2021) and from merged data sets including
assimilation systems (Sogacheva et al., 2020; Shaheen et al., 2020;
Gupta et al, 2023). Many of these studies take a global view and
focus on AOD, but others are regionally or locally focused (Kumar
et al., 2018; Shaheen et al., 2020), and some track a different aerosol
parameter such as particulate matter (Hammer et al., 2020) or dust
(Song et al., 2021).

These studies illustrate the complexity of the global aerosol
system and how that system changes in time. Unlike greenhouse
gases that demonstrate a seasonally averaged monotonic upward
trend globally (e.g., Keeling et al., 2001), aerosol trends are regional.
For much of the globe, there is no expectation of a significant trend.
Regions with rapid industrialization might be expected to have
experienced increases, whereas those with strong emission
controls may have seen a decrease in AOD. Others may have
experienced an overall trend during the satellite record, but no
trend or even a reversal during more recent periods, such as that
noted by Gupta et al. (2023). Of course, apparent trends could result
from strong episodic events either at the beginning or end of the
record. As the satellite record continues, it is important to revisit
trend analysis to identify slow trends undetected in shorter time
series and reversals in trends, as seen previously in China (Bao et al.,
2008; Lyapustin et al., 2011).

Trend analysis of satellite aerosol products is inherently challenging.
Satellite missions are generally designed to last less than 10 years, too
short to identify long term trends above natural interannual variability
(Sogacheva et al., 2020). Studies seeking to mitigate this challenge have
moved towards merged time series from multiple sensors that lengthen
the record, either externally (Sogacheva et al., 2020) or by using the
products of an assimilation system (Gupta et al., 2023). There is merit in
lengthening time series by merging data from different sensors, but the
process of merging further can make results difficult to interpret if the
data source becomes ambiguous. On the other hand, relying on a single
sensor to determine global and regional aerosol trends is dangerous, not
only because of the short time series, but also because individual sensors
are susceptible to undiagnosed calibration drift.

We are currently experiencing a rare situation in which we have two
satellite missions still in operation long after their design lifetime has
passed. Terra recently celebrated its 25th birthday in December 2024 and
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Aqua turned 22 in July 2024. In this study we proceed with an analysis of
aerosol trends using individual sensors including the long-lived Terra
MODIS and Aqua MODIS. By using multiple sensors, but not merging
them, we can test for calibration drift and still not lose the individuality of
the data sources. We will analyze the full 25-year record provided by
Terra-MODIS, making this the longest satellite time series of total column
AOD ever analyzed. Furthermore, by taking a regional approach we look
to explain regions of consistency among sensors as well as differences.
Section 2 describes the Dark Target aerosol retrieval and its products for
MODIS and VIIRS, as well as recent algorithm updates to the VIIRS
version and its release for VIIRS NOAA-20. Section 3 describes the
methods used to find regional trends in Dark Target aerosol retrievals.
Section 4 contains seasonal trend analyses.

2 Data sources

2.1 MODIS dark target

The Dark Target (DT) aerosol retrieval was originally developed for
MODIS, which launched with Terra in late 1999 and with Aqua in early
2002 (Kaufman et al,, 1997; Remer et al., 2008; 2005; Levy et al., 2013;
2007a; b, 2010). Updates to the algorithm are synchronized with
developments for MODIS calibration and geolocation (level 1b or
LIb data products) as well as developments for other derived
products (known as level 2 or L2) to form “Collections”. For
MODIS, the most recent Collection is known as 6.1 (C6.1) (Levy
et al, 2013). The DT retrieval uses L1b geolocated reflectances as
input, from which it retrieves AOD and other properties separately
over land and ocean at four and seven wavelength bands, respectively.

Each L2 aerosol retrieval is assigned a quality assurance flag
(QA) with an integer value between 0 and 3, with 0 denoting
marginal retrievals and 3 retrievals with the algorithm’s highest
level of confidence. AOD values over ocean are considered reliable
enough to use for quantitative purposes at QA between 1 and 3,
while for AOD over land confidence is limited to QA = 3 only. For
both MODIS and VIIRS, the “QA-filtered” AOD product used
extensively in this study is the combination of land and ocean
AOD at 0.55 um with these QA criteria applied.

MODIS also includes an AOD product aggregated to a 1° x 1°
latitude-longitude grid, known as level 3 or L3. These represent daily and
monthly average data, calculated using logic originally presented in Levy
et al. (2009). The daily average is calculated for a given grid cell if it
contains at least six valid L2 retrievals (approximately 5% of the total
grid cell area). The monthly average is calculated if the grid cell has at
least three valid daily average values (10% of possible days). This study
uses L3 datasets that are filtered by QA flag as described in the
previous paragraph.

2.2 VIIRS dark target

The Dark Target algorithm was fully ported to use standard L1b
input from the Suomi-NPP VIIRS instrument in 2020 (Sawyer et al.,
2020). The MODIS and VIIRS instruments use different resolutions
and wavelength bands, which lead to minor adjustments in the
algorithm: VIIRS has its own spectral reflectance model and omits
the urban correction (Gupta et al., 2016) and a cirrus test that is
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unavailable in the MODIS-VIIRS continuity cloud mask product.
Each VIIRS sensor requires its own lookup tables for spectral
response and gas correction. Finally, having different
nomenclature than the MODIS products, VIIRS atmospheric
retrieval products are organized as Versions, with V2.0 replacing
the previous V1.1 as of September 2023. Unlike MODIS, Versions
are organized by algorithm/product, without necessarily being
synchronized with updates in calibration. V2.0 has been used to
process all Suomi-NPP VIIRS observations since first light in 2012,
as well as NOAA20 observations since 2017.

The largest difference between algorithm versions is an update
to the cloud mask. VIIRS includes 22 bands, for which some are
nearly overlapping in wavelength space but have different spatial
resolutions. V1.1 used the Moderate “M” resolution (e.g., 750 m) red
band whereas V2.0 now uses the Image “I” resolution (e.g., 375 m)
band for spatial variability and threshold tests. Although the rest of
the retrieval is done using moderate resolution bands, the higher-
resolution cloud mask allows the algorithm to retrieve closer to
cloud edges with less contamination than in the previous version, an
effect that is especially apparent over ocean.

There are additional differences between V2.0 and V1.1. Version
2.0 uses NASA Global Modeling and Assimilation Office (GMAO)
as its source for meteorological ancillary data (specifically the
DFPITI3NXASM product from GEOS FP-IT, see Lucchesi, 2015)
instead of the NCEP Global Data Assimilation System (GDAS)
product (Kanamitsu, 1989). This means that the column ozone and
water vapor used for gas correction (Patadia et al., 2018), and the
surface winds used to estimate surface reflectance over ocean, are
now taken from the nearest three-hourly interval at 0.5° x 0.625°
resolution, rather than the nearest six-hourly interval at 1° x 1°,
which provides better precision. Also for V2.0, the 1.64 pm channel
replaces the 1.24 pum channel in the equation for snow masking,
enabling greater compatibility with newer Dark Target retrievals for
other sensors such as the geosynchronous Advanced Himawari
Imager (AHI), which do not detect at 1.24 um (e.g., Gupta et al,
2024). Several smaller bug fixes are also included.

While there is not yet a publicly available L3 AOD product, the
intention is that like MODIS, VIIRS L3 be presented on a 1° x 1°
latitude grid, and at daily and monthly increments. In the meantime,
we use the MODIS L3 logic to create an offline product, to compare
the two versions of the VIIRS product and to compare VIIRS with
MODIS. We assess not only the differences between two products,
but also whether values are reported in one but not the other (and
vice versa). In the case of two versions of the same product, in
addition to quantifying the differences (e.g., a new version retrieving
higher or lower values), we assess where coverage is increased
or reduced.

Figure 1 shows a comparison between the previous version 1.1
(Sawyer et al., 2020) and the more recent version 2.0 (V2.0) for
the VIIRS SNPP Dark Target product (AERDT_L2_VIIRS_
SNPP) for all daily grid cell AOD values in 2019. The
scatterplots in the left side panels plot daily average grid cell
values only where a one-to-one comparison is possible: both
versions of the algorithm had data for the same grid cell on the
same day (at least six valid L2 retrievals to the 1° x 1° cell). The
histograms on the right show this set as overlapping dashed
curves. Meanwhile, the histograms plotted as solid curves show
the distribution of values for grid cells in which only one version
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FIGURE 1

Comparison of daily average 1°x1° gridded AOD between version 1.1 and version 2.0 of the AERDT_L2_VIIRS_SNPP product, for all days in 2019. Left,
scatterplots of collocated grid cells; right, histogram frequencies where both versions have a valid retrieval (dotted lines) and where only one version does
(solid lines). The horizontal bar on the right indicates the number of collocated and non-collocated grid cells. Top, over ocean; bottom, over land.

of the algorithm had valid data. This is rare for two versions from  “removed” retrievals from V1.1. Along with the lower values
the same sensor, as the bar below it indicates, although it is in V2.0 for scatterplot outliers, this suggests reduced cloud
interesting that the “additional” retrievals for V2.0 are contamination. Overall, the value distribution and the
distributed smaller than roughly the same number of temporal and spatial coverage of AOD retrievals is similar.
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FIGURE 2
Comparison of daily average 1°x1° gridded AOD between version 2.0 for VIIRS SNPP and VIIRS NOAA-20, also for all days in 2019. Left, scatterplots of

collocated grid cells; right, histogram frequencies where both sensors have a valid retrieval (dotted lines) and where only one sensor does (solid lines). The
horizontal bar on the right indicates the number of collocated and non-collocated grid cells. Top, over ocean; bottom, over land.

NOAA-20 and SNPP both pass the equator around 13:30 Local 20 overpassing the daylight side approximately 50 min later and ~12.5°
Solar Time (LST), although NOAA-20 is about half an orbit behind  in longitude to the West. Because of the wide swath of VIIRS
SNPP. This means that when SNPP passes the Equator during daylight, ~ (~3,000 km), both the previous and next NOAA-20 VIIRS orbits
NOAA-20 is passing opposite the globe at night, which leads to NOAA-  partially observe a given SNPP orbit. While the two VIIRS are
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TABLE 1 AERONET validation statistics for SNPP v1.1, SNPP v2.0, and NOAA-20 v2.0, separated over ocean and over land.

Product Within EE \| R? Bias RMSE Regression
SNPP v1.1 ocean 71.56% 11,480 0.84 0.046 0.083 y =004 + 1.08x
SNPP v2.0 ocean 71.48% 18,756 0.68 0.044 0.117 y =004 + 1.02x
NOAA-20 v2.0 ocean 81.54% 18,672 0.58 0.026 0.120 y =003+ 0.95x
SNPP vL.1 land 61.04% 52,549 0.75 0.060 0.155 y =002+ 123x
SNPP v2.0 land 63.51% 52,974 0.77 0.057 0.148 y =003+ 1.17x
NOAA-20 v2.0 land 68.89% 52,114 0.77 -0.007 0.112 y = —0.01 + 0.99x
similar in principle, the VIIRS instrument on the NOAA-20 spacecraft
differs from VIIRS SNPP in spectral response functions and calibration R SNAP V0
L] [ ]
(Uprety et al, 2018), thus requiring new lookup tables for radiative Aw Gilobal i Aztz C6.1 e NO AAYZ(.)
transfer and gas correction as described in previous Dark Target gg l — Running Avg
publications (e.g., Levy et al,, 2013; Patadia et al, 2018). Otherwise, EO i
3
the algorithm is the same as for VIIRS SNPP, and a Dark Target product um,fo“
for VIIRSNOAA-20 (AERDT_L2_VIIRS_NOAA20) is available as part =}
cw
of the version 2.0 release. ey
NOAA-20 data for 2019 have been similarly aggregated and =
averaged to prototype Level 3, allowing for comparison with SNPP. g— ‘ : ‘ ‘ ‘ :
Because NOAA-20 and SNPP fly half an orbit apart, overlapping scenes 2000 2005 2010 Time 2015 2020 2026
might look different due to the movement of clouds or angle of
FIGURE 3

observation. Thus, daily average grid cells that were unique to one
sensor and not by the other are much more common than unique cells
between versions of the same sensor product. One might expect,
however, that since both cover the same targets only 50 min apart,
that their statistics should be similar.

Figure 2 is analogous to Figure 1, but this time comparing
V2.0 retrievals for SNPP and NOAA-20. The scatterplot on the left
and the dotted curves in the histogram represent daily AOD grid cell
values, mutually reported by SNPP and NOAA-20. Similar to
experiences comparing MODIS on Terra and Aqua (Levy et al,
2018) there appears to be an offset between SNPP and NOAA-20.
Since the time difference is minimal, we attribute these offsets most
likely due to uncertainties of sensor calibration (Lyapustin et al., 2023). It
is important to note that neither SNPP nor NOAA-20 should be taken
as truth in the comparison, although literature suggests that calibration
from SNPP is biased “high”. In fact, offline tests have suggested that if we
apply suggested calibration “corrections” to SNPP L1b (Lyapustin et al.,
2023; Doelling et al., 2024), results would be much closer to those of
Aqua or to NOAA-20. However, since no corrections have been applied
to this Version 2.0, the overall AOD distribution for SNPP does not
change between versions 1.1 and 2.0.

From the gridded L3, we can conclude that V2.0 for SNPP VIIRS
likely reduces overall AOD slightly from V1.1, and that NOAA 20 has
lower overall AOD values than SNPP. However, the only way to assess
whether V2.0 is an improvement and whether either SNPP or NOAA-20
is “biased” is to compare with ground truth. Here, we compare with the
global network of ground based AERONET (Giles et al,, 2019). Note that
since no calibration updates have been applied to SNPP in V2.0 (although
they will be in V2.1, to be discussed in section 5) we expect the overall high
bias compared to AERONET (Sawyer et al,, 2020) to remain. For the
analyses presented here, we evaluate the separately derived land and ocean
retrievals as well as the combined QA-filtered product, using a 2-year
(2019-2020) subset of the data from both sensors.

Frontiers in Environmental Science

Area-weighted monthly global average AOD for the full length of
each sensor record.

Table 1 shows the statistical results of validation using
collocation with AERONET sites. Shi et al. (2024) conducted new
sensitivity studies for validation involving the geostationary imagers
ABI and AHI, which have much higher temporal resolution than
MODIS and VIIRS. Although the collocation criteria of #30 min and
27.5 km used in previous studies is still appropriate for VIIRS, here
we use a smaller window suitable for validation among all four
sensors. A satellite AOD retrieval is therefore considered collocated
if it occurs within +15 min and 20 km of an AERONET site.

The expected error (EE) is defined as +(0.05 + 15%) of the
AERONET AOD; N is the number of collocated points; and the
coefficient of determination (R?), bias, and root mean square error
(RMSE) are calculated relative to the linear regression between
satellite and AERONET AODs.

The analysis is done separately for land and ocean, collocating
satellite retrievals over ocean with coastal or island AERONET sites;
sample sizes are therefore larger for the land retrievals. Compared
with version 1.1, version 2.0 for SNPP shows a greater number of
individual collocated retrievals and reduced bias over ocean, and
slightly improved overall performance over land. NOAA-20 shows
consistently lower bias compared to AERONET than SNPP, and it
keeps a higher percentage of retrievals within the expected error.

3 Global trends

Daily gridded average AODs for MODIS and VIIRS are
aggregated into monthly gridded averages to analyze long-term
trends, using similar logic to the MODIS level 3 daily and
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monthly products as described in Sawyer et al. (2020). On an area-
weighted global average, AOD shows seasonal variation, but only
slight upward trends over the length of the MODIS records; the
VIIRS records are still too short for statistical significance (Figure 3).
Each sensor is offset from the others by an amount that remains
relatively constant over time.

However, the globally averaged AOD can obscure trends that occur
on regional scales, especially if aerosol is increasing in some parts of the
world and decreasing in others. In Figure 4, a simple linear regression is
taken for the monthly average AOD in each 1° x 1° grid cell, starting
from the beginning of the Aqua data record in July 2002 and ending
with the monthly average for June 2023. This ensures that the Terra and
Aqua trends are compared over the same period and that all four
seasons are represented equally. The slope of the regression, which
measures the change in AOD per year over the 21-year period, is plotted
only if the linear regression also meets a significance threshold of p <
0.01. We chose a strict p-test threshold to compensate for the temporal
autocorrelation of the AOD record, which may cause linear regression to
return overly confident trends (Ives et al., 2021). Despite the differences
between Terra and Aqua and a data record that is still several years short
of the GCOS minimum, the two sensors agree on the spatial extent and
even the magnitude of many regional aerosol trends.

It would be useful to know whether these regional trends in AOD
correspond to trends in other aerosol parameters, such as particle size,
which would provide insight on possible changes in aerosol
composition or type as well as aerosol loading. The Angstrom
exponent (AE) is an indicator of aerosol size based on the spectral
dependence of AOD, which in turn depends on the modeled aerosol
mixture that best fits the signal; the Dark Target retrieval reports AE
over ocean based on the AOD at 0.55 um and 0.86 pm. Gridded
average values are calculated by applying the AE equation to gridded
average AODs, not by averaging level 2 AE values. Although land has
higher uncertainty, for the purposes of this study we have calculated
AE over land based on the AOD at 0.47 um (MODIS) or 048 pum
(VIIRS) and 0.67 pm. A trend toward larger AE values over time would
imply a trend toward finer particles, whereas a trend toward smaller
AE values would imply coarser particles over time. In Figure 5 we
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perform an analysis of trends in AE as we did for AOD, with the linear
regression in each 1° x 1° grid cell.

There are regions in which the two sensors agree. Both identify a
shift from fine particles to coarse particles over the ocean adjacent to the
North American east coast and Caribbean Sea. This could be a decrease
in pollution particles, giving way to domination by larger particles such
as sea salt and transported Saharan dust. Both see other shifts to larger
particles (or decrease in smaller particles), namely, South America and a
band across the north subtropical Pacific Ocean. Both sensors note the
opposite trend of shifting to smaller particles over southeast Asia and to
a lesser extent over India. However, there is less agreement in AE trends
overall than for AOD trends. The areas of disagreement include Europe,
northern boreal Asia and adjoining oceans and most glaring, the
Southern Ocean. Because AE is calculated from nuanced difference
in the retrievals of two wavelength channels, the parameter is especially
sensitive to instrument calibration of these two channels. The
uncertainty in the calibration of each wavelength contributes to the
spread of the points in the single wavelength AOD validation plots of
Figures 1, 2, but as we see from those plots that the spread of those points
is manageable. Nevertheless, there will be much greater uncertainty in
the retrievals of the spectral dependence of the AOD, which translates
into much greater uncertainty in the AE and trends of AE, especially
when AOD and aerosol signal is low.

In addition to maps of global trends, six regions with significant
trends are chosen for further investigation. For each region shown in
Figure 6, a 10° x 10" area is averaged together to produce time series of
AOD over land and ocean. To keep the sampled area consistent between
regions, we use the QA-filtered combined land and ocean product for
this analysis.

4 Regional trends
4.1 Seasonal trends

Aerosol composition and loading are often driven by seasonal
events, and it is not surprising that the regional AOD trends shown
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10° x 10" boundary boxes used for regional analysis.

in Figure 4 also vary by season. As with the full-year trend
analysis, Figures 7, 8 show that Terra and Aqua show good
agreement on the location and magnitude of seasonal AOD
trends. However, the division into seasons suggests a way to
group the regional trends listed in Figure 6. For western Canada
and for Brazil, the annual AOD trend is dominated by trends
during the regions’ respective wildfire or biomass burning
seasons (albeit with somewhat spotty sampling early in the
Canadian spring, as shown in Figure 10B) while for the
eastern US and for much of Europe, the AOD trend comes
from trends in boreal spring and summer. Eastern China and
India are the only two regions that show strong AOD trends
across more than two seasons.

Frontiers in Environmental Science

4.2 Trends since SNPP

The VIIRS SNPP record begins in April 2012, approximately
halfway through the period since the beginning of the MODIS Aqua
record. Because there are half as many months from which to draw
trends, Figure 9 shows fewer regions meeting the significance
threshold, generally those that have the fastest rates of change in
the MODIS record. However, regional trends since the start of the
Aqua record do not necessarily follow the same linear slope
throughout, and the 12-year trend may be very different from
the 22-year trend from the same region. Individual regional
timeseries can more accurately show when changes in aerosol
have begun. The timeseries can also include VIIRS NOAA-20,

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1602145

Sawyer et al.

10.3389/fenvs.2025.1602145

N . mine I
s\Wlle——g

no trend

no data

Optical depth change per year where p < 0.01

-0.010 -0.006 -0.002

FIGURE 7

0.002 0.006 0.010

Regional trends in AOD for Terra, divided by season: MAM = March-May, JJA = June-August, SON = September-November, and DJF =

December-February.

which has too short a record so far to show trends of its own, but
which follows the last few years of the other sensors.

There are only two widescale trends seen during the VIIRS
SNPP era: a strong decrease of aerosol in China and a modest but
broad increase of aerosol over the southern hemisphere oceans. The
decrease of AOD in China since 2012 is a well-reported phenomena
(Aas et al,, 2019; Wang et al,, 2019; Gupta et al., 2023) that is linked
directly to Chinese air pollution policies that were first defined in
2006 and implemented in each subsequent year (Zhao et al., 2017).
The VIIRS SNPP time series kicks in just as China’s air pollution
policies become fully effective and thus catches the strongest
downward trends of the 21-year record (Sogacheva et al., 2020).
The increase in aerosol over the southern hemisphere oceans is less
obvious and will be discussed further in Section 4.6.

The fact that only two areas of aerosol trend are seen during the
SNPP time series but others are seen in the longer time series
indicate that much of the change in the aerosol system has happened
during the first half of the Terra/Aqua record. Some of that can be
attributed to U.S. and Europe pollution controls that were
implemented early in the Terra/Aqua record and have been
steadily curtailing emissions of particle pollution precursors ever
since. This will be discussed further in Section 4.4. India’s strong
positive trend seen consistently in all long-term trend analyses is less
conspicuous in the truncated time series that begins in 2011. That
could be due to insufficient signal to meet the significance threshold,
but it could also indicate that aerosol loading over India, like China
in 2006, has reached a peak and is beginning to decrease due to
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implementation of air quality regulations (Chowdhury et al. (2019).
This will be discussed further in Section 4.5.

South America provides a most interesting case in which the
sign of its aerosol trend changes from negative to positive,
depending on whether the 22-year or 12-year time series is
examined. This points to the strong interannual variability rather
than linear trend of the region’s biomass burning (Koren et al., 2007;
Pérez-Ramirez, 2017).

4.3 Fire seasons

Trends where smoke from wildfire or biomass burning drives
the regional aerosol are visible only during fire seasons, which are
austral spring for Brazil and boreal summer for western Canada
(Figure 10). In both regions, autumn and winter remain nearly
flat over the 20-year MODIS/VIIRS period, and the fire seasons
show high interannual variability. In these regions trends are
dominated by clusters of years with extreme smoke-producing
seasons and are created by factors that either enhance or decrease
the probability of having an extreme smoke season. These factors
include interannually varying meteorological conditions, and to
a lesser extent, governmental policy that enforces regulations on
agricultural burning (Koren et al., 2007) and wildfire mitigation
efforts. In Brazil, a cluster of extremely smoky years in the early
period of the time series have been followed by much less
frequent and less extreme seasons, thus, producing a negative
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Monthly average aerosol optical depth at 0.55 ym and its linear regression over Brazil (top, 5°=15° S and 55°-65° W) and western Canada (bottom,
50°-60° N and 110°-120° W) for Terra, Aqua, SNPP, and NOAA-20, and the 12-month running average for all available sensors.

trend over the Terra/Aqua time series but a weakly positive time
series over the SNPP time period.

In western Canada, the extreme years are found towards the
end of the time series, creating a positive trend. While some
question the role of climate change having a controlling
influence on the frequency and severity of wildfires (Doerr and
Santin, 2016), others have attributed the increase of wildfires in
western Canada to climate change factors including warmer
temperatures, lower humidity and stronger surface winds
(Cunningham et al, 2024). If climate change is indeed a
controlling factor then the positive trend in smoke aerosol from
temperate and boreal forest fires should continue forward, but the
unpredictability of the interannual meteorological circumstances
conducive to fires lessens confidence.

4.4 Steady industrial reductions

The eastern US and Europe (Figure 11) were once dominated
by sulfate aerosols produced by burning fossil fuels from
industrial and transportation sources. Over the past 70 years
government regulations in both regions have imposed and
enforced air quality standards that have substantially reduced
emissions over time. In the U.S. stronger standards imposed since
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the year 2000 have resulted in noticeable improved air quality,
including particulate pollution following (https://www.epa.gov/
clean-air-act-overview/progress-cleaning-air-and-improving-peoples-
health#pollution). In Europe, the time series covers the period
(2004) in which ten new countries from the former eastern bloc
joined the European Union (EU), putting themselves under EU
air quality standards for the first time, which contributed to
strong decreases in particulate emissions. This steady March
towards cleaner air show steadier trends in AOD than the
variable fire seasons elsewhere in the world. Both eastern U.S.
and Europe show the most significant downward trends in spring
and summer (Figures 7, 8) because of the association between
humid conditions and hygroscopic growth of the sulfate
aerosols—since AOD is related more closely to the cross-
sectional area of the particles than the number of particles,
aerosol has decreased more significantly during the summer.
Interannual variability is less than that seen in smoke regions and
less than the typical difference between seasons within the same
year. Both regions have reduced industrial emissions since before
the MODIS record began in 2000, but a flattening in each
timeseries since about 2010 explains the lack of a significant
trend for either region in the SNPP record (Figure 9). Unusually
high AODs in the summer of 2021 may be due to transported
wildfire smoke affecting both regions (Farruggia et al., 2024).
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Monthly average time series and linear regression for the eastern United States (top, 30°—40° N and 75°-85° W) and for Europe (bottom, 45°-55° N

and 10°-20° E).

4.5 China and India

Unlike the regions already discussed in sections 4.3 and 4.4,
eastern China and India (Figure 12) show significant trends in AOD
across all four seasons and in both the 22-year trend since 2002 and
the 12-year trend since 2012. Although AOD is still generally lower
in autumn and winter than in spring and summer, the seasonal
cycles are less regular than they are for other regions. As before we
note the strong downward trend of AOD in China following the
implementation of the 11th (2006-2010) and 12th (2011-2015) 5-
year plans that called for a reduction in air pollution (Zhao et al.,
2017). MODIS suggests that AOD has a generally upward trend
from 2000 to 2006, a plateau during implementation of two 5-year
plans, and then trends down from 0.6 to 0.4 during 2014-2022. This
AOD is still significantly higher than the ~0.15 seen in the eastern
U.S. and Europe, suggesting that China still has room to improve air
quality. Thus, the downward trend seen since 2014 could continue
policy than

decades, rather

meteorological factors.

into future depending on

India’s story may be similar to China’s but lagging by 10 years.
MODIS shows that India experienced a continued upward trend of
AOD between early 2000s and late 2010s, rising from ~0.35 to ~0.5.
This rise appears as the strong regional linear trend in Figures 4, 7, 8

in every season except JJA when summer monsoons both clean the
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air and obscure satellite views of the aerosols. Since about 2018, the
mean AOD has generally plateaued. This may indicate that Indian
policy initiatives encouraging a switch from domestic use of solid
fuels to cleaner fuels and electrification of rural villages (Chowdhury
et al, 2019) is affecting the AOD. If so, the steep upward trend seen
in AOD over the Indian subcontinent over the Terra/Aqua satellite
record may be permanently ending.

4.6 Southern hemisphere ocean

The modest upward trend of AOD that covers much of the
southern hemisphere oceans, is both consistent and surprising. The
trend appears similarly in the 12-year record for both Aqua and
SNPP, and to a lesser extent on an annual basis in Terra (Figure 9).
The trend appears in Aqua’s 22-year record and even appears
widespread in Terra’s MAM and JJA record (Figures 3, 7, 8).
Although all have different sampling methods over different
study periods and groupings of sensors, previous studies have
shown AOD trends in this region. Quaas et al. (2022) see the
oceanic AOD trend clearly in their analysis of MODIS time
series (Terra and Aqua sensors averaged together, 2000-2019)
but find the opposite trend over the southern hemisphere oceans
in their parallel analysis of data from the Multi-angle Imaging
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Monthly average time series and linear regression for eastern
China (top, 25°-35° N and 105°-115° E) and for India (bottom, 15°-25°
N and 75°-85" E).
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FIGURE 13

Monthly average time series and linear regression for a 10° x 10°
region over the South Pacific (10°-20° S and 95°-105" W).

Spectroradiometer (MISR) that orbits along with MODIS on the
Terra platform. Gui et al. (2021) also find a modest negative trend
over parts of the oceans in MISR’s 2001-2018 time series. Sogacheva
et al. (2020) see a modest increase of AOD over the global oceans
from 2000 to 2017 using their merged product that includes data
from 16 different aerosol products, MODIS and MISR included.
Interestingly, the Quaas et al. (2022) analysis attribute the increase of
oceanic total AOD to an increase of fine mode. From Figure 5, Terra
seems to indicate an increase in fine mode AOD but not Aqua.
To further explore this puzzling trend in the Dark Target
product, a time series for a region representative of the trend in
the South Pacific is shown in Figure 13. The region is to the west of
the South American coast, with the coordinates 10°-20° S and
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95°-105° W. A positive trend of ~13% is seen in the Terra and
Aqua 22-year time series and ~20% in the 12-year SNPP record.

There are several possibilities that could explain this widespread,
modest trend in AOD. The first is a satellite artifact such as
calibration drift. Such a drift could affect a single wavelength
band, creating an illusion of greater spectral dependence that
would be interpreted by the algorithm as an increase in fine
mode AOD. However, it would be odd, although not impossible,
for all three sensors to suffer from the same artifact. Alternatively,
the trend may be a physical reality. This could be an actual increase
in aerosol, or it could be something else, such as cloud changes or
ocean reflectance changes that masquerade as an increase in aerosol
in the AOD product.

If the calculated trends were a true increase in aerosol, then
carefully selected long term AERONET stations should also measure
a trend. There are very few AERONET stations with a long-term
record situated on islands or on the coast intersecting the satellite-
identified positive trend. We examined four of those stations
(Reunion St Denis, Amsterdam Island, San Cristobal, American
Samoa) some on the periphery of the satellite-defined positive trend
zone, two with records that began in the SNPP era and only two with
longer records that might be compared with Terra or Aqua. We
focused on the June-July-August season, since that season appeared
to have the most widespread and strongest signal across all satellites.
None of the four AERONET stations showed a statistically
significant linear trend in AOD no matter when we began or
ended the time series. This suggests but does not prove that
there has been no true AOD increase across the southern
hemisphere oceans. We note that although the AERONET
analysis was inconclusive, AERONET seasonal mean AOD at
500 nm for June-July-August is higher than other years. For
example, at Reunion St Denis in the Indian ocean, off the coast
of Madagascar, the 2022 value is 0.079 as compared to an average of
0.049 for the 10 years preceding 2022. This is insufficient to create a
statically significant trend in the AERONET time series but is still
notable. The AERONET analysis makes no suggestion concerning
the possibility of physical changes that may be affecting the retrieval
such as changes to clouds or to ocean color. The AERONET analysis
is limited to only four locations, some only marginally intersecting
the zone of positive AOD trend in the satellite data.

To understand the trend in the Southern Hemisphere ocean, we
consider the time series as two sections, the 12-year time period of
the SNPP time series (2012-2024) and the 10-year time series
previous to this period when only Terra and Aqua were flying
(2002-2012). Both periods exhibit an upward trend. The trend in the
latter period is driven by spikes appearing at the end of the time
series (e.g., 2020), and then the 2022-2023 period when the seasonal
low AOD completely disappears resulting in much higher annual
mean AOD. The spikes can be attributed to smoke transport from
severe Australian wildfires inputting particles into the stratosphere
(Hirsch and Koren, 2021) while the 2022-2023 period corresponds
to the eruption of the underwater volcano Hunga-Tonga-Ha’apai
located at (21°S, 175°W). The volcanic eruption also sent tons of
volcanic material into the stratosphere (Carr et al., 2022; Legras
et al, 2022). The sulfur and water vapor combined to create a
stratospheric plume of sulfate aerosol that circumnavigated the earth
and by May had spread out latitudinally from the equator to 60°S
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(Legras et al., 2022; Zhu et al., 2022), persisting to at least October
2022 (Zhu et al., 2022).

While elevated aerosol in the stratosphere from severe
Australian fires (Hirsch and Koren, 2021) and the Hunga Tonga
volcanic explosion (Carr et al., 2022; Legras et al., 2022) are likely
explanations for the widespread positive trends seen by all three
sensors in their 2012-2024 time series, these latter day events cannot
explain the slow upward trends found by satellite analysis that
conclude before 2020 (Sogacheva et al., 2020; Quaas et al., 2022).
The fact that the two MODIS sensors (Terra and Aqua) see an
upward trend while the Terra MISR sensor registers a downward
trend (Quaas et al., 2022; Gui et al., 2021) for the same time period
suggests a calibration drift common to the MODIS characterization
procedures and perhaps a different one employed by the
independent MISR team. However, this is speculation. At this
point we have no conclusive explanation for the upward trend in
AOD for the 2002 to 2012 period. Information from other sensors
may provide needed perspective.

5 Discussion and conclusion

Although the Terra and Aqua MODIS time series has exceeded
all expectations in terms of length of service, their decommissionings
will disrupt the possibility for a 30+ year time series of aerosol
loading from a single sensor. Even before the end of their data
records, beginning in 2021, the equatorial crossing times for Terra
and Aqua are both drifting farther from solar noon. We expect that
sampling and retrieval statistics should also begin to show drift
regardless of true trends.

However, the Dark Target aerosol product will not end with
Terra and Aqua, because the algorithm applied to VIIRS inputs can
continue the time series with sufficient consistency. Although there
are currently offsets in AOD between the different sensors (NOAA-
20 closely matching Aqua, Terra offset higher by ~0.015 and SNPP
highest of all), the overall picture of the aerosol system, its seasonal
fluctuations and its long-term trends will not change. For
applications such as CERES that require a single self-consistent
aerosol record, it is important to decide on a period of overlap
between MODIS and VIIRS (Aqua and NOAA-20 having the best
correspondence to AERONET) to determine true continuity of
observations. Future calibration updates (on the order of 2% or
less) should remove most remaining offsets. Thus, as we move into
the 2030s and beyond, we have high confidence that NOAA-21,
JPSS-3, and JPSS-4 can sufficiently continue the long-term record
for AOD to enable monitoring continuing changes to the aerosol
loading on a changing planet.

Daily and monthly gridded average data will soon be available as
a level 3 VIIRS product. Unlike the MOD08/MYDO08 products for
MODIS, VIIRS Dark Target will have its own level 3 products
separate from other atmospheric retrievals that have made the port
from MODIS to VIIRS.

In addition, version 2.1 of the level 2 VIIRS Dark Target product
is nearing release. Kim et al. (2024) details a more sophisticated
surface reflectance parameterization that is added to the algorithm
for all sensors. Combined with cross-calibration coefficients to bring
the input reflectances closer to MODIS Aqua, this reduces the high
bias in the SNPP record compared to AERONET. Version 2.1 will
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also retrieve aerosol from VIIRS NOAA-21, which launched in
2019 in the same orbit: NOAA-21 is now a half-orbit (about 50 min)
ahead of NOAA-20, with SNPP midway between the other two
spacecraft. For consistency among sensors, the same algorithm
updates used in VIIRS Version 2.1 will be included when the
MODIS record is reprocessed for Collection 7.

The Angstrom exponent and any other size parameter that relies
on spectral dependence for its signal are much more susceptible to
small deviations in calibration of individual bands. We are less
confident that there can be a smooth transition from the MODIS era
to the VIIRS era for aerosol size parameters.

With the time series we have now, 22 years for Terra/Aqua
MODIS and 12 years for SNPP VIIRS, we clearly see the regional
distribution of AOD trends. With only half as long a record to draw
from, fewer trends are visible in the record since the beginning of
SNPP than since the beginning of Aqua. Regional trends that meet
the significance threshold over the shorter period tend to be those
that show changes in AOD throughout the year rather than
restricted to one or two seasons.

Much of the globe does not show significant trends over either
period, which includes most of the traditional dusty regions. This
may mean that although there is heavy variability of dust source
availability and meteorology, the process that activates, transports
and transforms dust particles have not exhibited any changes in
either the 22-year or 12-year data records. Urban/industrial aerosol
from the developed world showed strong decreases during the first
10 years of the 22-year record and then plateaued at very low aerosol
loadings. Meanwhile, during those first 10 years, China began the
process to clean up its air pollution so that a strong downward trend
ensued during the later 12-year time period. Concurrently, India saw
aerosol loading growing as a result of economic development.
However, during the last few years, there are signs that India is
plateauing, and we could be watching for a decrease in AOD in India
over the next decade. Fire regions show interannual variability,
which appears to dominate over trending. However, western Canada
clearly shows larger AOD spikes near the end of the record.

The AOD over the southern hemisphere oceans remains
puzzling. The stratospheric aerosol input by the Hunga Tong
eruption and the 2019-2020 bushfire season may contribute,
especially for the shorter time series that begins with the SNPP
record, but is likely not the full story. Calibration drift could be
possible for the Terra and Aqua sensors. The southern hemisphere
oceanic 22-year upward trend is noted but will remain a puzzle at
this time. Other factors that may affect aerosol sampling or retrieval,
such as changes in cloud cover—and in the frequency of aerosol
retrieval at cloud edges—during the MODIS record, may shed more
light on the apparent regional trend.

Fire smoke aerosol is the portion of the aerosol system to keep an
eye on in coming decades. Interannual variability in smoke regions is
so strong that it is too soon to identify a true climate change in
smoke frequency or loading despite popular media reporting on
increasing frequency of smoke events, locally. Tropical biomass
burning such as in South America and Africa is linked to
agricultural practices and is thereby under some human control
and governmental policy. We have seen how policy can introduce
cessation of upward trends and institution of downward trends on
the order of decades for urban/industrial aerosol. Similar willful
policy might change smoke aerosol production in these tropical
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regions. Wildfire smoke originating in temperate and boreal forests
is less controllable. The five strongest smoke seasons in western
Canada have all occurred since 2018, suggesting the possibility of
either an upward trend or a step function of increase in AOD
in that area.

Knowing aerosol trends well enough to make decadal-long
forecasts into the future is an essential component of estimating
the severity and timing of climate change. As most aerosol trends
have been downward over the length of the satellite record and
because aerosols generally impose a cooling on the planet, an
important negative forcing has been eliminated. This may have
contributed to the acceleration of the increase in global temperature
in recent decades. As we move forward, we need to monitor aerosol
changes and trends on a global basis but from a regional perspective,
keeping an eye out for changes in policies and natural processes that
may create aerosol changes. Here we have shown that the satellite
record on aerosol loading can be continued into the VIIRS era, so
that we have the tools to continue this important monitoring.
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