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Abstract

Due to the recent increase in Arctic shipping, 2006-2020 June to October
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), Moderate
Resolution Imaging Spectroradiometer (MODIS) Collection 6.1 (C6.1), and
Multi-Angle Implementation of Atmospheric Correction (MAIAC) retrieved
aerosol optical depth (AOD) data were examined for changes in AOD from
period 1 (P1, 2006-2012) to period 2 (P2, 2014-2020 (P2). Herein, AOD was
statistically analyzed on a 0.25° x 0.25° grid and in the airsheds over the var-
ious ocean basins over the Arctic north of 59.75°N. According to heatmaps of
the correlation between AOD and ship traffic, and AOD and fire emissions
for the airsheds, all three AOD products captured the observed inter-annual
variability in wildfire occurrence well, and showed wildfire emissions over
Siberia were more severe in P2 than P1. Except for the Atlantic, North, and
Baltic Seas, Beaufort Sea, and Barents Sea, all three AOD products indicated
that AOD was higher over the various basins in P2 than P1, but disagreed on
the magnitude. This fact suggests that the detection of changes in the typical
low AOD over the Arctic Ocean might be rather qualitative than quantitative.
While all products captured increases in AOD due to ships at berth, only
MODIS C6.1 caught the elevated AOD due to shipping on the Siberian rivers.
Obviously, sub-daily resolutions are required to capture increased AOD due
to short-term events like a traveling ship or short-interval fire.
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1. Introduction

In the maritime Arctic, aerosols stem from both natural and anthropogenic
emissions. In winter and early spring, the so-called Arctic Haze includes an ad-
vection of pollutants and aerosols emitted in mid-latitudes [1] [2]. In summer,
natural Arctic aerosol contains more than 50% oceanic sea-salt mass fraction,
30% - 35% mineral dust, and lower fractions of non-sea-salt sulfate, methane
sulfonic acid, and biomass burning products. In summer and early fall, Arctic
shipping releases primary aerosols and aerosol precursor gases like sulfur dio-
xide (SO,), nitrogen oxides (NO, = NO + NO; nitrogen monoxide, nitrogen dio-
xide), and volatile organic compounds (VOC) into the marine and coastal at-
mospheric boundary layer (ABL) [3] [4] [5]. Here secondary pollutants and/or
secondary aerosols form through chemical reactions, gas-to-particle conversion
and accumulation [6]. In addition, year-round anthropogenic emissions occur in
the Arctic due to offshore oil/gas activities (e.g. flaring, traffic to or from oil
platforms) [7] [8], and Arctic communities [9].

The long record of, on average, decreasing sea-ice extent [16] [17] (Figure
1(a)) has provided shortcuts for intercontinental transportation [18]. Therefore,
over the last decade, Arctic ship traffic has notably increased (Figure 1(b)).
Last-chance tourism, shipping of supply for support of offshore oil- or gas-related
activities and Coast Guards traffic have increased as well [19] [20] [21] [22] [23].
Analysis of the 1990 to 2012 ship-activity data in the Vessel Traffic Reporting
Arctic Canada Traffic Zone (known as the NORDREG zone), for instance, re-
vealed monthly increases in ship traffic of up to 22 vessels per decade in July,
and eight vessels per decade annually for government vessels, icebreakers and
pleasure crafts [17]. Data collected in the Bering Strait indicated increased traffic
from cargo vessels, tugs, tankers and bulk ships [24]. Figure 1(d) exemplarily
shows the annual ship density for 2020 with the ship positions on May 9, 2023,
superimposed.

Observations at Ny-Alesund, Norway, revealed the effects of ship emissions
on summertime aerosols [25] [26]. Air-quality model simulations assuming just
biogenic and cruise-ship emissions affirmed that even two days after the visit of
a 1000-passenger cruise ship in Glacier Bay, Alaska, concentrations of fine and
coarse particulate matter (PM,s and PM,,) and precursor gases like SO, and
NOx were still 77%, 85%, 85%, and 82% higher than the natural background in
the ABL [27] leading to a 46% higher haze index despite the use of low-sulfur
fuel [28].

In Arctic waters, however, the lack of regulations for ship emissions permits
shipping companies to use (cheap) low-quality, high-sulfur bunker oils that
cause high emissions, especially of soot [27] [29]. Maneuvering, and sailing at
low-engine load yield incomplete combustion and high soot emissions, especial-
ly with low-quality fuel [27] [29] [30]. Anthropogenic soot aerosols, however,
appreciably enhance aerosol optical depth (AOD) and yield high Angstrom ex-

ponents; increases in aerosol amount and size can have substantial impacts on
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Figure 1. (a) Multisensor Analyzed Sea Ice Extent (MASIE) for June 1 to October 31 (JJASO) 2006-2020, (b) Northern Sea Route
(NSR), Northwest Passage (NWP), Northeast Passage (NEP), Bering Strait transits/number of ships, (c) 1991-2016 shipped
weight, and (d) collage of annual density of ships in 2020 (color shades) and snapshot of ship positions on May 9, 2023. Green,
red, pink, orange, yellow, blue, and cyan are cargo vessels, tanker, pleasure crafts, fishing vessels, high speed crafts, passenger ves-
sels, and tugs/special crafts. Data from [10]-[15].

visibility, cloud and precipitation formation as well as radiation with conse-
quences for the local climate of the region (cf. e.g. [1] [6] [27] [31] [32] [33]
[34]). Air-quality simulations, for instance, showed that an increase of the quota
for cruise-ship entries in Glacier Bay by 35% (from 184 to 248 entries) would in-
crease the haze index and reduce visibility by 7% [28].

In contrast to mid-latitudes, atmospheric conditions in high latitudes diverge
significantly. Above 60°N, atmospheric stratification is highly stable year-round
and surface inversions occur more frequently. These conditions suppress mixing
and reduce dry deposition and sedimentation [35]. Inversion layers over ice
and/or cold water are often decoupled from the free atmosphere leading to dif-
ferent chemical compositions close to the surface and aloft [36] [37]. North of
the Arctic Circle, the solar radiation that initiates the photochemistry [6] exists
for extended periods and is as high as 24 hours around the summer solstice. The
longer daylight hours also mean more time for direct aerosol effects on solar
radiation (scattering, absorption), impacting the regional radiation budget [37].

North of 60°N, surface aerosol concentrations were observed at only 40 sites
for several years, but at different times since 1972 [37]. Of these, only 12 are less
than 100 km from the ocean. At Utqiagvik (formerly Barrow), Alert, Ny-Alesund,
Hornsund, and Andenes (all close to the ocean), the 1977-2006 summer back-

ground AODs at 500 nm were below 0.15 except during episodes of wildfire
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smoke [38]. These background values serve as a baseline for the Arctic coastal
regions. Over water only a few aerosol measurements exist from research cruises
(e.g. [35] [39]). The recent and anticipated increase in Arctic shipping [40] pro-
vides a need for monitoring and predicting changes in Arctic atmospheric com-
position because aerosols play a role as climate forcers due to direct and indirect
impacts on radiation [35] as well as impacts on cloud and precipitation forma-
tion [34].

Given the increase in Arctic shipping and oil-related/gas-related activities
(Figure 1(a)), we hypothesized that increased ship emissions changed the at-
mospheric composition in areas of traffic hotspots like the Bering Strait, and
new oil/gas activities. Because ground-based AOD observations are sparse in the
Arctic, we tested our hypothesis using three different AOD products derived
from satellite-borne instruments. Therefore, we examined June to October
(JJASO) Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) version 4 Level 2 [41] [42] [43], Moderate Resolution Imaging Spec-
troradiometer (MODIS) Collection 6.1 (C6.1) [44], and Multi-Angle Implemen-
tation of Atmospheric Correction (MAIAC) Level 2 [45] [46] data for changes in
AOD over the Arctic Ocean between 2006-2012 and 2014-2020 shipping sea-
sons. Typically, the Arctic shipping season starts as early as June and ends in late
October.

2. Experimental Design

MODIS is onboard of Aqua and Terra, while the Cloud-Aerosol Lidar with Or-
thogonal Polarization (CALIOP) is on CALIPSO. Aqua and CALIPSO have been
part of the A-train constellation since May 2002 and April 2006, respectively,
and are on a sun-synchronous orbit ascending the equator South-to-North at
~13:30 local time. Since December 1999, Terra has been in a sun-synchronous
orbit descending from North-to-South over the equator at ~10:30 local time. The
orbits repeat the same ground track (+10 km) every 16 days. In some Arctic re-

gions, overpasses overlap.

2.1. Data of AOD Products

MODIS onboard of both Terra and Aqua has collected data in 36 spectral bands
ranging from 40 to 1440 nm. We use cross-calibrated Terra and Aqua MODIS
C6.1 and MAIAC data and consider the MODIS instruments of Terra and Aqua
jointly as a single sensor. Both the MAIAC and MODIS Cé6.1 products provide
AOD at 550 nm.

We used the MODIS C6.1 Level 2 aerosol products (MODO04 for Terra and
MYDO04 for Aqua) at a 3 km resolution [47].

The MAIAC retrieval uses MODIS data for time-series analysis and a combi-
nation of pixel-based and image-based processing to improve the accuracy of
cloud detection, aerosol retrievals and atmospheric correction for surface re-

trievals. The MAIAC products are on a fixed sinusoidal projection grid at a 1-km
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increment. They include, among others, AOD, aerosol type (background, bio-
mass burning, dust), and Angstrém parameter. See [45] [46] for more informa-
tion on the MAIAC retrieval algorithm.

CALIOP is a dual wavelength (532 nm, 1064 nm), polarization-sensitive
backscatter lidar. It provides, among others, information on vertical aerosol dis-
tributions along CALIPSO’s paths. We used the column-integrated tropospheric
and stratospheric optical depths. For details of the retrieval algorithm see [48].

Within the framework of an investigation on the impact of temporal and spa-
tial scales of AOD products over the Arctic (north of 59.75°N), the June 1 to
October 31 (JJASO) 2006-2020 MODIS C6.1, MAIAC, and CALIOP retrieved
AQOD values were evaluated using collocated aerosol robotic network (AERONET)
AOD-data from 35 sites [49]. The major findings were as follows. MAIAC showed
the best performance over land followed by MODIS C6.1. MAIAC had the high-
est amount of missing data over the ocean. The MODIS Cé6.1 product typically
provided higher AOD values than the other two products. Furthermore, 70.8%,
59.5% and 64.5% of the CALIOP, MAIAC, and MODIS Cé6.1 retrieved AOD
values fell within the expected error (EE) of the AERONET-derived AOD values.
The MODIS C6.1 product showed the most details in spatial and temporal AOD
distribution. Typically, the correlation between CALIOP and AERONET AOD
was weak for AOD at 532 nm (less than 0.05), and increased with increasing
JJASO 2006-2020 mean AOD. Considering all sites and years, the JJASO MAIAC-
and AERONET retrieved AOD at 550 nm correlated moderately (R > 0.4). A
strong (R = 0.6), and very strong (R = 0.8) was found at three sites for both
products. AERONET and MODIS AOD values showed very strong and strong
correlations at seven and four sites, with moderate correlations over all sites and
JJASO 2006-2020 [49]. There were no significant differences between AERONET
and the spaceborne AOD products for 2006-2012, 2014-2020 and 2006-2020. Con-
sequently, we can examine changes in atmospheric composition in relative terms.

An evaluation by measurements from the marine aerosol network (MAN) and
15 coastal AERONET sites north of 59.75°N revealed that 75.3% of the JJASO
2006-2018 MODIS C6.1 AOD values fell within the EE.

To further assess AOD changes due to the potential impacts of sea-ice extent
and wildfire emissions on AOD over the Arctic, we used data from the Mul-
ti-sensor Analyzed Sea Ice Extent (MASIE) [50] at 4 x 4 km? increment and
Global Fire Emission Directory Version 4.1 [51].

2.2. Data Processing

To assess the changes in AOD at 550 nm, we converted the CALIOP AOD to
this wavelength by applying the same procedure described in [52]. Then, we re-
sampled the CALIOP, MODIS C6.1, and MAIAC AOD data onto the same fixed
0.25° x 0.25° grid using a Drop-in-Bucket method.

To examine whether AOD products can detect impacts from ship traffic in
AOD we calculated the JJASO means, means, medians and higher moments for

each grid cell and year. Then, we examined these spatial distributions as follows.
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If ships cruised in the area, the means and standard deviation should be elevated
as compared to the Arctic-wide value or background value, the right-hand tail of
the AOD distribution should show outliers, and the difference between mini-
mum and maximum AOD should be large as well.

To further assess changes in atmospheric composition, we divided all gridded
datasets into two periods, P1 (2006-2012), and P2 (2014-2020). In the analysis,
P1 served as the baseline to which we compared P2. Monthly and JJASO aver-
aging were applied to P1 and P2 to enhance the signal-to-noise ratio [53]. The
moments of P1 and P2 were compared at the various temporal (monthly, JJASO,
period) scales to gain insights into: 1) the AOD changes; 2) the impact of aver-
aging on the detection of the changes across the products.

To further examine the reliability of the determined ship-emissions impacts
on AOD, the period median AOD at each grid cell was subtracted from the grid
cell’s period mean AOD. After removing all negative values, the remaining val-
ues were examined to determine whether they featured a distribution similar to
the typical shipping routes, and/or showed the traffic hot spots (see e.g. Figure
1(d) for frequently used routes). We also examined whether we could detect the
signals from ship emissions at shorter time scales than the period resolution
(e.g., period-monthly scale, JJASO inter-annual scale). A two-tail Student’s t-test
was performed to examine the various P1 and P2 datasets at the different tem-
poral scales for significant changes at various confidence levels (90%, 95%, 99%).

Furthermore, we determined the AOD in the airsheds over the ocean basins

shown in Figure 2 for each AOD product. Then heatmaps were created to
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Figure 2. Map of airsheds considered in the analysis of AOD over the Arctic Ocean. The
letters Cn, S and B stand for Canadian, Sea and Bay. Along a longitude, 1° is 110.574 km
in S-N-direction, while along a latitude 1° in W-E-direction corresponds to 55.66 km,
~38.074 km and 19.331 km at 60°N, 70°N, and 80°N.
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examine the correlation between the AOD airsheds and 1) ship counts within a
given sea route, 2) transit counts, 3) area burned in Alaska, Canada, Fen-
no-Scandinavia, and regions in Siberia, 4) mean sea-ice extent, and 5) minimum
sea-ice extent. The heatmaps also served to examine JJASO-AOD anomalies in the
airsheds during P2 with respect to P1.

3. Results and Discussion

The resampled mean JJASO AOD values showed that on average, MODIS C6.1
AOD exceeded that of MAIAC in most airsheds, and CALIOP had the lowest val-
ues (Table 1).

Elevated AOD values generally occurred over and downwind of the Siberian,
Canadian, and Alaskan wildfires for all three products (cf. e.g. Figure 3). Typi-
cally, MAIAC provided higher JJASO means over wildfires than MODIS Cé6.1,
but the area with high AOD values was smaller. In 2006, MODIS C6.1 and
MAIAC displayed elevated AOD over the North Slope (up to 0.3). Over the Kara
and Laptev Seas, JJASO means reached up to 3 for both retrievals, whereas
CALIOP yielded means up to about 0.4. In the Kara Sea and Laptev Sea airsheds,

Table 1. JJASO 2006-2020 mean, and standard deviation (StDev) of AOD for various
airsheds over the Arctic Ocean and Arctic-wide (land and ocean) as obtained from
CALIOP, MAIAC, and MODIS C6.1.

Aerosol optical depth

Airshed CALIOP MAIAC MODIS Cé6.1

Mean StDev Mean StDev Mean StDev

West Arctic Ocean 0.049 0.091 0.097 0.045 0.111 0.115
East Arctic Ocean 0.045 0.078 0.089 0.059 0.132 0.175
East Siberian Sea 0.029 0.048 0.090 0.071 0.175 0.284
Chukchi Sea 0.032 0.053 0.088 0.067 0.150 0.238
Beaufort Sea 0.029 0.053 0.070 0.056 0.163 0.332
Bering Sea 0.063 0.138 0.091 0.042 0.121 0.061
Canadian Archipelago 0.033 0.052 0.090 0.066 0.135 0.221

Baffin & Hudson Bays, Labrador Sea  0.051  0.095 0.096 0.043 0.098 0.042

Greenland Sea 0.031 0.055 0.071 0.046 0.093 0.078
Norwegian Sea 0.037 0.060 0.075 0.051 0.095 0.087
Atlantic, North & Baltic Seas 0.062 0.094 0.109 0.037 0.108 0.032
Barents Sea 0.034 0.055 0.068 0.037 0.100 0.085
Kara Sea 0.033 0.057 0.070 0.056 0.134 0.211
Laptev Sea 0.029 0.045 0.088 0.087 0.176 0.321
Entire Arctic 0.038 0.090 0.087 0.101 0.164 0.153
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Figure 3. Comparison of JJASO mean spatial distribution of AOD (a), (c), (e) in the low fire year 2007 and (b), (d), (f) strong fire
year 2019 for (a), (b) CALIOP, (c), (d) MAIAC, (e), (f) MODIS Cé6.1.
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MODIS C6.1 JJASO-AOD means exceeded those retrieved over the West Sibe-
rian wildfires. This increase can be explained by gas-to-particle conversion dur-
ing transport. CALIOP JJASO means over western Siberia reached up to 2 local-
ly.

The substantial amounts of aerosols transported poleward and over the Pole
were captured by MODIS C6.1 and less so by CALIOP or MAIAC products
(Figure 3). The reasons for the detection differences are as follows. Because
CALIOP collects data along the nadir, it cannot reach the farther northward air
columns like the MODIS cross-track scanning instrument. The MAIAC-retrievals
had fewer data, especially over the Arctic Ocean sea-ice, as the product excludes
data collected at low Sun angle and over highly reflective surfaces.

2007 and 2019 were the years with the lowest and highest area burned (Figure
4). MODIS C6.1 JJASO AOD means of 2007 were elevated over the Ob, the East
Siberian Sea, and in the southwest of the seaport of the Red Dog Mine in the
Chukchi Sea and the Bering Sea. MAIAC JJASO means of AOD reached up to
0.4 around Svalbard, over the Canadian Archipelago, Severna Zemlya, and New
Siberian Islands as well as along the ice edge. Along the coasts, AOD was less
than 0.125.

1100
1000
900
800
700
600
500
400
300
200

PM, ; fire emissions (Gg)

2006 2008 2010 2012 2014 2016 2018 2020
Year

(a)

0.9 ——Mean JJASO seaice extent

-Minimum JJASO seaice extent

o1 \/‘\/\/\

o
o

mio km?)

Sea ice extent (

©c o o
> o

0.3

2006 2008 2010 2012 2014 2016 2018 2020
Year

(b)

Figure 4. Timeseries of (a) wildfire emissions of PMas [51], and (b) JJASO mean and
minimum Arctic sea-ice extent according to the MASIE 4 x 4 km? data [50].
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In 2019, the heavy ship traffic on the Siberian rivers and traffic from the Red
Dog Mine’s seaport to Asia remained detectable by MODIS Cé6.1 despite strong
fire emissions. The AOD ship emissions signals were undetectable in the MAIAC
and CALIOP products in 2007 and 2019 (Figure 3).

3.1. AOD Sensitivity to Wildfires

Overall 15 years, 2007 had the least wildfire emissions, while 2016 had the least
(Figure 4(a)). In Siberia, 2006, 2011, 2013, 2014, 2016, 2017, 2018, and 2019
were strong fire years. In Canada, strong fires occurred in 2014, 2015, 2016,
2017 and 2019. Alaska experienced strong fire seasons in 2010 and 2015 (cf. e.g.
[51]).

In general, correlations between the area burned and airshed AOD were lower
for the CALIOP product than the other AOD products (Figure 5(a) and Figure
5(c) and Figure 5(e)). A moderate correlation existed for the CALIOP retrieved
AOQOD of the entire Arctic with the burned area in Siberia, especially in East Sibe-
ria and the East Arctic (Figure 5(a)). AOD in the airsheds over the Eastern Arc-
tic Ocean, Atlantic, Baltic, North and Laptev Seas correlated moderately with the
area burned in Fenno-Scandinavia. While the MAIAC product confirmed the
latter finding (Figure 5(c)), it suggested a slightly lower relation between Fen-
no-Scandinavian area burned and the AOD over the adjacent airsheds than the
CALIOP product. However, according to the MAIAC- and MODIS Cé6.1 prod-
ucts a strong correlation existed between the AOD over the Labrador Sea, Baffin
and Hudson Bays and the areas burned in West Siberia and Canada indicating
trans-Arctic transport. According to the MODIS C6.1 product, there was a strong
and very strong correlation between the area burned in Fenno-Scandinavia and
AQOD over the Kara and Laptev Seas airsheds, respectively.

The three AOD products showed positive anomalies (AOD (P1)-AOD (JJASO
of the year)) in AOD. They were largest in 2019 over the entire Arctic both over
ocean and land due to the severe fires in Siberia and Canada (Figure 5(b), Figure
5(d), Figure 5(f) and Figure 4(a)). Typically, anomalies were the largest for the
MODIS Cé6.1 product because it also provided higher AOD values than the two
other products (cf. Table 1; Figure 3). According to the CALIOP product, a
slightly lower positive anomaly than in 2019 occurred over the Bering Sea in 2018
due to severe fires in Siberia (Figure 5(b)). On the contrary, the MATAC product
provided a negative anomaly.

MODIS C6.1 and MAIAC provided higher correlations between the 15-years
(2006-2020) JJASO mean AOD over the basins and the area burned in the vari-
ous wildfire regions than CALIOP (Figure 5(a), Figure 5(c) and Figure 5(e)).
This finding can be explained by the higher temporal resolution and larger spa-
tial coverage of the former products than the CALIOP product.

The heatmaps of JJASO anomalies in the various years compared to the P1
mean AOD suggest that the MODIS C6.1 product is more sensitive to changes in
AQOD than the other two products. For example, the AOD anomaly in response to
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the extremely severe fire season in Siberia of 2019 is most distinctly featured by the
MODIS C6.1 product (Figure 5(b), Figure 5(d) and Figure 5(f)).
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Figure 5. Heatmaps of the relation of mean JJASO 2006-2020 AOD over various airsheds with the area burned for (a) CALIOP,
(c) MAIAGC, and (e) MODIS C6.1; JJASO AOD anomalies (mean AOD of JJASO minus mean AOD 2006-2012) in the airsheds for
(b) CALIOP, (d) MAIAC, and (f) MODIS C6.1. Legends differ among panels.
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3.2. Impacts on AOD Due to Shipping

In all years, the MODIS AOD product showed increased JJASO AOD values
over stretches of the Lena and Yenisei Rivers, in the Laptev Sea, in the Bering Sea
and Chukchi Sea out of the Red Dog Mine Seaport (e.g. Figure 3(e) and Figure
3(f)). However, the magnitude of AOD in these areas differed over the years.
Typically, AOD increased with the progression of time in the shipping season
due to the sea-ice melting, and in Siberia, river break-up moving north. Interes-
tingly, the temporal evolution of the annual minimum closely matched that of
the annual mean sea-ice extent (Figure 4(b)).

Obviously, correlations between ship traffic on the various Arctic routes and
satellite-retrieved AOD over the airsheds are very weak. However, there seems to
be a weak to moderate negative correlation between ship traffic in the Eastern
Arctic basins and AOD in the airsheds over the western Arctic basins, and vice
versa (Figure 6(a), Figure 6(c) and Figure 6(e)). All three products show, for
instance, a negative moderate correlation between ship traffic on the NEP and
the AOD over the Beaufort and Chukchi Seas. This correlation is expected be-
cause ships on the NEP don’t cross these Seas.

Typically, MODIS C6.1 AOD shows higher positive correlations between ship
traffic and AOD over the basins in which the shipping routes are located than
CALIOP or MAIAC-retrieved AOD (Figure 6(a), Figure 6(c) and Figure 6(e)).

In the Western Arctic airshed, AOD shows a weak positive correlation with
both mean and minimum sea-ice extent for all three aerosol products (Figure
6(b), Figure 6(d) and Figure 6(f)). On the contrary, according to the CALIOP
and MODIS Cé6.1 data, AOD increases with decreasing mean sea-ice extent, in
the Eastern Arctic airshed. The heatmaps suggest that as the area of (minimum)
sea-ice decreases, AOD increases over the eastern Arctic. This finding can be ex-
plained by an increase in emissions due to more ship traffic in the NSR along the

Siberian coast.

3.3. Changes in AOD between 2006-2012 and 2014-2020

At first glance, the P1 and P2 (not shown) mean AOD distributions showed
broadly similar features as those for 2006-2020 (cf. Figure 7).

Differences P2 minus P1 (Figure 8) exceed 0.1 over Siberia for all three prod-
ucts. This finding is consistent with the more severe and stronger emissions
from wildfires in P2 than in P1 (cf. Figure 4(a)). However, the spatial extent
with increased AOD was largest for the MODIS Cé6.1 product and smallest for
the CALIOP product. This result is due to the different temporal and spatial
scales of the AOD products before resampling. As aforementioned, the MAIAC
product provides daily mean AOD. Consequently, particles from fast-extinguished
wildfires may have already settled or the concentration is diluted due to averag-
ing [49]. Because CALIOP has low spatial resolution particles from wildfires are
more likely outside the field of view, while the coarse temporal resolution may miss
events of elevated AOD between overpasses. On the contrary, the MODIS 6.1 AOD
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Figure 6. Heatmaps of the relation of mean JJASO 2006-2020 AOD over various airsheds with traffic on the Arctic shipping
routes for (a) CALIOP, (c) MAIAC, and (e¢) MODIS C6.1; and mean and minimum sea-ice extent for (b) CALIOP, (d) MAIAC,
and (f) MODIS C6.1. Legends differ among panels.
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Figure 7. Mean spatial distribution of (a), (c), (e) 2006-2012 JJASO (P1) AOD, and (b), (d), (f) 2006-2020 JJASO AOD as obtained
by (a), (b) CALIOP, (c), (d) MAIAGC, (e), (f) MODIS C6.1. White areas indicte no retrievals.

DOI: 10.4236/jep.2023.146025 432 Journal of Environmental Protection


https://doi.org/10.4236/jep.2023.146025

N. Mélders, M. Friberg

0.10

0.02

0.00

-0.02

-0.10

2030
(a)

0.20

MAIAC mean AOD (550 nm) JJASO P2-P1
T G

0.10

0.02

0.00

-0.02

-0.10

-0.30

(b)

(©

Figure 8. 2014-2020 JJASO minus 2006-2012 JJASO mean spatial distribution of AOD for
(a) CALIOP, (b) MAIAC, (c) MODIS C 6.1. White areas indicate no retrievals.
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values represent the AOD during the respective overpasses. Because scans have
notable overlap in the high Arctic the MODIS C6.1 AOD product has the high-
est temporal resolution. Consequently, the likelihood to miss events of elevated
AOQOD is the smallest. Furthermore, resampled AOD represents the mean AOD at
the times of the overpasses for a respective grid cell, and not a daily mean as in
the case of the MAIAC data [49].

The JJASO 2006-2020 CALIOP, MAIAC and MODIS AOD medians were be-
low 0.0001 for all regions listed in Table 1 except the East Arctic Ocean (0.001,
0.002, 0.038) and Arctic-wide (0.021, 0.101, 0.111).

The magnitudes of decadal changes varied among the AOD products (Table
2). According to the CALIOP product and MODIS C 6.1 product, AOD in-
creased Arctic-wide, while the MATAC product suggested a slight decrease. The
AOD products indicated an increase in AOD over each ocean basin except for
the CALIOP product over the Atlantic, Beaufort, North and Baltic Seas, and the
MAIAC product over the Barents Sea, Atlantic, North and Baltic Seas. Accord-
ing to the CALIOP product, AOD experienced no change over the Beaufort Sea.

All three products captured increased AOD as expected for the known in-
crease of ship emissions around Svalbard that occurred during P2 (Figure 8).
However, the location of maximum increases differed among the products.
These differences can be partly explained by the different spatiotemporal resolu-

tions of the products. For more on the scaling impacts see [49].

Table 2. Change per decade in JJASO AOD, and percentage change in JJASO AOD from P1 to P2 with respect to P1 in various
airsheds over the Arctic Ocean and Arctic-wide according to the AOD products.

Decadal change in JJASO AOD Change from P1 to P2 (%)

Regions CALIOP MAIAC MODIS Cé6.1 CALIOP MAIAC MODIS Cé6.1
West-Arctic Ocean 0.004 0.009 0.017 5.8 6.9 11.3
East-Arctic Ocean 0.003 0.000 0.025 5.1 0.1 14.0
East-Siberian Sea 0.004 0.016 0.063 11.0 13.5 28.5
Chukchi Sea 0.002 0.003 0.003 4.2 2.2 1.6
Beaufort Sea <0.0001 0.005 0.034 -0.6 5.4 16.0
Bering Sea 0.018 0.010 0.025 22.0 7.9 15.1
Canadian Archipelago 0.007 0.024 0.056 14.8 20.2 33.7
Baffin & Hudson Bays, Labrador Sea 0.005 0.020 0.023 7.9 15.3 17.7
Greenland Sea 0.001 0.000 0.010 2.7 <0.01 8.1
Norwegian Sea 0.005 0.005 0.013 10.1 5.1 10.0
Atlantic, North and Baltic Seas —-0.005 —-0.002 0.001 -5.7 -1.2 0.6
Barents Sea 0.003 —0.003 0.006 7.1 -2.5 4.4
Kara Sea 0.001 0.005 0.025 2.1 5.6 14.0
Laptev Sea 0.001 0.013 0.067 2.8 10.3 30.3
Entire Arctic 0.007 —-0.005 0.023 13.2 —4.1 11.7
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In 2015, the sulfur emissions in the North and Baltic Seas emission control
area were tightened. In the airshed over the northern Baltic Sea, MODIS C6.1
and MAJAC AOD decreased in P2 as compared to P1. These decreases can be
explained by tightened regulations for sulfur emissions (Figure 8(b)). For the
Atlantic-North-and Baltic Seas airshed, MODIS C6.1 mean AOD increased in P2
as compared to P1. On the contrary, MAIAC and CALIOP AOD decreased in P2
with CALIOP showing the largest decrease (Table 2). The sign changes between
MAIAC and MODIS C6.1 AOD changes can be explained by the large amounts
of missing MATAC data over the Atlantic. In the case of CALIOP AOD, the like-
lihood of detecting ship emissions is much lower than for the other two aerosol
products. This is due to CALIOP’s coarse temporal resolution and very small

swath.

4. Summary and Conclusions

We resampled 2006-2020 June to October (both included) Terra-Aqua MODIS
C6.1, MATAC and CALIOP AOD-data on a 0.25° x 0.25° grid for each day to
examine whether AOD has changed over the Arctic north of 59.75°N due to
changes in Arctic shipping. To achieve this goal we calculated AOD means,
standard deviations, skewness, and kurtosis and determined the median for each
shipping season (June to October) for each grid cell. Furthermore, we calculated
these quantities for P1 (2006-2012) and P2 (2014-2020). These quantities were
analyzed for hotspots of ship traffic identified by high standard deviation, skew-
ness to the right, and the difference between the median and mean at the
grid-cell level. Heatmaps of the correlation between AOD and ship traffic as well
as AOD and fire emissions for the airsheds over various Arctic Ocean basins and
the entire Arctic for each year’s shipping season served to assess causes of AOD
changes.

The medians, means and higher order moments of shipping seasons and pe-
riods indicate the aerosol products captured the observed inter-annual variabili-
ty in wildfire occurrence. Furthermore, they detected the more severe wildfire
emissions over Siberia during P2. However, the AOD values differed notably
among products with typically CALIOP providing lower values than MAIAC.
Except for the Baffin & Hudson Bays, Labrador Sea, Norwegian Sea and the At-
lantic, North and Baltic Seas airsheds, MODIS C6.1 mean AOD was an order of
magnitude higher than that of MAIAC (Table 1).

Because the combined Terra-Aqua MODIS datasets have the most daily data,
the likelihood of detecting elevated AOD due to increased shipping was the
largest in the MODIS data. Due to its higher temporal resolution, MODIS C6.1
AOD captures the ship traffic on the Siberian rivers (Figure 7(e) and Figure
7(f)). All three AOD products capture the increase of emissions from ships
berthing near Svalbard that occurred in P2 as compared to P1 (Figure 8).

All three AOD products also suggest that except for the airsheds over the At-
lantic-North-and-Baltic-Seas, Beaufort Sea, and Barents Sea, AOD was higher in
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P2 than in P1. However, over the entire Arctic (ocean and land), MAIAC re-
trieved AOD was lower in P2 than in P1, while the opposite was true for the
CALIOP and MODIS Cé6.1 retrieved AOD. This finding may be due to the
MAIAC AOD product’s design for overland detection.

Our study suggests that the MATAC retrievals may miss short trans-Arctic
AOD events, such as the transport of aerosols from fast-extinguished fires or
emissions from traveling ships. The reasons are the retrievals’ restrictions on
glint and elevation (leading to missing data) and the fact that MAIAC provides
daily AOD means. Furthermore, the study suggests that the temporal resolution
of about 16 days and the low spatial coverage (just 5 km along the nadir line) of
the CALIOP AOD product are too coarse to capture changes in AOD due to
traveling ships on a shipping-season basis.

Based on the results of this and previous studies on the accuracy of AOD re-
trieved over the Arctic (e.g., [49]), MODIS C6.1 might be the most suitable for
the detection of long-term changes in AOD caused by increased ship traffic in
the Arctic. However, this detection of AOD changes might be qualitative.

Therefore, it is better quantified as a fraction of the AOD of a reference period.
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