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Abstract. We present an Arctic aerosol optical depth (AOD) climatology and trend analysis for 2003–2019
spring and summertime periods derived from a combination of multi-agency aerosol reanalyses, remote-sensing
retrievals, and ground observations. This includes the U.S. Navy Aerosol Analysis and Prediction System Re-
Analysis version 1 (NAAPS-RA v1), the NASA Modern-Era Retrospective Analysis for Research and Appli-
cations, version 2 (MERRA-2), and the Copernicus Atmosphere Monitoring Service ReAnalysis (CAMSRA).
Spaceborne remote-sensing retrievals of AOD are considered from the Moderate Resolution Imaging Spectro-
radiometer (MODIS), the Multi-angle Imaging SpectroRadiometer (MISR), and the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP). Ground-based data include sun photometer data from AErosol RObotic
NETwork (AERONET) sites and oceanic Maritime Aerosol Network (MAN) measurements. Aerosol reanaly-
sis AODs and spaceborne retrievals show consistent climatological spatial patterns and trends for both spring
and summer seasons over the lower Arctic (60–70◦ N). Consistent AOD trends are also found for the high Arctic
(north of 70◦ N) from reanalyses. The aerosol reanalyses yield more consistent AOD results than climate models,
can be verified well with AERONET, and corroborate complementary climatological and trend analysis. Speci-
ated AODs are more variable than total AOD among the three reanalyses and a little more so for March–May
(MAM) than for June–August (JJA). Black carbon (BC) AOD in the Arctic comes predominantly from biomass
burning (BB) sources in both MAM and JJA, and BB overwhelms anthropogenic sources in JJA for the study
period.

AOD exhibits a multi-year negative MAM trend and a positive JJA trend in the Arctic during 2003–2019, due
to an overall decrease in sulfate/anthropogenic pollution and a significant JJA increase in BB smoke. Interannual
Arctic AOD variability is significantly large, driven by fine-mode and, specifically, BB smoke, with both smoke
contribution and interannual variation larger in JJA than in MAM. It is recommended that climate models should
account for BB emissions and BB interannual variabilities and trends in Arctic climate change studies.
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1 Introduction

The Arctic is warming faster than the overall global climate,
a phenomenon widely known as Arctic amplification (Ser-
reze and Francis, 2006; Serreze and Barry, 2011). This has
led to rapid changes in regional sea ice properties. Septem-
ber sea ice coverage is shrinking at an unprecedented rate
(Comiso, 2012; Meier et al., 2014). Younger and thinner ice
is replacing thick multi-year sea ice (Kwok and Rothrock,
2009; Hansen et al., 2013; Rosel et al., 2018). Mechanisms
contributing to sea ice changes include increased anthro-
pogenic greenhouse gases (Notz and Stroeve, 2016; Dai et
al., 2019), sea-ice–albedo feedback (Perovich and Polashen-
ski, 2012), increased warm and moist air intrusion into the
Arctic (Boisvert et al., 2016; Woods and Caballero, 2016;
Graham et al., 2017), radiative feedbacks associated with
cloudiness and humidity (Kapsch et al., 2013; Morrison et
al., 2018), and increased ocean heat transport (Nummelin et
al., 2017; Taylor et al., 2018). However, one of the least un-
derstood factors of Arctic change is the impact of aerosols on
sea ice albedo and concentration (IPCC, 2021a).

Atmospheric aerosol particles from anthropogenic and
natural sources reach or can be found in the Arctic region as
the result of long-range transport and local emissions, respec-
tively. This affects regional energy balance through both di-
rect and indirect radiative processes (Quinn et al., 2008; Eng-
vall et al., 2009; Flanner, 2013; Sand et al., 2013; Markowicz
et al., 2021; Yang et al., 2018). Aerosol particles influence
cloud microphysical properties as cloud condensation nuclei
(CCN) and/or ice-nucleating particles (INPs), affecting cloud
albedo, lifetime, phase, and probability of precipitation (e.g.,
Lubin and Vogelmann, 2006; Lance et al., 2011; Zamora
et al., 2016; Zhao and Garrett, 2015; Bossioli et al., 2021).
Additionally, deposition of light-absorbing aerosol species
such as dust and black/brown carbon on the surface of snow
and ice can trigger albedo feedbacks and facilitate melting
and prolong melting seasons (Hansen and Nazarenko, 2004;
Jacobson, 2004; Flanner et al., 2007; Skiles et al., 2018;
Dang et al., 2017; Kang et al., 2020). However, the im-
pact of aerosol particles on polar climate change is still not
well characterized, and their relative importance compared to
other warming factors is difficult to isolate and quantify.

Climate modeling studies show that due to stronger
feedback processes between the atmosphere–ocean–sea-ice–
land, the Arctic region is more sensitive to local changes in
radiative forcing than tropical and midlatitude regions (Shin-
dell and Faluvegi, 2009; Sand et al., 2013). Furthermore,
there seems to be an emerging agreement on a higher sensi-
tivity of Arctic clouds by aerosol particles than lower-latitude
regions due to the very low aerosol amounts compared to
lower latitudes (Prenni et al., 2007; Mauritsen et al., 2011;
Birch et al., 2012; Coopman et al., 2018; Wex et al., 2019).
Both underscore the important role aerosol particles may
play in the Arctic weather and climate and the urgency to
better quantify the amount of aerosols in the Arctic.

A variety of atmospheric aerosol species exist in the Arc-
tic region. Anthropogenic pollution contributes significantly
to the formation of the Arctic haze, which generally occurs
in later winter and spring due to wintertime build-up in the
shallow boundary layer with effective transport and reduced
removal (e.g., Law and Stohl, 2007; Quinn et al., 2008).
Biomass burning (BB) smoke, originating from wildfires in
boreal North America and Eurasia, is often observed and/or
modeled being transported into the Arctic (Eck et al., 2009;
Eckhardt et al., 2015; Stohl et al., 2007; Warneke et al., 2010;
Iziomon et al., 2006; Evangeliou et al., 2016; Kondo et al.,
2011; Breider et al., 2014; Markowicz et al., 2016; Khan et
al., 2017; Engelmann et al., 2021). Airborne dust, emitted
from exposed sand or soils due to glacier retreat (Bullard
et al., 2016; Groot Zwaaftink et al., 2016), is likely on the
rise as the Arctic warms. Dust can also originate from lower-
latitude deserts, e.g., the Sahara and Asia, and arrive in the
Arctic through long-range transport (Stone et al., 2007; Brei-
der et al., 2014; AboEl-Fetouh et al., 2020). As the Arctic
sea ice melts and the ice-free surface increases, emissions
of sea salt and biogenic aerosols (e.g., from dimethylsulfide;
Dall’Osto et al., 2017; Gabric et al., 2018) are expected to
increase. There are also ultrafine particles nucleated from
gaseous precursors, though in small amounts (Baccarini et
al., 2020; Abbatt et al., 2019).

Because of the harsh surface environment endemic to the
Arctic, aerosol field measurements are limited in compari-
son with the midlatitude and tropical environments. Despite
an increasing number of field campaigns carried out over the
past 2 decades (e.g., review by Wendisch et al., 2019, and
more recently the MOSAiC, https://mosaic-expedition.org,
last access: 28 June 2022) and their usefulness in improv-
ing process-level understanding, field measurement periods
tend to be short and limited to certain areas and thus are
not necessarily representative spatially and temporally of the
whole Arctic. There are many Arctic aerosol optical property
studies that are based on long-term site measurements (e.g.,
Herber et al., 2002; Tomasi et al., 2007; Eck et al., 2009;
Glantz et al., 2014; Ranjbar et al., 2019; AboEl-Fetouh et al.,
2020). The number of sites is, however, limited and of irreg-
ular spacing (mostly located at the northern edge of North
America, the Eurasian continent, and the Svalbard region).

Climate models that are not well constrained by observa-
tions exhibit large variations in basic aerosol optical proper-
ties: one finds, for example, an order of magnitude difference
in simulated regional aerosol optical depth (AOD) and large
differences in the simulated seasonal cycle of AOD over the
Arctic (e.g., Glantz et al., 2014; Sand et al., 2017). Such re-
sults will not reduce the uncertainty in the radiative impact of
aerosols through direct (including surface albedo effect) and
indirect forcings in the Arctic climate. Impacts of aerosols
and clouds, overall, constitute one of the largest sources of
uncertainty in climate models (IPCC, 2021b). This is appar-
ently exacerbated in a warming Arctic (Goosse et al., 2018).
A modeling study by DeRepentigny et al. (2021) shows that
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the inclusion of interannually varying BB emissions, com-
pared with only climatological emissions, results in simula-
tions of large Arctic climate variability and enhanced sea ice
loss. This finding suggests the sensitivity of climate-relevant
processes to aerosol interannual variability in the Arctic.

In this paper, we present an AOD climatology and trend
analysis for the 2003–2019 Arctic spring and summertime,
based on a combination of multi-national interagency aerosol
reanalyses, satellite remote-sensing retrievals, and ground
observations. We define the Arctic and the high Arctic as re-
gions north of 60 and 70◦ N, respectively. The lower Arctic
is defined as regions between 60–70◦ N. To reference lower-
latitude source influences, the area of 50–90◦ N is included
for context.

There are clear advantages to using aerosol reanalyses
of chemical transport models in comparison with climate
models for Arctic aerosol studies. Smoke emissions are fre-
quently updated (hourly rather than monthly BB smoke
emission sources for example), while satellite observations
of both meteorological and aerosol data are also incorpo-
rated into those aerosol reanalyses through data assimilation.
High-latitude fires are strongly influenced by weather pat-
terns including large-scale transport patterns (e.g., Flannigan
and Harrington, 1988; Skinner et al., 1999). Thus, BB smoke
in particular, is more realistically accounted for in aerosol
reanalyses.

To our knowledge, this is the first time aerosol reanalysis
products are evaluated and compared over the Arctic. The
goal of the study is to provide a baseline of AOD distribu-
tion, magnitude, speciation, and interannual variability over
the Arctic during the sea ice melting season. Statistics of Arc-
tic extreme AOD events are provided in a companion paper
(Xian et al., 2022). The baseline can be used for evaluat-
ing aerosol models, calculating aerosol radiative forcing, and
providing background information for field campaign data
analysis and future field campaign planning in a larger cli-
mate context. This paper is organized as follows: Sects. 2
and 3 introduce the datasets and methods, respectively. Sec-
tion 4 verifies the reanalyses. Results are reported in Sect. 5.
Discussions and conclusions are provided in Sects. 6 and 7.

2 Data

A combination of aerosol reanalyses, satellite-based aerosol
remote-sensing data, and ground-based aerosol measure-
ments are used to describe source-dependent AOD and its
trend over the Arctic during spring (i.e., March–May, MAM)
and summertime (i.e., June–August, JJA). The aerosol re-
analyses include the Navy Aerosol Analysis and Predic-
tion System reanalysis (NAAPS-RA; Lynch et al., 2016)
developed at the Naval Research Laboratory, the NASA
Modern-Era Retrospective Analysis for Research and Ap-
plications, version 2 (MERRA-2; Randles et al., 2017), and
the Copernicus Atmosphere Monitoring Service ReAnaly-

sis (CAMSRA; Inness et al., 2019) produced at ECMWF.
The remote-sensing data include AOD retrievals from the
Moderate Resolution Imaging Spectroradiometer (MODIS;
Levy et al., 2013), the Multi-angle Imaging SpectroRadiome-
ter (MISR; Kahn et al., 2010), and the Cloud-Aerosol Li-
dar with Orthogonal Polarization (CALIOP). Sun photome-
ter data from AErosol RObotic NETwork sites and oceanic
Maritime Aerosol Network measurements were employed as
key validation components (AERONET: Holben et al., 1998;
MAN: Smirnov et al., 2009). Overviews of remote-sensing
techniques for Arctic aerosols can be found in Tomasi et
al. (2015) and Kokhanovsky and Tomasi (2020). The anal-
ysis period is focused on 2003–2019, when all three aerosol
reanalyses are available. A summary of the datasets is pro-
vided in Appendix A.

2.1 MODIS AOD

AOD data from MODIS on Terra and Aqua were based on
Collection 6.1 Dark Target and Deep Blue retrievals (Levy
et al., 2013). Additional quality control and some corrections
were applied as described in Zhang and Reid (2006), Hyer
et al. (2011), and Shi et al. (2011, 2013) and were updated
for the Collection 6.1 inputs. The 550 nm quality-assured
and quality-controlled MODIS C6 AOD data are a level 3
product that is produced at 1◦× 1◦ latitude–longitude spa-
tial and 6-hourly temporal resolution. Those 6-hourly (aver-
aged) MODIS AOD data were then monthly binned in or-
der to study long-term aerosol climatology and trends. Sea-
sonally binned (year-to-year) means and trends were derived
only when the total count of 1◦× 1◦ and 6-hourly data ex-
ceeded 10 for a season.

2.2 MISR AOD

The MISR instrument onboard the Terra satellite platform
provides observations at nine different viewing zenith an-
gles across four different spectral bands ranging from 446
to 866 nm. These instrumental configurations facilitate AOD
retrievals over bright surfaces, such as desert regions (Kahn
et al., 2010). MISR Version 23 AOD data at 558 nm (Garay
et al., 2020) were analyzed. No MISR AOD is available
over Greenland due to snow and ice coverage. Monthly
gridded MISR AOD data were created by averaging only
MISR data with 100 % clear pixels (as defined by each
pixel’s “cloud screening parameter”) at a spatial resolution
of 1◦× 1◦ latitude–longitude. Only monthly grid cells whose
number of MISR 100 %-cloud-clear AODs was greater than
20 were used to derive the climatology and trend.

2.3 CALIOP AOD

The Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP), the primary instrument on the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
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(CALIPSO) satellite, is a polarization-sensitive lidar that op-
erates at two wavelengths (532 and 1064 nm; Winker et al.,
2003). It has, since its launch in 2006, collected a continuity
of vertical aerosol and cloud profiles. We primarily used
daytime and nighttime 532 nm aerosol extinction coefficient
data from the Version 4.2 (V4.2) Level 2 (L2) aerosol profile
product (Kim et al., 2018). The product resolution is 5 km
in the horizontal and 60 m in the vertical. The aerosol layer
product was used for quality assurance (QA) procedures.
The CALIOP aerosol profiles are rigorously quality-assured
before analysis (Campbell et al., 2012; Toth et al., 2016,
2018). Only cloud-free CALIOP profiles are used: this was
determined through the atmospheric volume description
(AVD) parameter included in the aerosol profile product (i.e.,
we excluded CALIOP profiles with any range bin classified
as cloud by the AVD parameter). A significant portion of
CALIOP aerosol profile data consists of retrieval fill values
(−9999 or RFVs) that are, in part, due to the minimum
detection limits of the lidar. In fact, over 80 % of CALIOP
profiles consist entirely of RFVs in some Arctic regions
(Toth et al., 2018). These result in zero-valued column
AODs: their inclusion in composites would artificially lower
the mean AOD. They were thus excluded from our analysis.
We also tested retaining AOD= 0 values in our analysis and
that did not change the AOD trends (see more discussions
in Sect. 6). Lastly, the cloud-free quality-assured profiles
without AOD= 0 profiles were used to compute mean
CALIOP AODs at a 2◦× 5◦ latitude–longitude resolution.
To ensure spatial and temporal representation, seasonally
binned means and trends were derived only when the total
count of gridded data in any season exceeded 20.

2.4 AERONET

The AErosol RObotic NETwork (AERONET) is a ground-
based global sun photometer network. AERONET instru-
ments measure sun and sky radiance in spectral bands rang-
ing from the near-ultraviolet to the short-wave infrared.
This network has been providing daytime aerosol-property
measurements since the 1990s (Holben et al., 1998, 2001).
Only cloud-screened, quality-assured version 3 Level 2
AERONET data (Giles et al., 2019) are used in this study.

The 500 nm fine-mode (FM) and coarse-mode (CM)
AODs from the spectral deconvolution algorithm (SDA) of
O’Neill et al. (2001, 2003), along with the FM spectral
derivative at 500 nm, are used to extrapolate FM AOD to
550 nm (assuming equal CM AOD at 500 and 550 nm). To-
tal AOD is simply the sum of FM and CM AODs. The SDA
product is an AERONET product that has been verified using
in situ measurements (see for example Kaku et al., 2014) and
a variety of co-located lidar experiments (see, for example,
Saha et al., 2010, and Baibakov et al., 2015). The FM and
CM separation is effected spectrally: this amounts to a sepa-
ration of the FM and CM optical properties associated with
their complete FM and CM particle size distributions. This

optical separation, characterized by the ratio of FM AOD to
total AOD at 550 nm is referred to as the fine-mode fraction
(FMF). An analogous FM and CM AOD separation in terms
of a cutoff radius applied to a retrieved or measured parti-
cle size distribution is referred to as the sub-micron fraction
(SMF; where the numerator of the SMF is the FM AOD as-
sociated with the AOD contribution of particles below a cut-
off radius). The SMF is the basis for separating FM and CM
components in the AERONET (AOD and sky radiance) in-
version. The SDA algorithm and the AERONET inversion
generate FM and CM AODs that are moderately different
(see, for example, Sect. 4 of Kleidman et al., 2005). The ad-
vantage of the SDA is its significantly shorter intersampling
time and thus retrieval numbers (∼ 20 h−1 vs. ∼ 1 h−1 for
the AERONET inversion), its independence from a variable
cutoff radius, and its greater operational generality (being ap-
plicable to other networks such as the MAN sun photometer
network).

AERONET data were binned into 6 h intervals centered
at normal synoptic output times of the reanalyses (00:00,
06:00, 12:00, and 18:00 UTC) and then averaged within the
bins. Monthly mean temporal representativeness was ren-
dered more likely by only including means with more than
eighteen 6 h data bins. Ten AERONET sites (Table 1, Fig. 1)
were selected based on regional representativeness (coupled
with the reality of the sparsity of AERONET sites in the Arc-
tic) and the availability of data records between January 2003
and December 2019, and for easier comparison with other
Arctic studies (e.g., Sand et al., 2017). To explore the po-
tential impact of different sampling resolutions on the re-
sults (e.g., Balmes et al., 2021), we generated daily AOD
statistics (Table S1) that could be compared with Table 1 6-
hourly statistics. In general, the mean and median of MAM
or JJA AODs (including total, FM, and CM AODs) at the
10 AERONET sites change very slightly (mostly 0.00, or
≤ 0.01). The daily AOD standard deviation was less than its
6-hourly analogue.

We found that thin clouds could occasionally be identified
and retrieved as CM aerosols in level 2, version 3 AERONET
data. These retrievals were manually removed by identifying
such thin clouds using Terra and Aqua visible-wavelength
imagery from NASA Worldview and comparing 6-hourly
NAAPS-RA with AERONET AODs. CM AODs greater than
the 3σ level were then also removed (as per AboEl-Fetouh et
al., 2020).

2.5 MAN AOD

The Marine Aerosol Network (MAN) is a handheld Mi-
crotops sun photometer (research-vessel-based) counterpart
to AERONET: ocean measurements are acquired where no
land-based AERONET site can exist (Smirnov et al., 2009,
2011). The products share AERONET product nomencla-
ture, and data processing is similar to that of AERONET.
Level 2 data above 70◦ N were employed in this study. SDA-
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based FM and CM AOD at 550 nm were derived and aver-
aged over 6 h time bins.

2.6 NAAPS AOD reanalysis v1

The Navy Aerosol Analysis and Prediction System (NAAPS)
AOD ReAnalysis (NAAPS-RA) v1 provides 550 nm, global-
scale, speciated AODs at 1◦× 1◦ spatial and 6-hourly tempo-
ral resolution for the years 2003–2019 (Lynch et al., 2016).
This NAAPS-based reanalysis incorporates the assimilation
of quality-controlled MODIS and MISR AOD retrievals
(Zhang and Reid, 2006; Hyer et al., 2011; Shi et al., 2011).
AODs from anthropogenic and biogenic fine aerosol species
(ABF; a non-BB sources mixture of sulfate, black carbon,
organic aerosols, and secondary organic aerosols), dust, BB
smoke, and sea salt aerosols are available. The aerosol source
functions were tuned to obtain the best match between the
model FM and CM AODs and the AERONET AODs for 16
regions globally. Wet-deposition processes were constrained
with satellite-derived precipitation (Xian et al., 2009). The
reanalysis reproduces the decadal AOD trends found using
standalone satellite products (e.g., Zhang and Reid, 2010;
Zhang et al., 2017, who excluded polar regions due to lack
of verification data).

2.7 MERRA-2 AOD reanalysis

NASA Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2), includes an aerosol re-
analysis scheme that incorporates AOD assimilation of a va-
riety of remote-sensing data sources, including MODIS and
MISR after 2000. The aerosol module used for MERRA-2
is the Goddard Chemistry, Aerosol Radiation and Transport
model (GOCART; Chin et al., 2000; Colarco et al., 2010).
It provides simulations of sulfate, black and organic carbon,
dust, and sea salt aerosols. A detailed description and global
validation of the AOD reanalysis product can be found in
Randles et al. (2017) and Buchard et al. (2017). Monthly
mean speciated AODs and total AOD at 550 nm with 0.5◦

latitude and 0.625◦ longitude spatial resolution were used for
this study.

2.8 CAMSRA AOD reanalysis

The Copernicus Atmosphere Monitoring Service (CAMS)
Reanalysis (CAMSRA) is a new ECMWF-led global reanal-
ysis of atmospheric composition (Inness et al., 2019). It fol-
lowed on the heels of the MACC reanalysis (Inness et al.,
2013) and CAMS interim reanalysis (Flemming et al., 2017).
The dataset covers the period of 2003–2020 and is being
extended to subsequent years. The model is driven by the
Integrated Forecasting System (IFS) used at ECMWF for
weather forecasting and meteorological reanalysis (but at a
coarser resolution). It incorporates additional modules acti-
vated for prognostic trace gases and aerosol species, includ-
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ing dust, sea salt, organic matter, black carbon, and sulfate.
Satellite retrievals of total AOD at 550 nm are assimilated
from MODIS for the whole period and from the Advanced
Along-Track Scanning Radiometer for 2003–2012, using a
4D variational data assimilation system with a 12 h data as-
similation window along with meteorological and trace gas
observations. The speciated AOD products with monthly
temporal resolution and a∼ 0.7◦ spatial resolution were used
in this study. Model development has generally improved the
speciation of aerosols compared with earlier reanalyses, and
evaluation against AERONET globally is largely consistent
over the period of the reanalysis.

2.9 Multi-reanalysis consensus (MRC) AOD

All three of the individual reanalyses are largely independent
in their underlying meteorology and in their aerosol sources,
sinks, microphysics, and chemistry. They were also gener-
ated through data assimilation of satellite and/or ground-
based observations of AOD. The assimilation methods and
the assimilated AOD observations, including the treatments
of the observations prior to assimilation (quality control,
bias correction, aggregation, and sampling, etc.), often dif-
fer. There is, on the other hand, consistent use of MODIS
data with its daily global spatial coverage.

Based on the three aerosol reanalysis products described
above, we made an MRC product following the multi-
model-ensemble method of the International Cooperative for
Aerosol Prediction (ICAP, Sessions et al., 2015; Xian et al.,
2019). The MRC is a consensus mean of the three individual
reanalyses, with a 1◦× 1◦ spatial and monthly temporal res-
olution. Speciated AODs and total AOD at 550 nm for 2003–
2019 are available. This new product is validated here, along
with the three component reanalysis members, using ground-
based Arctic AERONET observations. Validation results in
terms of bias, RMSE, and coefficient of determination (r2)
for monthly mean total, FM, and CM AODs are presented in
Tables 2–4. The MRC, in accordance with the ICAP multi-
model consensus evaluation result, is found to generally be
the top performer among all of the reanalyses for the study
region.

2.10 Fire Locating and Modeling of Burning Emissions
(FLAMBE) v1.0

FLAMBE is a biomass burning emission inventory derived
from a satellite-based active fire hotspot approach (Reid et
al., 2009; Hyer et al., 2013). FLAMBE can take satellite
fire products from either geostationary sensors, which offer
faster refresh rates and observation of the full diurnal cycle,
or polar orbiters, which have a greater sensitivity. There are
significant daily sampling biases and additional artifacts in-
duced by day-to-day shifts in the orbital pattern for polar-
orbiting satellites (e.g., Heald et al., 2003; Hyer et al., 2013).
However, the polar-only version of FLAMBE, which em-
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ployed MODIS-based fire data, is more appropriate for re-
analysis and trend analysis. This is because multiple changes
in the geostationary constellation over the study period posed
a challenge in terms of smoke source-function consistency.
The FLAMBE MODIS-only smoke source was also used
in the NAAPS-RA v1 because of the same temporal con-
sistency requirement. FLAMBE shows similar BB emission
trends as the yearly BB emission time series for the Arctic
region based on other inventories for a similar study period
(using the BC emission of Fig. 2 in McCarty et al., 2021).
These inventories include the Global Fire Assimilation Sys-
tem (GFAS; Kaiser et al., 2012), and the Global Fire Emis-
sion Dataset (GFED; Randerson et al., 2006; van der Werf et
al., 2006).

3 Method

The Arctic AOD climatology and trends are analyzed in this
study using remote-sensing products derived from MODIS,
MISR, CALIOP, and AERONET (each sensor typically gen-
erating aerosol products of different native wavelengths).
The 550 nm AOD was employed as the benchmark pa-
rameter since the three aerosol reanalyses AODs and the
MODIS AOD are all available at 550 nm, while the 558 and
532 nm AODs of MISR and CALIOP are appreciably close
to 550 nm. AERONET and MAN modal AODs at 550 nm
were derived using the SDA method as described in Sect. 2.4
and 2.5. Arithmetic means were employed for all the data
processing in order to be consistent with the arithmetic statis-
tics that are usually reported in the literature and with the
arithmetic statistics of the monthly data from the aerosol re-
analyses. Various studies have shown that geometric statis-
tics are more representative of AOD histograms (see, for
example, Hesaraki et al., 2017; Sayer and Knobelspiesse,
2019). However, Hesaraki et al. (2017) showed that arith-
metic statistics could be employed to readily estimate geo-
metric statistics.1 This option effectively renders the report-
ing of arithmetic or geometric statistics less critical.

The species of interest are BB smoke, ABF in NAAPS,
and its analogue of sulfate for MERRA-2 as well as CAM-
SRA, and dust and sea salt aerosols. Anthropogenic aerosol
particles, as external climate forcers, have attracted some at-
tention in climate studies (e.g., Wang et al., 2018; Ren et al.,
2020; Yang et al., 2018; Sand et al., 2016; Eckhardt et al.,
2015; Breider et al., 2017). However, BB smoke, which can
be both natural and anthropogenic in origin, has been shown
to be the largest contributor (over the last 2 decades) to Arc-
tic summer AOD and concentration (Evangeliou et al., 2016,
Sand et al., 2017, for modeling studies and Eck et al., 2009,
Eckhardt et al., 2015, Stohl et al., 2007, Warneke et al., 2010,
for observationally based studies). Recent BC measurements

1With an erratum: the Eq. (2) transformation to geometric mean
should be τg,x =

〈τx 〉

exp
(

ln2µx
2

) .

in Arctic snow also show a strong association with BB based
on modeled tracer correlations with measured optical prop-
erties of snow (Hegg et al., 2009; Doherty et al., 2010; Hegg
et al., 2010; Khan et al., 2017). A climate modeling study re-
cently found that much larger Arctic climate variability and
enhanced sea ice melting were introduced using BB emis-
sions with interannual variability as opposed to fixed clima-
tological monthly mean BB emissions (DeRepentigny et al.,
2021), a result that underscored the importance of quantify-
ing the magnitude and interannual variability of BB smoke
in Arctic climate forcing estimates. Thus BB smoke AOD is
separated out from the total AOD as a singularly important
species in this study.

The separation of species in this analysis is a bit arbitrary
since the representation of different aerosol types and sources
in each reanalysis is slightly different. The NAAPS model is
unique compared to other reanalyses and operational mod-
els in that it carries aerosol species by source rather than
chemical speciation. For example, biomass burning and ABF
are carried as separate species and permit explicit hypothe-
sis testing about the sources, sinks, and optical properties.
Conversely, MERRA-2 and CAMSRA carry organic carbon
(OC) and organic matter (OM) respectively, BC, and various
inorganic species combining a multitude of anthropogenic,
biogenic, and biomass burning source pathways. In this study
the sum of OC/OM and BC AOD is used to approximate
BB smoke AOD from CAMSRA/MERRA-2. The ratio of
BC AOD to the sum of BC and OC/OM AOD is, on av-
erage, about 10 % for areas north of 60◦ N for MERRA-
2/CAMSRA for both MAM and JJA (the single exception
to this is that the MERRA-2 ratio is about 18 % in MAM).
The ratios change little for areas > 70◦ N and areas > 80◦ N.

It is worth noting that the three reanalyses use either hourly
or daily BB smoke emission inventories: inventories that em-
ploy dynamic smoke sources detected by polar-orbiting satel-
lites. Examples include FLAMBE (Reid et al., 2009) for
NAAPS-RA, the Quick Fire Emissions Dataset (QFED) for
MERRA-2 after 2010 (GFED with monthly BB emission be-
fore 2010 as per Randerson et al., 2006; van der Werf et
al., 2006), and the Global Fire Assimilation System (GFAS,
Kaiser et al., 2012) for CAMSRA. This is expected to yield a
better spatial and temporal representation of BB smoke emis-
sions compared to climate models which use monthly mean
BB inventories (e.g., Sand et al., 2017).

We also assume all dust and sea salt are CM, while other
model aerosol species, including ABF in NAAPS-RA, sul-
fate in MERRA-2 and CAMSRA, BB smoke in NAAPS-
RA, and BC and OC/OM in MERRA-2/CAMSRA are FM
aerosol particles. This approximation (the sequestering of
dust and sea salt to the CM regime) is based on the fact that
FM dust and sea salt only contribute a small portion of the
total dust or sea salt AOD at 550 nm. For example, FM dust
represents about 30 % and 39 % of total dust AOD globally
in MERRA-2 and CAMSRA, respectively. The numbers are
17 % and 10 % for sea salt. NAAPS-RA makes the simpli-
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fying microphysical assumption that all dust and sea salt are
CM.

For verification purposes, the bias, root-mean-square er-
ror (RMSE) and coefficient of determination (denoted r2) of
reanalysis AODs compared to AERONET/MAN AODs are
calculated. r2 equals the square of the Pearson correlation
coefficient between the observed and the modeled AODs.
When estimating contributions of individual species to total-
AOD interannual variability, r2 is calculated as the square
of the Pearson correlation coefficient between the seasonally
binned modeled speciated AOD and total AOD. In that form,
r2 provides the percentage of “explained variance” of total
AOD by a speciated AOD. The statistical definition and inter-
pretation of r2 can be found at https://en.wikipedia.org/wiki/
Coefficient_of_determination (last access: 10 July 2022).

The significance test for trend analysis applies the same
calculation method as in Zhang and Reid (2010), Zhang et
al. (2017), an approach which, in turn, was based on the
method of Weatherhead et al. (1998). This trend analysis
method requires a continuous time series of data.

4 Comparison of AODs from aerosol reanalyses and
AERONET

The number of AERONET observations are tied to the in-
crease in the number of daylight hours and are therefore
more numerous during the summer than in the spring. This
translates to their generally being more temporally represen-
tative of 6 h or daily means in JJA. As a consequence, we
preferentially used a JJA climatology to illustrate reanaly-
ses vs. AERONET comparisons. Figure 1 shows the mean
JJA FM and CM AODs from AERONET and the speci-
ated AODs from NAAPS-RA, MERRA-2, and CAMSRA.
All three aerosol reanalyses appear to capture the total-AOD
magnitudes to varying extents. The AERONET retrievals
show that total AOD during the Arctic JJA season is dom-
inated by contributions from FM aerosols. Large FM AOD
values (generally indicative of strong BB smoke influence)
are found in Yakutsk and Tiksi in Siberia and Bonanza Creek
in Alaska. CM aerosols also contribute a substantial frac-
tion, varying from a minimum of 15 % in regions close to
BB smoke sources to a maximum of ∼ 25 % at the Norwe-
gian Sea and Greenland Sea coastal sites (Hornsund, An-
denes, and Ittoqqortoormiit): these sites are likely impacted
by sea salt aerosols lifted by North Atlantic cyclonic events.
NAAPS-RA produces AERONET-comparable FM and total
AODs in general while showing a tendency to overestimate
CM AODs (see Table 2 for explicit biases). The other two re-
analyses produce higher FM AOD and total AOD and lower
CM AOD compared to AERONET (see also Table 2).

Differences exist between the three reanalyses with respect
to the FM and CM partitioning of aerosol species. For ex-
ample, sea salt aerosols always dominate in the CAMSRA
(dust+ sea salt) CM: this comment even applies to some in-

land sites (e.g., Bonanza Creek) and implies a modeling is-
sue. Dust is the dominant CM species in NAAPS-RA and
MERRA-2. This is true at all AERONET site positions: it
is likely attributable to elevated dust layers transported from
lower latitudes (Stone et al., 2007; Jacob et al., 2010; Brei-
der et al., 2014; AboEl-Fetouh et al., 2020). The propor-
tional contribution of dust to total AOD is at its largest in
NAAPS-RA: a result that could have contributed to its high
bias in CM AOD (Table 2). The contribution of organic mat-
ter to FM AOD is generally larger in CAMSRA than in
the other two reanalyses. On the whole, BB smoke is the
largest contributing species to total JJA AOD over the Arctic.
This is consistent across all the reanalyses except for some
sites in NAAPS-RA (e.g., Andenes, Hornsund, and Kanger-
lussuaq where ABF AOD is slightly larger than BB smoke
AOD). This can be partially due to the different types of
speciation employed in NAAPS-RA: ABF represents anthro-
pogenic and biogenic pollution aerosols. The ABF category
includes sulfate, BC, and (with the exception of BB aerosols)
organic aerosols of all origins. It is also worth noting that
mean AERONET AODs are, in general, higher (0.01–0.02
and can be ∼ 0.1 higher for the sites close to BB sources)
than their median counterparts (Table 1) as well as their geo-
metric means. This is because AOD histograms are typically
more lognormal than normal in form (asymmetric linear-
AOD histograms with positively skewed tails as per, for ex-
ample, Hesaraki et al., 2017): arithmetic means are, accord-
ingly, often driven by extreme (> 95 % percentile for exam-
ple) AOD events. Because these extreme events constitute an
important part of the Arctic aerosol environment, the AOD
means are presented here.

The geographical coordinates of the 10 AERONET sites
are provided in Table 1 as are the mean, median, and stan-
dard deviation of the total, FM, and CM AODs at 550 nm for
both MAM and JJA based on available data (the availability
of AERONET data can be seen in the monthly time series
in Fig. 2). Analogous MAN statistics are provided in the last
row of Table 1 (see also Fig. S1 for geographical distributions
of MAN measurements). The seasonal mean total AOD for
Resolute Bay, the Greenland sites, Hornsund and the MAN
measurements is .0.1 (0.06–0.10), while the Alaskan and
Siberian site values are &0.1 (0.10 to 0.15, with Bonanza
Creek displaying a substantially larger JJA value of 0.21). All
sites, except Bonanza Creek, tend to have moderately higher
median AOD in MAM: this is consistent with other Arctic
sun photometer studies (Tomasi et al., 2015; Xie et al., 2018).
The lower values in JJA, according to the reanalyses (Figs. 4
and 5), is related to higher FM ABF/sulfate and/or CM dust
and sea salt in MAM. This AOD seasonal difference may
have evolved in the past 2 decades with a decreasing trend
in ABF/sulfate as discussed in Sect. 5.3. The mean AOD is
greater in JJA than in MAM for Yakutsk, Tiksi, and Bonanza
Creek: this is likely due to strong FM AOD variations as-
sociated with BB smoke events (see, for example, the dis-
cussions concerning the seasonal competition between FM
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Figure 1. Polar projection map showing the locations of the AERONET Arctic sites (small solid blue circles) used in this study. Long-term
(2003–2019) JJA-mean FM and CM AODs at 550 nm from AERONET (leftmost circle of each group of four circles) and, respectively,
the speciated pie charts of 550 nm AODs from NAAPS-RA, MERRA-2, and CAMSRA for each site. Warm colors (red, orange, and pink)
represent FM and cool colors (green and blue) represent CM. Circle size varies with AOD magnitude (see the key to the top right).

AOD smoke and FM AOD Arctic haze in AboEl-Fetouh et
al., 2020). The standard deviations of the total and FM AODs
are also high for those three sites.

The Table 1 median and mean of the FMF vary, respec-
tively, between 0.60 to 0.88 and 0.61 to 0.85 with higher
FMF in JJA than in MAM. The MAN measurements have
higher CM AODs and lower FMF compared to AERONET
measurements, due to possible contributions from sea salt
aerosols. The MAM to JJA increase in FMF for all sites
and MAN is coherent with the month-to-month increase of
AboEl-Fetouh et al. (2020), although their 550 nm arithmetic
means tend to be larger (monthly binned extremes of 0.81
to 0.98). Most, or at least a significant part, of this differ-
ence is likely attributable to differences between our FMF
(SDA) separation of the product and the SMF (AERONET-
inversion) separation of the climatology of AboEl-Fetouh et
al. (2020). The SMF is generally larger than the FMF because
it tends to attribute a fraction of the CM particle size distri-
bution and thus a fraction of the CM AOD to the FM AOD
(see, for example, the 550 nm SMF vs. FMF comparisons in
Sect. 4 of Kleidman et al., 2005). More discussions about
the differences in terms of FMF vs. SMF and arithmetic vs.
geometric statistics are available in the Supplement.

The time series of monthly mean FM, CM, and total AODs
from the 10 AERONET stations (CM AOD can be inferred
from the difference between total AOD and FM AOD) and
the speciated AODs from MRC are provided in Fig. 2. Bias,
RMSE, and r2 verification statistics versus AERONET for
monthly binned data of individual aerosol reanalysis mem-
bers and the MRC are presented in Tables 2, 3, and 4, re-

spectively. The MRC is consistently biased slightly high for
FM AOD across all sites and about neutral for CM AOD for
most. As a result, total AOD tends to be biased slightly high,
with biases ranging from 0.00 to 0.03. RMSE values range
from 0.02 to 0.03 for most sites except for Bonanza Creek,
Yakutsk, and Barrow with RMSE values of 0.06, 0.05, and
0.04 (driven mainly by FM variations). The r2 values range
from 0.53 to 0.84, with FM AOD r2 values ranging from
much higher to marginally higher than the CM AOD values.
This is understandable as FM AOD displays large variabil-
ities (which models are more capable of capturing), while
CM AOD displays relatively low values and smaller absolute
variabilities on seasonal and interannual timescales. Also,
emissions of CM aerosols like dust and sea salt are driven
dynamically by model or reanalysis surface winds where the
surface wind dependency increases exponentially in ampli-
tude: the simulation of this dependency has been a challenge
to all global aerosol models (Sessions et al., 2015; Xian et
al., 2019).

Our previous experience with multi-reanalysis and multi-
model ensembles indicates, in general, that the consensus of
multi-reanalyses or multi-models shows better verification
scores than individual component members (Sessions et al.,
2015; Xian et al., 2019, 2020). However, these studies are
based on more global analyses for which the Arctic impact is
relatively weak because of the sparsity of observational Arc-
tic data. Tables 2, 3, and 4 indicate that the Arctic is rather
unique inasmuch the MRC is not necessarily the top AOD-
estimation performer. NAAPS-RA generally has moderately
better bias, RMSE, and r2 verification scores for the total
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Figure 2.
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Figure 2. Monthly binned time series of FM, CM, and total AERONET AODs and MRC speciated AOD at (a) Bonanza Creek, Barrow,
Resolute_Bay, Thule, and Kangerlussuaq and (b) Ittoqqortoormiit, Hornsund, Andenes, Yakutsk, and Tiksi sites. The March–August periods
are highlighted with pink shading for easy reading. The legends of each time series show MRC bias, RMSE, and r2.
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and FM AODs compared to MERRA-2 and CAMSRA, while
CM AOD does not perform as well. In previous MRC and
multi-model consensus evaluations, all component members
either performed comparably in terms of AOD RMSE, bias,
and r2 or the number of multi models was relatively larger
(e.g., 5 to 6 for the International Cooperative for Aerosol Pre-
diction multi-model consensus). This study is the first time
that all three developing centers have systematically eval-
uated their AOD reanalysis performance on an Arctic-wide
climate scale.

5 Seasonal analysis

In this section we present spring and summertime Arctic
AOD climatologies derived from spaceborne remote-sensing
retrievals and aerosol reanalyses. We then present the sea-
sonal cycle, interannual variability, and trends of total and
speciated AODs.

5.1 Spring and summertime AOD climatology for the
Arctic

5.1.1 Space-based remote-sensing AOD climatology

Bright, snow-, and ice-covered surfaces, large solar zenith
angles (SZAs) and extensive cloud coverage result in lim-
ited (quality-assured) Arctic AOD retrievals from sensors
like MODIS and MISR. The latitude limit of an active,
downward-looking, polar-orbiting sensor like CALIOP re-
sults in a polar region profile gap above 82◦ N. Known
CALIOP issues of retrieval filled values (RFVs) (Toth et al.,
2018) and low signal-to-noise ratio over the Arctic during
the summertime also limit its aerosol retrievals during the
JJA season. These challenges translate to substantial data-
free MAM and JJA areas in the high Arctic and Greenland as
well as North America and Siberia in the MODIS, MISR, and
CALIOP AOD climatology maps of Fig. 3. JJA shows signif-
icantly larger MODIS and MISR area coverage over higher
latitudes as aerosol retrievals from MODIS and MISR are
acquired in continuous or nearly continuous sunlight condi-
tions. The summertime melt season means a greater presence
of ice- and snow- free ocean and land surfaces as required for
passive satellite-based AOD retrievals. Nevertheless, the long
operation time of these sensors (about 2 decades) provides
sufficient data to construct an AOD climatology as well as an
emissions climatology for the near Arctic and the midlatitude
regions where most sources of Arctic aerosols reside.

In general, the Fig. 3 AOD patterns are similar for all
three sensors. Higher AODs of 0.15–0.25 can be observed
in the 50–65◦ N latitude belt over land. These are associ-
ated with large boreal and subarctic areas in Siberia, east and
central Europe, and North America in both spring and sum-
mer. AODs, mostly higher than 0.2 over Siberia in JJA, are
associated with biomass burning events. The average AOD
over water is considerably lower, ranging from 0.02 to 0.12,

with lower AOD over the North Atlantic and relatively higher
AOD in the northeast Pacific influenced by outflows from the
Eurasian continent. The lowest AODs (0.02–0.06) occur over
the Arctic Ocean. AOD over water is slightly higher in MAM
than in JJA, which is consistent with other observation-based
studies within the Arctic circle (e.g., Tomasi et al., 2015).
This result is possibly related to higher pollution levels from
the upstream continents in MAM. CALIOP AOD exhibits
spatial patterns similar to MODIS and MISR. AODs over
Greenland (unique to CALIOP) range from 0.02–0.06: these
minimal values are attributable to its high elevations (nearly
2 km on average). CALIOP-derived AODs over Siberia and
North America are distinctively higher in JJA than in MAM.
This seasonal difference (also seen by MISR) is attributable
to seasonal boreal fire activities, i.e., boreal fire is gener-
ally more active in JJA than in MAM (Giglio et al., 2013).
The seemingly larger JJA vs. MAM CALIOP difference over
Siberia and North American as compared with MODIS and
MISR could also be associated with different averaging times
(2006–2019 vs. 2003–2019) as well as data sampling rate.
The swath for MODIS and MISR is on the order of a few
hundred to a few thousand kilometers, while the “beam di-
ameter” for CALIPSO is on the order of 70 m (Winker et al.,
2009; Colarco et al., 2014). While MODIS and MISR yield
more valid retrievals during JJA than MAM, the CALIOP
data sample more during MAM due to a decreased signal-
to-noise ratio during the summer (see for example O’Neill et
al., 2012).

5.1.2 Arctic AOD climatology derived from aerosol
reanalyses

The spatial distributions of 2003–2019 mean total AOD and
speciated AOD from the three aerosol reanalyses and their
consensus mean for spring and summer, respectively, are
shown in Figs. 4 and 5. Although there are limited AOD data
available for data assimilation in the Arctic, lower-latitude
AODs that are assimilation constrained can affect Arctic
AOD through transport and thus exert an indirect Arctic AOD
constraint. Additionally, all the reanalyses use satellite fire-
hotspot-based BB emissions with a fine temporal resolution
(hourly to daily). This exerts a source constraint, especially
temporally (emission magnitude differs more than timing
among the different models). As a result, there are signif-
icant similarities in the spatial distributions of total AODs
among the three reanalyses. For example, MAM total-AOD
values are, for all reanalyses, high in the 50–65◦ N belt over
the Eurasian continent and its downwind Pacific region (val-
ues of 0.16–0.30), low (of the order of 0.1 or less) for regions
north of 70◦ N, and at a minimum over Greenland. The high
AODs over boreal North America and the Siberian BB re-
gions are more prominent in JJA compared to MAM. In gen-
eral, we would note that the distribution patterns and total-
AOD magnitude are comparable to available retrievals from
MODIS, MISR, and CALIOP.
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Figure 3. Satellite-derived, mean climatological MAM (a–c) and JJA (d–f) MODIS AOD at 550 nm (a, d), MISR AOD at 558 nm (b, e), and
CALIOP AOD at 532 nm (c, f). The averaging period for MODIS and MISR was 2003–2019, while the CALIOP period was 2006–2019.
The white areas correspond to a lack of data. The latitude circles are at 50, 60, 70, and 80◦ N.

Speciated AODs have more variability than total AOD
among the three reanalyses and a little more so for MAM
than for JJA as shown in Figs. 4, 5, and 6. The lower JJA
variability follows because passive Arctic AOD retrievals are
more available in summer and reanalyses are therefore more
constrained by those observations. The lower total-AOD
variability is the result of it being constrained through data
assimilation while speciated AOD is not: the latter AODs
rely on model physics and boundary condition constraints.
In general BB smoke and ABF/sulfate AODs largely domi-
nate dust and sea salt during MAM and JJA. The MRC MAM
results show similar BB smoke and ABF/sulfate magnitudes.
However, the NAAPS-RA and MERRA-2 results suggest an
ABF/sulfate dominance over BB smoke, while CAMSRA
suggests the reverse. The high FM AOD vs. AERONET bias
of CAMSRA (Table 2) suggests OM and BC and hence BB
smoke overestimation. BB smoke becomes the dominant ri-
val species over ABF/sulfate as summertime boreal BB ac-
tivity increases. The increase in smoke AOD from spring
to summer is a consistent feature across all the reanalyses
(while CAMSRA, singularly, shows significantly higher BB
smoke AOD and lower sulfate AOD in both seasons). All re-
analyses show a June minimum in total AOD (Fig. 6). This is
induced by general post-springtime ABF/sulfate, dust, and
sea salt AOD reductions coupled with increased July and

August BB activities. The spatial distributions of seasonal
mean BC AOD from MERRA-2 and CAMSRA greatly re-
semble those of smoke AOD (arguably more so for JJA than
MAM). This suggests a dominant role of BB sources over
anthropogenic BC sources over the Arctic during the spring
and summer seasons. This also supports the BC emission es-
timate of McCarty et al. (2021) that wildfire emissions ac-
count for more than half of all BC yearly emissions north of
60◦ N (the authors noted much lower wintertime BB emis-
sions when anthropogenic BC emission is at its maximum).

Figures 4, 5, and 6 indicate, for both seasons, that dust and
sea salt are secondary contributors to the total AOD in the
Arctic: noticeable influences of Saharan and Asian dust (see
for example Stone et al., 2007; Breider et al., 2014) as well as
cyclonic-induced North Atlantic Greenland Sea, Norwegian
Sea, and North Pacific sea salt are observable in Fig. 4. It is
also noteworthy that dust AOD in CAMSRA is much lower
than the other two models (< 0.02) in the spring.

Monthly and latitudinally segmented mean AODs were
found to gradually decrease from lower-latitudinal belts to
higher-latitudinal belts (Fig. 7). Total AOD for the 60–70◦ N
belt increases, on average, from MAM to JJA due to the sea-
sonality of BB activities. However, the total AOD for the 80–
90◦ N belt decreases slightly from MAM to JJA. This means
the decreasing latitudinal gradient of total AOD is character-
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Figure 4. The 2003–2019 climatological MAM-mean total and speciated AOD at 550 nm from NAAPS-RA, MERRA-2, and CAMSRA
over the Arctic.

ized by a larger amplitude in JJA than in MAM. This is most
likely due to greater aerosol wet removal during transport
from source regions to the high Arctic in summer (Garrett et
al., 2010, 2011). It is also noted that the CAMSRA latitudinal
AOD gradient is larger than those of the two other reanaly-
ses. This suggests stronger CAMSRA aerosol removal in the
Arctic compared to MERRA-2 and NAAPS-RA.

5.2 Interannual variability of AOD in the Arctic

5.2.1 General features of AOD interannual variability

As can be seen in Fig. 2 (and supported by the MAM and JJA
discussion in Sect. 4), there are significant interannual AOD
variabilities, especially for sites close to boreal fire sources.
For example, the summertime peak of the total AERONET
AOD at Bonanza Creek, Alaska, is around 0.6–0.8 in 2004,
2005, and 2019, while it is ≤ 0.1–0.2 for other years. The
year-to-year factor relating high- and low-amplitude sum-
mertime peak AOD values at Yakutsk, Siberia, can be 6-fold.
The MRC shows that these large interannual variabilities are
fairly consistent with AERONET FM AOD variabilities and
are very likely attributable to interannual variabilities in BB
smoke.

For sites far from smoke sources, such as Ittoqqortoormiit
on the east coast of Greenland, Hornsund in Svalbard,
and Thule on the northwest coast of Greenland, the high-
amplitude peak AODs are about 2–3 times the low-amplitude
peak AODs. The interannual spring/summer variability is
largely associated with BB smoke as suggested by the MRC
and the coherent variation in the AERONET FM AOD (see
for example Figs. 6 and 7). Some of the strongest AOD
events reported in previous studies have been shown to be
associated with the long-range transport of BB smoke. For
instance, the strong AOD peak in the summer of 2015 over
Hornsund and Andenes was related to a series of intense fires
that originated in North America (Markowicz et al., 2016).
The strong AOD peaks measured in August 2017 over Res-
olute Bay, Eureka, and Thule were most probably related
to intense-fire-induced pyrocumulonimbus (pyroCb) events
in British Columbia and the long-range transport of high-
altitude smoke (Ranjbar et al., 2019; Das et al., 2021). The
high-amplitude AOD peak in the spring of 2006 over Horn-
sund was traced to agricultural fires in eastern Europe (Stohl
et al., 2007). The summer, 2004 boreal fires in North Amer-
ica led to the maximum-amplitude AOD peaks (Fig. 2) for
the two Alaskan sites and enhanced AOD on a pan-Arctic
scale (Stohl et al., 2006). Some of the high-amplitude AOD
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Figure 5. Same as Fig. 4 except for JJA.

peak events were recorded during intensive field campaigns.
These included the Arctic Research of the Composition of
the Troposphere from Aircraft and Satellites (ARCTAS), the
Aerosol, Radiation, and Cloud Processes affecting Arctic
Climate (ARCPAC) multi-platform campaign in the summer
of 2008 (Matsui et al., 2011; Saha et al., 2010; McNaughton
et al., 2011) and the NETCARE (Network on Climate and
Aerosols: Addressing Key Uncertainties in Remote Cana-
dian Environments) research vessel campaign in the spring
of 2015 (Abbatt et al., 2019). Some of the BB smoke events
caused short-term record-high AOD, and some lasted weeks
to months, resulting in high monthly mean AOD. The statis-
tics of extreme AOD events and implications for the impact
of regional biomass burning processes are provided in Part 2
(Xian et al., 2022).

5.2.2 Attribution of AOD interannual variability

It can be observed in Fig. 6 that the simulated interannual
(60–90◦ N) AOD variability is mostly attributable to the large
interannual variability of smoke AOD (interannual variabil-
ity as measured by the size of the whisker bars). This is
consistent across all the reanalysis products. For March and
April, the contribution from sulfate/ABF is as important as
BB smoke if not larger. The interannual variation in dust

AODs, as indicated with MERRA-2 and NAAPS-RA data,
is non-negligible in MAM.

Regarding spatial distribution, Fig. 8 shows the percent-
age of interannual variabilities of spring and summer Arc-
tic AOD explained by different aerosol species as computed
from MRC AODs for 2003–2019. The fact that both MAM
and JJA interannual variabilities are mostly explained by BB
smoke (maximal r2 values) is consistent with the correlation
of monthly AOD time series shown in Figs. 2 and 6. The
JJA r2 values for BB smoke are generally larger than the
MAM values and lower over the North Atlantic, the Norwe-
gian Sea, and Greenland than over the North American and
Eurasian sectors. Smoke explains 60 %–80 % of MAM and,
with the exception of Greenland, about 80 % of JJA AOD
interannual variabilities north of 70◦ N. JJA values over the
North American and Eurasian sectors (> 60◦ N) represent
about 100 % explained variation. The second-largest contrib-
utor is ABF/sulfate and dust for MAM and to a lesser extent
for JJA. Contribution from sea salt is weak and only statisti-
cally significant east of Greenland in JJA.

The explained variation by MAM ABF/sulfate is above
80 % over the industry- and population-concentrated Euro-
pean and northeast North American sectors and their outflow
regions into the North Atlantic, Greenland Sea, Norwegian
Sea, and the Arctic Ocean. Values decrease to above 60 %
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Figure 6. Climatological (2003–2019) seasonal cycle of Arctic
(60–90◦ N) average total and speciated AODs at 550 nm from the
three aerosol reanalyses and the MRC. The top and bottom whiskers
and the symbols represent, respectively, the 25 % and 75 % per-
centiles and the medians of monthly binned AOD distributions.

Figure 7. As per Fig. 6 but for total AOD and different latitudinal
belts.

over Europe in general and the European Arctic (including
water). Dust, possibly from Asian and high-latitude sources,
could explain some of the interannual AOD variabilities over
some regions (e.g., Greenland and the Greenland Sea in JJA
as well as the North Pacific and the Arctic Ocean in MAM).
However, there exist large uncertainties in this evaluation
based on the weaker verification scores of CM compared to
FM AOD (Tables 2–4), and, for example, only the CAM-
SRA reanalyses consider high-latitude dust. Co-variability of
species, e.g., BB smoke, ABF/sulfate, and dust, is discernible
in Fig. 8; this is likely due to the same transport pathways be-
ing employed from the midlatitudes to the Arctic. It is also
possible that these species covary because of artifacts intro-
duced by intrinsic treatment in AOD data assimilation for
low-AOD situations (Zhang et al., 2008).

5.3 Total and speciated AOD trends over 2003–2019

The total-AOD springtime and summertime trends derived
from MODIS and MISR over 2003–2019 as well 2006–2019
from CALIOP are presented in Fig. 9. Because of the scarcity
of valid Arctic retrievals, valid trend analysis is mostly lim-
ited to south of 70◦ N and the North Atlantic region (with
less MODIS and MISR coverage in MAM than in JJA and,
for reasons mentioned in Sect. 5.1, less CALIOP coverage in
JJA than MAM).

5.3.1 AOD springtime trends

A generally negative total-AOD MAM trend over the 50–
60◦ N belt and the North Atlantic is shown in Fig. 9. The
largest-amplitude negative trend of Fig. 9 (−0.06 to −0.10
AOD per decade) occurs over Europe; this is most likely
due to a decrease in ABF/sulfate from decreased anthro-
pogenic emissions (as we will see in the discussion surround-
ing the reanalyses of Fig. 10). The CALIOP trend is moder-
ately less negative than the MODIS and MISR trends. This
might, again, be attributable to the shorter length of the data
record (where earlier and more polluted years of 2003–2006
for Europe and North America were not included) and/or the
CALIOP daytime signal-to-noise issues. The Fig. 10 reanal-
yses all show a negative pan-Arctic total-AOD trend (−0.01
to −0.02 AOD per decade) except for a near-zero CAMSRA
trend over the Arctic Ocean and a very slight positive trend
over boreal North America. The reanalyses collectively sug-
gest that the strong negative trend over the southeast Siberian
and East Asian outflow region is associated with a decrease
in BB smoke and, perhaps, a more moderate decrease in
ABF/sulfate from NAAPS-RA and MERRA-2. Other con-
sistent features shared by the reanalyses include a nega-
tive ABF/sulfate trend over Europe due to decreased anthro-
pogenic emissions (Breider et al., 2017) and a weak positive
North Atlantic sea salt trend due possibly to an observed in-
crease in cyclonic activities (Rinke et al., 2017; Waseda et al.,
2021; Valkonen et al., 2021). It is notable that NAAPS-RA
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Figure 8. Percentage of interannual MRC variability of MAM (upper row) and JJA (lower row) seasonally binned, total AOD at 550 nm
explained by BB smoke, ABF/sulfate, dust, and sea salt AODs. Values in dotted area are statistically significant at the 95 % level using a
two-tailed Student t test.

Figure 9. MODIS, MISR, and CALIOP MAM and JJA AOD trends for the time periods and AOD wavelengths given in the caption for
Fig. 3. Trends in the dotted areas are statistically significant.

Atmos. Chem. Phys., 22, 9915–9947, 2022 https://doi.org/10.5194/acp-22-9915-2022



P. Xian et al.: Arctic spring and summertime AOD baseline – Part 1 9933

Figure 10. Trends of MAM 550 nm total AOD and contributions from BB smoke, ABF/sulfate, dust, and sea salt from NAAPS-RA,
MERRA-2, CAMSRA, and the MRC for 2003–2019. Trends in the dotted areas are statistically significant.

(and MERRA-2 after 2008) do not incorporate an ABF/sul-
fate emission trend. This means that their ABF/sulfate trends
are mostly driven by a negative AOD correction applied by
the data assimilation systems. This corroborates the negative
trend in ABF/sulfate.

5.3.2 AOD summertime trends

The most prominent Fig. 9 JJA feature is the strong and
positive total-AOD trend (> 0.10 AOD per decade) that ap-
pears, to a varying, sensor-dependent, spatial extent, over
vast regions of Siberia and North America. All the reanal-
yses indicate that this trend is attributable to a significant in-
crease in BB smoke AOD (Fig. 11). This is coherent with
the FLAMBE-derived, MODIS hotspot-based emission in-
ventory of Fig. 12 that shows positive regional trends in BB
emissions north of 50◦ N (and with other BB emission in-
ventories such as GFED and GFAS inventories shown in
Fig. 2 of McCarty et al., 2021). At the same time, there
are negative trends in total AOD over Alaska, northeast of
Russia, and the North Pacific from the reanalyses, which is
seemingly consistent with the trend in remote-sensing AODs
(though for some satellite datasets the coverage is spotty in
these regions). These trends are driven by BB smoke and
smoke emission trends as suggested by all the reanalyses and

FLAMBE. In addition, there is a continued negative trend
from MAM to JJA in ABF/sulfate over Europe, which is also
reflected in total-AOD trend, as shown in the reanalyses. This
is consistent with the discernible negative though weak trend
from the three sensors. JJA AOD trends in dust and sea salt
are neutral from the reanalyses.

5.3.3 High-Arctic AOD trends

For the high Arctic, AOD trends will hardly be seen with
the same color scale as those for the lower latitudes because
of lower AOD. Thus, they are shown separately in Fig. 13,
where time series of MAM and JJA area-mean total, smoke,
and ABF/sulfate AODs are shown individually and for all
the reanalyses and the MRC over the 2003–2019 time pe-
riod. There is a negative trend across models in MAM total
AOD with −0.017 AOD per decade (−18 % per decade) and
a positive trend in JJA total AOD with 0.007 AOD per decade
(8 % per decade) based on the MRC. The largest contributor
to the MAM negative trend is ABF/sulfate, and the smoke
AOD trend is also negative. In the summertime, the ABF/-
sulfate trend continues to be negative; however, the smoke
AOD trend turns positive, with a high positive trend of 0.010
AOD per decade (22 % per decade). BC AOD trends from
MERRA-2 and CAMSRA are dominantly driven by smoke
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Figure 11. Same as Fig. 10 except for JJA.

AOD and have similar trends with smoke AOD in percent-
age per decade. The negative trend in ABF/sulfate AOD is in
line with the decreasing trend in surface sulfate mass con-
centrations measured over Arctic observational sites (e.g.,
Breider et al., 2017). The negative trend in MAM and pos-
itive trend in JJA for smoke AOD are consistent with the
seasonally binned and latitude-belt-binned mean BB emis-
sion trends shown in Fig. 12e and f. The trend magnitudes
of the three aerosol reanalyses are different, but the signs are
the same, corroborating the trend analysis results based on
the MRC. These results are consistent with the trend analysis
for lower-latitude source regions as shown in Figs. 9–11. All
these results also demonstrate that the Arctic aerosol baseline
is changing quickly (Schmale et al., 2021), and the estimation
here could contribute to the understanding and quantification
of this new baseline.

5.3.4 Possible causes of BB smoke AOD trends

Besides rising surface temperature, climate phenomena such
as the El Niño–Southern Oscillation (ENSO), Arctic Oscilla-
tion (AO), and Pacific Decadal Oscillation (PDO) have been
reported as affecting fire activity in several key boreal fire
source regions (Balzter et al., 2007; Macias Fauria and John-
son, 2006; Kim et al., 2020). However rising surface temper-
ature probably contributes more to the observed trend in BB

emission in the high latitudes. With the rising surface tem-
perature, lightning activity and lightning-caused wildfires in
summertime high-latitude regions were observed to increase
in the past 2 decades (Z. Zhang et al., 2021; Bieniek et al.,
2020; Coogan et al., 2020). In addition, agricultural fire activ-
ity in eastern Europe and European Russia (peaking at April
to May) and central Asia and Asiatic Russian (peaking in Au-
gust) (Korontzi et al., 2006; Hall et al., 2016) also affects the
seasonality of total BB emissions. The MAM negative trend
in BB smoke may be relevant to a strengthening of agricul-
ture burning regulations in the later part of the time period.
For example, the MAM BB emission maxima in 2003, 2006,
and 2008 are all associated with widespread springtime agri-
culture burnings in high latitudes (Korontzi et al., 2006; Stohl
et al., 2007; Saha et al., 2010). The aforementioned climate
oscillations also modulate interannual variations in the trans-
port of pollutants from the midlatitudes to the Arctic (e.g.,
Eckhardt et al., 2003; Fisher et al., 2010). Compared with the
BB emission trend, the trend in the atmospheric processes,
e.g., transport and removals, probably plays a secondary role
in the Arctic smoke AOD trend. This is illustrated by the
similarity in spatial patterns of smoke AOD and BB emis-
sion trends, and the coincidence of peak years for emissions
and the high-Arctic area-mean smoke AODs. For example,
2012 and 2019 are associated with JJA peaks in emission and
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Figure 12. MAM and JJA seasonal total BB smoke particle
emission climatologies and trends for 2003–2019 derived from
FLAMBE. Panels (e) and (f): time series of seasonally binned area-
mean (> 50◦ N, > 60◦ N, and 50–60◦ N) BB smoke (PM2.5 parti-
cle) emissions for MAM and JJA, respectively. Dashed lines rep-
resent linear trends, which are statistically significant with a confi-
dence level of 95 %. The trend for north of 50◦ N is displayed in the
legends.

high-Arctic smoke AOD, while 2003 and 2008 correspond to
MAM peaks in both (Figs. 12 and 13).

6 Discussion

The quality control processes applied to the AOD retrievals
from MODIS, MISR, and CALIOP help to generate a consis-
tent AOD climatology and trend near the Arctic. The cloud-
clearing process on the MISR data and QA processes on the
MODIS data removed a good volume of data (about 40 %
for MISR and MODIS). However, these QA processes help
to retain only the best-quality data, which yield a closer
magnitude of AOD for MODIS and MISR to AERONET

AODs near the 70◦ N latitude circle (around or less than 0.1),
compared to ∼ 0.2 using regular level 3 MODIS and MISR
data in Figs. 20 and 23 of Tomasi et al. (2015), especially
for springtime. The manual QA process on the AERONET
AOD data also reveals more frequent cloud contamination in
springtime than in summertime. Often artificial AOD values
of zero are observed over the Arctic in CALIOP V4.2 L2 and
L3 data, resulting partially from algorithmically setting alti-
tude bins with retrieval filled values in the aerosol profile to
zero, as these represent undetectable levels of faint aerosol
(i.e., Toth et al., 2016; 2018). With AOD= 0 values retained
in the CALIOP V4.2 L2 data analysis (same processing in
CALIOP V4.2 L3), the climatological seasonal mean AOD
magnitude is much smaller (about half) than that shown in
Fig. 3 and the AOD trends are slightly smaller than those in
Fig. 9. However, the spatial patterns of the seasonal AOD
and trends are similar to those obtained with AOD data after
removing the AOD= 0 values (Fig. S2). After removing the
pixels with filled and zero values, CALIOP AOD seasonal
spatial AOD distributions are similar to those from MODIS
and MISR.

The total AOD at 550 nm from the three aerosol reanaly-
ses are much more convergent in spatial distribution, mag-
nitude, and seasonality in the Arctic compared to the cli-
mate models and are similar to those from the remote sen-
sors near the Arctic. For example, for AeroCom models in
Sand et al. (2017), MAM AODs averaged over nine Arctic
AERONET sites (all included in this study) are an order of
magnitude different for the highest and lowest AOD mod-
els, and peak AOD season varies among winter, spring, and
summer. In the CMIP5 models in Glantz et al. (2014), spring
and summertime AODs over the Svalbard area also show an
order of magnitude difference, and there are different season-
alities for some of the models. The possible reasons for the
convergence of AOD in the reanalyses include the follow-
ing: (1) the hourly/daily resolved satellite hotspot-based BB
emissions used by these reanalyses apply fine temporal and
interannual-variability-resolved emission constraints; (2) de-
spite the commonly assimilated satellite AOD (e.g., MODIS
AOD in all three reanalyses) having limited coverage in the
Arctic due to retrieval challenges of dealing with bright sur-
faces and high cloud coverage, the observational constraint
of model fields through the assimilation of AOD in the lower
latitudes is effective in constraining Arctic AOD to a good
extent through transport; (3) more accurate meteorology rep-
resentations. It is reasonable that the AOD spread among the
three reanalyses increases with latitude and into the early
months (e.g., March) when retrieval coverage for lower lati-
tudes is less than in summer months.

Except for the chemical processes relevant to conversion
of SO2 to sulfate, the aerosol reanalysis products (or their
underlying aerosol models) do not include other new parti-
cle formation processes that may be important over the Arc-
tic open-water/leads in springtime or over packed ice dur-
ing the transitional summer-to-autumn season (Abbatt et al.,
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Figure 13. Time series of MAM and JJA 70–90◦ N area-mean total, BB smoke, ABF/sulfate, and BC AODs from the reanalyses and the
MRC. Solid lines are AODs, and dashed lines are linear regressions indicating trends. For easier visualization, BC AOD is multiplied by 10.

2019; Baccarini et al., 2020). High-latitude dust sources, e.g.,
glacier dust, which are present for some areas in the Arctic
(Bullard et al., 2016), are only included in CAMSRA, despite
Arctic dust AOD in CAMSRA being much lower than those
in the other two models (Fig. 6d).

To show the contribution of biomass burning on total AOD
in the Arctic, we approximated BB smoke with the sum of
BC and OC/OM from MERRA-2 and CAMSRA. This ap-
proximation is arguable: it is better suited for JJA than MAM,
as the climatological seasonally binned mean of Arctic AOD
is dominated by BB smoke in JJA. This means that BC and
OC/OM are mostly from BB sources in JJA, while the con-
tribution of BC and OC/OM from anthropogenic sources is
relatively higher in early spring (Figs. 4 and 5). As a result
smoke AOD is overestimated from MERRA-2 and CAM-
SRA and more so for MAM. This explains the larger dif-
ference in smoke AOD (ratio to total AOD) in MAM than
in JJA between the two reanalyses and NAAPS-RA, which
explicitly tracks aerosol mass from BB sources (Figs. 4–
6). NAAPS-RA includes BC and OM from anthropogenic
sources and sulfate into ABF, which is an arguably reason-
able configuration for pollution species. This is because ob-
servational studies show a strong correlation between sulfate
and elemental BC surface concentrations at pan-Arctic sites
away from BB sources, indicating that the sources contribut-
ing to sulfate and BC are similar and that the aerosols are in-
ternally mixed and undergo similar removal (Eckhardt et al.,
2015). BB smoke is expected to have different vertical dis-
tributions from anthropogenic pollution if smoke is emitted

above the boundary layer. Some estimates based on satellite
observations near local noon have suggested that the fraction
of smoke escaping the boundary layer is only ∼ 10 % (Val
Martin et al., 2010), but taking account of the diurnal cycle
of fire activity and potential for pyroconvection, the actual
fraction of elevated smoke could be much larger (Fromm et
al., 2010; Peterson et al., 2015, 2017).

Stratospheric aerosols from volcanic eruptions can con-
tribute to the total AOD in the Arctic, especially for the 4
years after the Mount Pinatubo eruption in 1991 (Herber et
al., 2002). For our study period, the eruptions of Kasatochi,
Redoubt, Sarychev, and Eyjafjallajökull in August 2008,
March 2009, July 2009, and March 2010, respectively, would
have affected the stratospheric AOD and thus total-column
AOD. However, these eruptions are at least 1 order of mag-
nitude smaller than that of Pinatubo. The stratospheric AOD
contribution to the Arctic background AOD is estimated to
be relatively small at ∼ 0.01 (from Fig. 16 of Thomason et
al., 2018; non-Pinatubo-affected years in Fig. 5 of Herber et
al., 2002), despite the fact that locally and over a short pe-
riod the AOD contribution can be large (e.g., O’Neill et al.,
2012). All the reanalyses have some sort of SO2 and sul-
fate representation from volcanic degassing emissions, but
a full representation for explosive volcanic sources is lack-
ing (except that MERRA-2 has time-varying explosive and
degassing volcanic SO2 before 31 December 2010). The vol-
canic influence on Arctic AOD, if detectable, would be re-
flected in the ABF/sulfate AOD in the reanalyses, but its
contribution would be much smaller than the anthropogenic
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counterpart for our study period. It is also worth noting that
volcanic activities are not the only influence on the strato-
spheric aerosol budget: pyroCB-injected BB smoke can also
contribute to stratospheric AOD, as discussed earlier. Strato-
spheric BB smoke was also detected over the Arctic with
lidar measurements during the MOSAiC campaign (Engel-
mann et al., 2021). Stratospheric injection of BB smoke as-
sociated with pyroCB events is not represented in the re-
analyses, despite BB emission associated with these pyroCB
events being included in the emission inventories with a pos-
sible large bias in emission amount and height.

Arctic shipping is often brought up as a potentially im-
portant source of BC for the Arctic in the future. All of the
reanalyses include shipping emissions, although little inter-
annual trend is considered especially for the late period in
2003–2019. However “Arctic shipping is currently only a
minor source of black carbon emissions overall” according
to the recent Arctic Monitoring and Assessment Programme
(AMAP) report (AMAP, 2021).

7 Conclusions

Using remote-sensing AOD retrievals from MODIS, MISR,
and CALIOP and AODs from three aerosol reanaly-
ses, including NAAPS-RA, MERRA-2, and CAMSRA,
and ground-based AERONET data, we have reported the
Arctic/high-Arctic AOD climatology and trend for spring
and summer seasons during 2003–2019.

1. Arctic AOD climatology. The total AODs from space-
borne remote sensing and the aerosol reanalyses show
quite consistent climatological spatial patterns and in-
terannual trends for both spring and summer seasons for
the lower Arctic, where remote-sensing data are avail-
able. AOD trends for the high Arctic from the reanalyses
have consistent signs too. Climatologically, FM AOD
dominates CM AOD in the Arctic. Based on the re-
analyses, BB smoke AOD increases from March to Au-
gust associated with a seasonality of BB activities in the
boreal region (> 50◦ N); ABF/sulfate AOD is slightly
higher in MAM than in JJA; sea salt AOD is highest
in March and decreases with time into later spring and
summer; the contribution of dust AOD to total AOD is
non-negligible in April and May. The latitudinal gradi-
ent of AOD is larger in JJA than in MAM, consistent
with observed more efficient removal in summertime
(Garrett et al., 2011). Among aerosol species, BC is a
very efficient light absorber and climate forcing agent
(e.g., Bond et al., 2013). We show that over the Arc-
tic, the contribution of BC AOD from BB source over-
whelms anthropogenic sources in both MAM and JJA
and more so in JJA during 2003–2019.

2. Interannual AOD trend. Total AOD exhibits a general
negative trend in the Arctic in MAM and strong positive

trends in North America and Eurasian boreal regions
(except Alaska and northeast Siberia) in JJA. For the
high Arctic, the total-AOD trend is −0.017 per decade
(−18 % per decade) for MAM and 0.007 per decade
(8 % per decade) for JJA based on the MRC. The total-
AOD trends are driven by an overall decrease in sul-
fate/ABF AOD in both seasons (−0.008 per decade or
−22 % per decade for MAM and −0.002 per decade
or −10 % per decade for JJA) and a negative trend in
MAM (−0.003 per decade or −10 % per decade) and
a strong positive trend in JJA (0.01 per decade or 22 %
per decade) from biomass burning smoke AOD. The de-
creasing trend in sulfate in the Arctic in recent decades
is in line with other studies using surface concentration
measurements (e.g., Eckhardt et al., 2015). The smoke
AOD trends are consistent with MODIS fire-hotspot-
based BB emission trends over the boreal continents.

3. Impact of BB smoke on AOD interannual variability.
The interannual variability of total AOD in the Arctic
is substantial and predominantly driven by fine-mode
and, specifically, BB smoke AOD in both seasons and
more so in JJA than in MAM. For AERONET sites close
to BB emission sources, the difference in monthly total
AOD can be 6-fold for high- versus low-AOD years. For
remote regions away from BB sources, the interannual
variability of total AOD can also be explained mostly
by smoke AOD.

4. Overall performance of the aerosol reanalyses. The
aerosol reanalyses yield much more convergent AOD
results than the climate models (e.g., AeroCom mod-
els in Sand et al., 2017; CMIP5 models in Glantz et al.,
2014) and are verified with AERONET to some good
extent, which corroborates the climatology and trend
analysis. Speciated AODs appear more diverse than the
total AOD among the three reanalyses and a little more
so for MAM than for JJA. NAAPS-RA and MERRA-
2 total and FM AODs are verified better in the Arctic
than CAMSRA, which tends to have a high bias in FM
overall. The reanalyses generally perform better in FM
than CM. The three reanalyses exhibit different latitu-
dinal AOD gradients, especially in summertime, indi-
cating different removal efficiencies. The emerging ca-
pability of assimilating the Ozone Monitoring Instru-
ment (OMI) aerosol index (AI) to constrain absorptive
aerosol amount could potentially fill in the observa-
tional gaps for aerosol data assimilation in reanalyses
over the Arctic (J. Zhang et al., 2021). With more ad-
vanced retrieval algorithms on the current spaceborne
sensors over snow/ice, new sensors on future satel-
lites, and improvements to the underlying meteorology
and aerosol representations in models, improvements in
aerosol reanalysis are expected.
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The results presented here provide a baseline of AOD spa-
tiotemporal distribution, magnitude, and speciation over the
Arctic during the spring and summer seasons for the recent 2
decades. This will help improve aerosol model evaluations
and better constrain aerosol radiative and potentially indi-
rect forcing calculation to evaluate aerosol impact in the Arc-
tic amplification. For example, the contribution of reduction
in sulfate to Arctic surface warming in recent decades (e.g.,
Shindell and Faluvegi, 2009; Breider et al., 2017) could po-
tentially be better quantified, with the caveat that speciated
AOD has larger uncertainties than total AOD in the reanal-
yses. The AOD statistics could also provide background in-
formation for field campaign data analysis and future field
campaign planning in a larger climate context. It is also rec-
ommended that climate models should take into account BB
emissions besides anthropogenic climate forcers and BB in-
terannual variabilities and trends in Arctic climate change
studies.

Appendix A

Table A1. Summary of data used in the study.

Products Data Resolution Time

MODIS (Moderate Resolution Imaging Spec-
troradiometer) C6.1L3

550 nm AOD 1◦× 1◦ monthly 2003–2019

MISR (Multi-angle Imaging SpectroRadiome-
ter) V23

558 nm AOD 1◦× 1◦, monthly 2003–2019

CALIOP (Cloud-Aerosol Lidar with Orthogo-
nal Polarization) V4.2L2

532 nm AOD 2◦× 5◦, monthly 2006–2019

AERONET (AErosol RObotic NETwork)
V2L3

SDA total, FM, CM AOD at 550 nm 6-hourly, monthly 2003–2019

MAN (Marine Aerosol Network) Level2 SDA total, FM, CM AOD at 550 nm 6-hourly 2003–2019

MERRA-2 (Modern-Era Retrospective Analy-
sis for Research and Applications, v2)

Total and speciated AOD at 550 nm 0.5◦ lat× 0.63◦ long, monthly 2003–2019

CAMSRA (Copernicus Atmosphere Monitor-
ing Service Reanalysis)

Total and speciated AOD at 550 nm 0.7◦× 0.7◦, monthly 2003–2019

NAAPS-RA v1 (Navy Aerosol Analysis and
Prediction System reanalysis v1)

Total and speciated AOD at 550 nm 1◦× 1◦, monthly 2003–2019

MRC (Multi-Reanalysis-Consensus) Total and speciated AOD at 550 nm 1◦× 1◦, monthly 2003–2019

FLAMBE (Fire Locating and Modeling of
Burning Emissions) v1.0

BB smoke emission flux 1◦× 1◦, monthly 2003–2019

Note: these are the final form of data used in this study. Some pre-processing and quality control were applied to remote-sensing data as described in Sect. 2.
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Code and data availability. All data supporting the conclusions
of this paper are available either through the links provided below
or upon request.

– AERONET Version 3 Level 2 data: http://aeronet.gsfc.nasa.
gov (last access: 10 July 2022; AERONET, 2022).

– MAN data: https://aeronet.gsfc.nasa.gov/new_web/maritime_
aerosol_network.html (last access: 10 July 2022, NASA,
2022a).

– MODIS data-assimilation-quality AOD:
https://doi.org/10.5067/MODIS/MCDAODHD.NRT.061
(The Naval Research Laboratory and the University of North
Dakota/MODIS Adaptive Processing System (MODAPS),
2017).

– MISR AOD: https://doi.org/10.5067/TERRA/MISR/MIL2ASAE
_L2.003-23 (NASA, 2022b).

– CALIOP from NASA Langley Research
Center Atmospheric Science Data Center:
https://doi.org/10.5067/CALIOP/CALIPSO/LID_L2_05kmAPro-
Standard-V4-20 (NASA/LARC/SD/ASDC, 2018a) for the
Version 4.2 CALIPSO Level 2 5 km aerosol profile and
https://doi.org/10.5067/CALIOP/CALIPSO/LID_L2_05kmALay-
Standard-V4-20 (NASA/LARC/SD/ASDC, 2018b) for aerosol
layer products. Further quality-assured data are available upon
request.

– NAAPS RA AOD: https://usgodae.org/cgi-bin/datalist.pl?
Data_Type=naaps&Parameter=ALL&Provider=ALL&meta=
Go (last access: 10 July 2022).

– MERRA-2 AOD: https://doi.org/10.5067/FH9A0MLJPC7N
(Global Modeling and Assimilation Office, 2015).

– CAMSRA AOD: https://www.ecmwf.int/en/research/
climate-reanalysis/cams-reanalysis (last access: 10 July 2022).

– The FLAMBE BB smoke inventory is available upon request
from U.S. NRL.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-22-9915-2022-supplement.
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