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Abstract 

Collocated data of the moderate resolution imaging spectroradiometer (MO- 
DIS) Collection 6.1 aerosol optical depths (AOD) at 3 km × 3 km north of 
59.9˚N over ocean were assessed at 550 nm by aerosol robotic network 
(AERONET) data from coastal sites and marine aerosol network (MAN) data 
from vessels during June to October 2006 to 2018. Typically, MODIS AOD 
was higher at low and lower at high values than the AERONET AOD. Dis-
crepancies were largest for sites where the Earth’s surface around the site is 
very heterogeneous (Canadian Archipelago, coast of Greenland). Due to the 
higher likelihood for sea-ice, MAN and MODIS AOD differed stronger west 
of Greenland and over the Beaufort Sea than at location in the Greenland and 
Norwegian Seas and Atlantic. MODIS AOD well captured the inter-seasonal 
variability found in the AERONET AOD data (R = 0.933). At all sites, MO- 
DIS and AERONET AOD agreement improved as time progressed in the 
shipping season, hinting at errors in sea-ice vs. open water classification. 
Overall 75.3% of the MODIS AOD data fell within the limits of the error en-
velops of the AERONET/MAN AOD data with MAN ranging between 87.5% 
and 100%. Changes in both MODIS and AERONET mean AOD between two 
periods of same length (2006-2011, 2013-2018) were explainable by changes 
in emissions for all sites.
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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 both 
types of emissions from the advection of pollutants and aerosols emitted in 
mid-latitudes [1]. 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 [2]. 
In summer and early fall, Arctic shipping releases primary aerosols and aerosol 
precursor gases like sulfur dioxide, nitrogen oxides and volatile organic com-
pounds into the marine and coastal atmospheric boundary layer (ABL) [3]-[8]. 
Here secondary pollutants and/or secondary aerosols form by chemical reac-
tions, gas-to-particle conversion and accumulation [9]. In addition, year-round 
anthropogenic emissions occur in the Arctic due to offshore oil/gas activities 
(e.g. flaring, traffic to/from oil-platforms) [10] [11] and Arctic communities 
[12]. 

The long record of, on average, decreasing sea-ice extent [13] has provided 
shortcuts for intercontinental shipping [14]. Thus, over the last decade, Arctic 
ship traffic from commercial shipping, last-chance tourism, supply shipping for 
offshore oil/gas activities and Coast Guards has notably increased [15]-[20]. 
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 [14]. Data collected in the Bering Strait indicated increased traffic 
from cargo vessels, tugs, tankers and bulk-ships [21].  

North of 60˚N, surface aerosol concentrations were observed at only 40 sites 
for several years, but at different times since 1972 [12]. Only 12 of these sites are 
less than 100 km away from the ocean. At Barrow, Alert, Ny-Ålesund, Horn-
sund, and Andenes (sites all close to the ocean), the 1977-2006 summer back-
ground aerosol optical depths (AOD) at 500 nm were below 0.15 except during 
episodes of wildfire smoke [22]. These background values can be considered as a 
baseline for the Arctic coastal regions. Over water, only few aerosol measure-
ments exist from research cruises (e.g., [23] [24]). The recent and anticipated 
increase in Arctic shipping [25] provide a need for monitoring and predicting 
changes in Arctic atmospheric composition because aerosols play an important 
role as climate forcers due to direct and indirect impacts on radiation [23] as 
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well as impacts on cloud and precipitation formation [26]. 
Satellite-borne instruments were designed, among other things, to monitor 

remote, hard to access regions on a systematic spatio-temporal basis. The goal of 
this study was to: 1) evaluate the accuracy of the 3 km × 3 km AOD Collection 
6.1 (C6.1) product derived from the moderate resolution imaging spectroradi-
ometer (MODIS) onboard both Terra and Aqua satellites, and 2) assess their 
suitability for monitoring changes in AOD. To achieve these goals, we compared 
the AOD data [27] retrieved over the Arctic Ocean north of 59.9˚N against 
aerosol robotic network (AERONET) [28] and marine aerosol network (MAN) 
[29] data at 550 nm during the Arctic shipping seasons (June to October) of 
2006-2018. Finally, means of AOD of two periods of same length were compared 
against each other both for MODIS and AERONET/MAN data. 

2. Experimental Design and Methodology 
2.1. AERONET Data 

As a reference, we used quality-controlled Level 2 AOD ground-based observa-
tions from all near-coastal AERONET sites north of 59.9˚N that had data be-
tween June and October 2006 to 2018 (Figure 1). Table 1 lists the timeframes of 
data available for each site that can be downloaded at  
https://aeronet.gsfc.nasa.gov/. 
 

 
Figure 1. Locations of AERONET sites (yellow) and AOD measurements from MAN on 
board the Oceania (purple), Polarstern (blue), Healy (light blue), Amundsen (teal), Louis 
St. Laurent (green), Jan Mayen (light green). See Table 1 for actual years with measure-
ments at the sites, Table 2 for the sample sizes and Table 3 for actual years of cruises and 
sample sizes. 
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Table 1. Years of AERONET June to October (both months included) data and wave-
lengths used in this study. 

Site 

AERONET data 

Location 
Latitude, Longitude, Elevation 

Years 
Wavelengths 

(nm) 

Barrow 71.312N, 156.665W, 8 m 2006-2018 500, 675 

Oliktok Point 70.499N, 149.880W, 2 m 2013-2018 500, 675 

Resolute Bay 74.705N, 94.969W, 35 m 2006-2015, 2017-2018 500, 675 

Eureka, PEARL 80.054N, 86.417W, 615 m 2007-2011, 2013-2018 500, 675 

Eureka, OPAL 79.990N, 85.939W, 5 m 2007-2013, 2016-2018 500, 675 

Thule 76.516N, 68.769W, 225 m 2007-2015, 2017-2018 500, 675 

Iqaluit 63.748N, 68.543W, 15 m 2008-2010, 2014-2016 500, 675 

Kangerlussuaq 66.996N, 50.621W, 320 m 2008-2018 500, 675 

Narsarsuaq 61.156N, 45.419W, 75 m 2013-2017 500, 675 

Ittoqqortoormiit 70.485N, 21.951W, 68 m 2010-2015, 2017 500, 675 

Reykjavik 64.128N, 21.904W, 51 m 2018 500, 675 

Lerwick 60.139N, 1.185W, 82 m 2016-2018 500, 675 

Ny-Ålesund AWI 78.923N, 11.923E, 7 m 2017-2018 500, 675 

Hornsund 77.001N, 15.540E, 12 m 2006-2017 500, 675 

Longyearbyen 78.233N,15.649E, 30 m 2018 500, 675 

Andenes 69.278N, 16.009E, 379 m 2006-2012, 2014-2018 500, 675 

Helsinki Lighthouse 59.949N, 24.926E, 20 m 2006-2007, 2009-2017 490, 555 

Helsinki 60.204N, 24.961E, 53 m 2008-2014, 2016-2017 500, 675 

Peterhof 59.881N, 29.826E, 58 m 2014-2016 500, 675 

Tiksi 71.587N, 128.921E, 17 m 2010-2015 500, 675 

 
The AERONET is equipped with CIMEL (CE-318) sunphotometers with au-

tomatic sun-sky scanning spectral radiometers. The AERONET Version 2 direct 
sun algorithm retrieves the columnar aerosol optical depth, water vapor and 
Ångström parameter from the observations. Under cloud-free conditions, the 
AERONET provides spectral AOD in the range of 340 - 1060 nm with high 
temporal resolution (15 min). The mean error of AOD is about ±0.01 in the visi-
ble and near infrared [30] [31]. All AERONET sites use the same standard cali-
bration procedure and retrieval algorithm. 

2.2. MAN Data 

The MAN collects spectral measurements of the direct solar radiation with 
handheld sunphotometers (Microtops II). The Microtops II instruments have 
five channels either in a 340, 440, 675, 936 nm or 440, 500, 675, 870, and 936 nm 
configuration. Typically, the degree of uncertainty in AOD data from the 
hand-held sunphotometer is higher than that from the AERONET sites due to 
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sun-targeting and perturbation of the data caused by ship movement. Although 
the absolute error of the instruments is well below or equivalent to ±0.03 with 
the higher values in the ultraviolet [32] [33] [34], the relative errors are high due 
to the low background AOD in the Arctic. See these papers for further discus-
sion of errors. 

In this study, we used the MAN 500 nm and 675 nm data collected north of 
59.9˚N on the cruises of the Oceania (2007, 2009-2018), Jan-Mayen (2009), 
Healy (2008, 2011, 2015), Amundsen (2008, 2009), Polarstern (2009, 2012, 2015, 
2017) and Louis St. Laurent (2007). In total, these data encompass 66 cruises. 
Note that MAN data can only be taken when other activities on board and the 
vessel’s emissions do not compromise the measurements. Thus, the total number 
of coinciding MAN and MODIS data was small (611). Figure 1 shows where 
MAN data were taken by the various vessels.  

2.3. MODIS Collection 6.1 Aerosol Optical Depth Data 

The MODIS Collection 6.1 3 km aerosol products (MOD04_3K, MYD04_3K) 
are based on the Dark Target (DT) and Blue Target (BT) aerosol algorithms [35] 
[36]. This aerosol product provides, among many other things, quality-assured 
ambient aerosol optical properties (optical thickness, size distribution) and mass 
concentration over the oceans. The uncertainty of retrievals was estimated with 
respect to ground-truth. At one standard deviation of the retrieved solutions, 
~68% should be within the “expected error” (EE) envelopes given by the 
one-standard deviation of the Gaussian confidence intervals. Moreover, ~95% of 
the retrieved solutions should be within twice the EE. Over ocean at 3 km in-
crement, expected errors EE are ±0.05 with slightly less accuracy in the coastal 
zone [35] [36] [37] [38]. 

June-to-October MODIS C6.1 Level 2 AOD north of 59.9˚N from 2006 to 
2018 was acquired at the AERONET sites and over the vessels’ paths from 
https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MxD04_3K/, where 
the x stands for O and Y for Terra and Aqua, respectively.  

2.4. Data Processing 

Both the AERONET and MAN have no measurements at 550 nm, i.e. at the wa-
velength of the MODIS AOD values. Various interpolation methods exist [39]. 
The spectral dependence of AOD follows approximately a power law [40]. The 
Ångström power law 

α
λτ βλ−=                            (1) 

describes the spectral dependence of AOD, τλ, on wavelength λ. Herein, β is the 
turbidity coefficient, which equals to AOD at λ = 1 μm, and 

( )
( )

1 2

1 2

ln
ln

τ τ
α

λ λ
=                         (2) 

is the Ångström (wavelength) exponent. Its values range from close to zero for 
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coarse mode aerosols (e.g. mineral dust, sea salt) to about 2 or so for aerosols 
dominated by the fine mode (e.g. fresh smoke close to its emission sources). The 
Ångström exponent, α, can provide information on aerosol size and the 
fine-to-coarse mode fraction [41].  

When estimating the Ångström exponent from AOD, the error increases with 
decreasing AOD [42]. For typical Arctic summer background aerosols, uncer-
tainties in α are ±0.4, while they reach ±0.6 for aerosols from Asian dust events 
and boreal wildfires [2]. Consequently, the relative error of the Ångström expo-
nent can be about 30% [2]. For more details on sources of errors see [32] [33] 
[34]. 

We interpolated the AERONET and MAN data to 550 nm using the linear fit 
of the logarithms of the network aerosol optical depths  τ1 and τ2 at the nearest 
available wavelengths λ1 and λ2, i.e. 500 nm and 675 nm, respectively. Then the 
network τ3 at λ3 = 550 nm was calculated as 

3
3 1

1

α
λ

τ τ
λ

−
 

=  
 

                        (3) 

We matched the AOD values derived from the instantaneous satellite-borne 
instruments with the AOD of the repeated sunphotometer measurements. In 
doing so, only those measurements were used that coincided within ±30 min of 
the Aqua or Terra overpasses. Only MODIS data within 40 km of a site or vessel 
(see Table 1 for all sites) were considered. 

According to the Taylor hypothesis [43], one can view the temporal response 
at a site as the result of an unchanging spatial pattern passing uniformly over the 
site at the mean flow speed U with a turbulence intensity u   U. This criterion 
is fulfilled because the ambient aerosol moves with the mean flow, and the in-
strument resolution is much coarser than the scale of turbulence. Thus, we av-
eraged the temporal-high resolution network-based AOD values at 550 nm tak-
en within ±30 min of the Aqua or Terra satellite overpasses and compared it 
with the mean AOD data averaged over the area MODIS-based AOD within 40 
km of a site or vessel following [44] [45].  

2.5. Analysis 

Following [46], all MODIS AOD data were used in the evaluation regardless of 
their quality flags. Means and higher moments (standard deviation, skewness, 
kurtosis) were calculated for both the MODIS- and network-derived AOD for 
comparison of the magnitude and distributions. In addition, the medians were 
determined. The significance of differences was tested at the 95% confidence 
level using a t-test, and thus, the word significant is only used in this context. 
Following [47], the standard deviation of AOD determined from data of all 
shipping seasons at a site was used to measure interannual variability. We ex-
amined the interannual variation within each month and among the years. Since 
surface and aerosol properties vary with location (latitude/longitude), the as-
sessment also included spatial differences among sites and ship locations. 
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To assess the accuracy of MODIS AOD in reference to the AERONET and 
MAN, we calculated the expected error (EE = ±(0.05 + 0.05 × τ)) limits from the 
AERONET/MAN AOD-values, τ to quantify the percentage of MODIS AOD 
data falling within this envelop given by τAERONET/MAN − EE ≤ τMODIS ≤ τAERONET/MAN 
+ EE. Herein, τ is the AERONET/MAN value determined at λ = 550 nm using 
Equation (3). 

Furthermore, we calculated the bias, normalized mean bias (NMB), norma-
lized mean error (NME), root-mean-square error (RMSE), Pearson and Spear-
man correlation skill scores using collocated data pairs. In the case of the 
AERONT sites, these skill scores were also calculated on a monthly and seasonal 
(June to October) basis as well as over the shipping seasons of all years for each 
site. We checked for systematic errors related to months, proximity to sea-ice, 
topography, etc. We also looked for changes in agreement between MODIS and 
AERONET AOD over the time of the shipping season. Dataset agreement and 
other correlations were tested for their statistical significance at the 95% confi-
dence using a paired, two tails student t-test following [48]. In addition, we cal-
culated skill scores goals and criterions common for assessment of air quality 
model results [49] [50] [51] [52]. 

To assess whether AOD data from satellite-borne instruments could be used 
to monitor changes in the atmospheric composition over the Arctic, we calcu-
lated the change in AOD over the timeframe of available data. Therefore, the 
available dataset was split into two periods of equal length (2006-2011, 
2013-2018) to assess the change over the 2006 to 2018 period. Due to the odd 
number of years with available data 2012 was left out. Note 2019 data were not 
yet available for most of the AERONET sites. 

3. Results and Discussion 

There were less MODIS AOD data in June and October than in July to Septem-
ber due to bright surfaces from still existing and already forming sea-ice. Due to 
the strong cloudiness north of 59.9˚N during the months considered in our 
study, the number of collocated MODIS and AERONET/MAN data was rela-
tively small (Table 2, Table 3). In the case of the Jan Mayen and Louis St. Lau-
rent, the samples were too small for reliable statistics, but values are listed in Ta-
ble 3 for completeness. According to 16 Arctic cloud climatology datasets (de-
rived from different satellite and surface observations as well as reanalyses), 
summer mean total cloud fraction ranges on average between 68% ± 1% 
(ISCCP) and 76% ± 1% (CERES Terra) with an interannual variability of less 
than 30% [53]. Typically, maximum and minimum cloudiness broadly concurs 
with the minimum and maximum of sea-ice extent in August-September and 
February-April, respectively, and is higher over ocean than land [53]. 

3.1. Comparison of MODIS and AERONET AOD 

As described in Section 2, surface and satellite observations of AOD differ in  
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Table 2. June to October means, standard deviations (StDev), skewness and kurtosis of 
AOD as retrieved by MODIS (bottom value) and determined from AERONET observa-
tions for 550 nm (top value), their skewness, kurtosis, coefficients a and b of the trend 
equation y = a ∙ x + b at various and its R2 and number, n, of collocation at coastal sites 
north of 59˚N over all available data of the timeframe given in Table 1. Significantly dif-
ferent samples (column 2) and cases with differences Δτ = τAERONET − τMODIS being signifi-
cantly uncorrelated with time in the season (column 7) are in Italic. 

Sites 

Statistics 

Mean ± StDev 
(-.-) 

Skewness Kurtosis a bB R2 (%) n 

Barrow 
0.113 ± 0.096 
0.116 ± 0.100 

5.0 
3.9 

42.3 
24.6 

3 × 10−4 −0.0679 1.4 1063 

Oliktok Point 
0.089 ± 0.080 
0.136 ± 0.118 

3.0 
3.8 

11.5 
24.0 

2 × 10−4 −0.0864 0.5 445 

Resolute Bay 
0.088 ± 0.089 
0.095 ± 0.085 

4.7 
3.7 

30.0 
20.7 

1 × 10−5 −0.0104 4 × 10−3 691 

PEARL 
0.067 ± 0.038 
0.125 ± 0.091 

1.8 
1.2 

5.1 
1.2 

2.8 × 10−4 −0.6500 33.7 852 

OPAL 
0.073 ± 0.049 
0.180 ± 0.085 

2.5 
1.6 

12.0 
5.4 

1.5 × 10−4 −0.4136 13.2 1714 

Thule 
0.061 ± 0.039 
0.110 ± 0.091 

3.2 
2.0 

18.9 
8.6 

2 × 10−4 −0.3267 19.4 1776 

Iqaluit 
0.095 ± 0.102 
0.123 ± 0.106 

3.9 
2.7 

21.1 
12.3 

7 × 10−4 −0.1740 9.7 672 

Kangerlussuaq 
0.077 ± 0.044 
0.123 ± 0.063 

1.8 
1.1 

4.9 
2.4 

4 × 10−4 −0.1183 4.9 845 

Narsarsuaq 
0.068 ± 0.079 
0.159 ± 0.093 

3.1 
1.9 

9.9 
4.3 

7 × 10−4 −0.2576 20.3 192 

Ittoqqortoormiit 
0.061 ± 0.047 
0.081 ± 0.077 

3.2 
6.4 

15.3 
76.2 

5 × 10−4 −0.1289 5.7 1406 

Reykjavik 
0.049 ± 0.014 
0.092 ± 0.049 

1.5 
0.4 

2.8 
−0.4 

9 × 10−4 −0.2968 16.7 51 

Lerwick 
0.075 ± 0.071 
0.097 ± 0.080 

5.2 
2.4 

32.9 
7.8 

10−4 −0.0532 0.9 98 

Ny-Ålesund AWI 
0.062 ± 0.069 
0.083 ± 0.073 

4.8 
3.3 

23.1 
14.0 

6 × 10−4 −0.1398 21.4 173 

Hornsund 
0.093 ± 0.069 
0.095 ± 0.068 

4.4 
4.3 

33.5 
34.2 

6 × 10−4 −0.0814 4.1 1325 

Longyearlyn 
0.253 ± 0.203 
0.231 ± 0.197 

0.8 
0.9 

−1.0 
−0.6 

4.3 × 10−3 −0.9396 20.8 19 

Andenes 
0.092 ± 0.057 
0.091 ± 0.070 

2.6 
2.5 

12.8 
10.5 

2 × 10−4 −0.0396 2.4 1655 

Helsinki Lighthouse 
0.149 ± 0.116 
0.148 ± 0.100 

3.3 
3.5 

19.7 
22.8 

8 × 10−5 −0.0158 0.3 840 

Helsinki 
0.140 ± 0.112 
0.166 ± 0.126 

3.2 
3.1 

20.6 
19.2 

2 × 10−4 −0.0778 1.5 1228 

Peterhof 
0.166 ± 0.099 
0.198 ± 0.108 

0.6 
0.6 

−0.5 
0.5 

9 × 10−4 −0.2616 5.3 148 

Tiksi 
0.153 ± 0.220 
0.180 ± 0.228 

4.0 
3.6 

17.1 
14.7 

2 × 10−4 −0.1761 6.3 584 
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Table 3. June to October means, standard deviations (StDev), skewness and kurtosis of 
AOD as retrieved by MODIS (bottom value) and determined from MAN observations at 
550 nm (top value), their skewness and kurtosis on their cruises in waters north of 59.9 N. 

Ship Mean ± StDev (-.-) Skewness Kurtosis Sample size 

Amundsen 
0.138 ± 0.055 
0.127 ± 0.056 

−0.0 
−0.3 

−1.0 
−1.0 

64 

Healy 
0.064 ± 0.015 
0.047 ± 0.040 

0.5 
2.6 

−0.1 
8.7 

51 

Jan-Mayen 
0.089 ± 0.003 
0.096 ± 0.018 

−1.0 
0.5 

−0.8 
−1.4 

4 

Louis St. Laurent 
0.048 ± 0.005 
0.038 ± 0.007 

0.9 
−0.1 

−0.0 
−0.5 

7 

Oceania 
0.078 ± 0.044 
0.081 ± 0.055 

1.5 
2.5 

2.1 
8.5 

384 

Polarstern 
0.081 ± 0.029 
0.093 ± 0.035 

0.3 
0.5 

−1.1 
−1.1 

101 

 
their spatio-temporal resolution, wavelength, and retrieval algorithms. Snow, 
sea-ice, and clouds may cause uncertainties in MODIS AOD. 

Sites means of MODIS and AERONET AOD averaged over all available data 
ranged between 0.081 and 0.231 and between 0.049 and 0.253, respectively 
(Table 2). This finding indicates that MODIS overestimated low and underesti-
mated high AOD. Interannual variability (given by the standard deviation) of 
AOD varied between 0.049 and 0.228 for MODIS and between 0.014 and 0.220 
for AERONET. These findings indicate that for sites with low variability in AOD 
among shipping seasons MODIS overestimated this variability, but acceptably 
captured high interannual variability. 

The means and standard deviations of MODIS and AERONET AOD deter-
mined from all data available for 2006 to 2018 agreed reasonably well at Barrow, 
Resolute Bay, Iqaluit, Hornsund, Andenes, Longyearlyn, Helsinki Lighthouse 
and Tiski (Table 2). At these sites, MODIS and AERONET skewness differed 
less than 1.2.  

It is well known that both skewness and kurtosis show appreciable variation 
with sample size [48]. However, since we compared the same sized samples for 
both MODIS and AERONET, these measures can provide insights as to whether 
MODIS AOD captured the deviations from Gaussian distribution and the tails 
observed in AERONET AOD data. All sites showed positive skewness, i.e. the 
means were greater than the median (e.g. Figure 2). 

Kurtosis measures the combined weight of the tails relative to the rest of the 
distribution. Except for Helsinki lighthouse, MODIS AOD data showed lower 
kurtosis than AERONET (Table 2). AERONET AOD distribution was the clos-
est to a Gaussian distribution (kurtosis of 3) at Reykjavik. MODIS and 
AERONET AOD at Longyearlyn and MODIS AOD at Reykjavik showed slightly 
negative kurtosis meaning that the AOD had lighter tails than a Gaussian distri-
bution. At all other sites, both MODIS and AERONET AOD distributions  
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(a)                                       (b) 

  
(c)                                       (d) 

  
(e)                                       (f) 

Figure 2. Comparison of MODIS and AERONET AOD at 550 nm and their respective 
AOD frequency histograms for selected coastal sites. (a) Barrow; (b) OPAL; (c) Thule; (d) 
Hornsund; (e) Andenes, and (f) Tiksi. Axes differ among panels and within plots. 
 
showed heavier tails than a normal distribution. As compared to AERONET 
AOD, MODIS AOD underestimated the heaviness of the tails at Barrow, Reso-
lute Bay, OPAL, Thule, Iqaluit, Kangerlussuaq, Narsarsuaq, Ny-Ålesund AWI 
site, while it overestimated them at Oliktok Point and Ittoqqortoormiit. MODIS 
and AERONET AOD kurtosis matched reasonably for Hornsund, Andenes, 
Tiski and Helsinki Lighthouse (Table 2). 

The t-tests revealed that MODIS and AERONET AOD samples consisting of 
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all years of June to October data were statistically different with 95% confidence 
at Tiksi, Peterhof, Helsinki, Ny-Ålesund AWI site, Reykjavik, Ittoqqortoormiit, 
Narsarsuaq, Kangerlussuaq, Iqaluit, Thule, OPAL, PEARL, Resolute Bay and 
Oliktok Point (Table 2). Both the Peterhof and Helsinki sites are farthest from 
the shore in comparatively large cities (population 82,940, and 631,695, respec-
tively). The sites at Ny-Ålesund AWI, Reykjavik, Ittoqqortoormiit, Narsarsuaq, 
Kangerlussuaq, Iqaluit, and Thule have in common that there is strong topo-
graphy in their vicinity. The Eureka and Resolute Bay sites are in the Canadian 
Archipelago where surface heterogeneity is large (snow, bare land, sea-ice, open 
water). 

For each site, we sorted the differences, Δτ = τAERONET – τMODIS, by day and time 
while ignoring the year to create a “time series” over the shipping season. Com-
parison of the temporal behavior of Δτ suggested improved agreement between 
MODIS and AERONET AOD for most sites, as time progressed from June to 
October (Table 2). Differences went from marginally to moderately negative to 
slightly positive at all sites with increasing time. The spread around the trend 
line decreased as the shipping season progressed for all sites (e.g. Figure 3). 
While the correlation between Δτ and in season time was weak, the student 
t-test implied with 95% or higher confidence that there was no significant im-
provement in agreement between MODIS and AERONET 550 nm AOD from 
June to October at the Peterhof, Longyearlyn, Ny-Ålesund AWI, Lerwick, Reyk-
javik, and Nasarsuaq sites (Table 2). 

The decreasing spread and improved agreement with progressing time into 
the shipping season (Figure 3) suggest the occurrence of errors in sea-ice vs. 
open ocean classification at the beginning of the shipping season. Melting snow 
on sea-ice, for instance, yields puddles of low albedo [54]. Thus, sea-ice may re-
main unrecognized, when the puddles are mistaken for the ocean. Such misclas-
sification may have contributed to notable differences between MODIS and 
AERONET AOD distributions for sites in the Canadian Archipelago at the be-
ginning of the shipping season.  

Looking at the tendency of over- or underestimation of MODIS AOD as 
compared to AERONET AOD at 550 nm the following was found. At Kanger-
lussuaq, Ittoqqortoormiit, Narsarsuaq, Ny Ålesund, Oliktok Point, OPAL, Pe-
terhof and Tiksi, MODIS season mean AOD was higher than AERONET AOD 
at 550 nm in all shipping seasons (cf. Figure 4). At Helsinki, Hornsund, Thule, 
PEARL and Iqaluit, MODIS AOD typically exceeded AERONET AOD in all 
shipping seasons except one. At Andenes, MODIS AOD tended to underesti-
mate AERONET AOD in the first couple of years and later tended to overesti-
mate the values. At all other sites, MODIS AOD underestimated AERONET 
AOD in more than one shipping season. 

3.2. Comparison of MODIS and MAN 

Since the sample per cruise was small and most vessels broadly sailed the same 
basins over time (Figure 1), the statistics were determined over all cruises made  
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(a)                                       (b) 

  
(c)                                       (d) 

  
(e)                                       (f) 

Figure 3. Examples of improved agreement between MODIS and AERONET AOD given 
as difference (AERONET minus MODIS) with increasing time in the shipping season for 
(a) Barrow; (b) OPAL; (c) Thule; (d) Iqaluit; (e) Andenes; and (f) Tiksi. 
 
by a given vessel to enhance the sample size (Table 3). Mean 550 nm AOD from 
the cruises of the Amundsen, Healy, Louis St. Laurent were lower than those 
from MODIS. The opposite was true for the Jan-Mayen, Oceania and Polarstern. 
Due to the small sample size the Jan-Mayen and Louis St. Laurent (Table 3) are 
not further discussed in the following.  

MODIS and MAN mean AOD differed the least with 0.03 on the cruises of the 
Oceania (Table 3). The Oceania cruised the southern Baltic Sea and Northwest 
Atlantic where the likelihood of sea-ice is negligible at this time of year. The 
standard deviation of the MODIS AOD was slightly higher (0.11) than that of 
the MAN AOD. The MODIS AOD data showed a higher skewness than the 
MAN AOD data and differed strongly from a Gauss distribution. Looking at the 
Polarstern cruises, the kurtosis was the same for both MODIS and MAN AOD 
and the distributions showed only marginal differences in skewness. However, 
MODIS AOD mean and standard deviation data exceeded those of the MAN 
data. The mean AOD over all Amundsen cruises was lower for the MODIS than 
MAN data, while the standard deviation hardly differed. The MODIS data 
showed a slight skewness. Both MODIS and MAN AOD kurtosis were the same. 
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Figure 4. Comparison of MODIS and AERONET AOD at 550 nm at selected sites for all 
shipping seasons with data. (a) Barrow; (b) Andenes; (c) Hornsund; (d) Ittoqqortooriit; 
(e) Kangerlussuaq and (f) Tiksi. Seasonal means (JJASO) and their standard deviations 
are plotted at the year of the shipping season for readability, while actual AOD values are 
plotted at the actual time of occurrence. 
 

In the case of the Healy cruise, MODIS AOD notably underestimated the 
MAN AOD on average and had a larger standard deviation, a more than five 
times higher skewness and nearly a factor 100 higher kurtosis. This finding may 
suggest that the ocean conditions in the 40 km radius of the Healy were not rep-
resentative for the conditions at the location of the MAN observations. Fur-
thermore, the number of low quality flags was high. 

No notable relationships were observed among Δτ and latitude and time in 
the shipping season (Figure 5).  

3.3. Evaluation of MODIS AOD 

Due to the clean conditions over the Arctic Ocean, AOD is usually very small. 
Low AOD is hardest to detect. In the extreme, AOD could be zero in one of the  
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Figure 5. Latitude vs. difference (AERONET minus MODIS) in aerosol optical depths for 
the various cruises. See Table 2 for actual years and number of collocations and Figure 1 
for the locations of observations on the cruise routes. The equations of the trend lines and 
their R2-values are color-coded according to the vessels. 
 
datasets while close to zero in the other and vice versa yielding huge relative er-
rors compared to each other. This phenomenon is well-known from studies 
within the Interagency Monitoring of Protected Visual Environments network 
that monitors the visibility in National Parks [51]. Thus, the Environmental 
Protection Agency (EPA) recommends to use the method by [49] [50] in the 
performance evaluation of air-quality model results. Furthermore, EPA recom-
mends to not consider measurements as the “absolute truth” when comparing 
model results to observations at a point in space and time. Model values namely 
represent a volume of several square kilometers times several hundred meters in 
the vertical valid for a time step of several seconds. Therefore, normalized biases 
(NMB) and errors (NME) should not be normalized by the observations alone, 
but by the mean of the model and observed value to account for the scale issues 
yielding mean fractional bias (FBIAS) and mean fractional error (FME). In con-
trast to the NMB and NME ranging from −100% to ∞% and 0% to ∞%, these 
scores range between ±200% and 0% - 200%, respectively. These measures have 
the advantage that a few data cannot dominate the metric. 

In our study, a temporal-spatial scale problem exists. MODIS AOD provided 
the mean AOD in a 40 km radius column over the site at the time of the satellite 
overpass, while AERONET AOD was the temporal mean at the site within ±30 
min of the overpass. Therefore, we adopted [49] [50]’s metrics to compare 
MODIS to AERONET/MAN AOD at 550 nm. Herein, FBIAS and FME are the 
bias and error for each MODIS-AERONET pair normalized by the mean of the 
MODIS and AERONET AOD prior to averaging. The agreement “goals” give the 
accuracy that MODIS AOD values are considered to achieve at their best. The 
agreement “criteria” give the accuracy that is acceptable for monitoring without 
further evidence of adequacy. The criteria should account for various uncertain-
ties related to the retrievals, representativeness of the monitored area, accuracy 
of cloud and sea-ice masks, etc. Since AOD is strongly related to particulate 
matter and light extinction, the goals (FME ≤ 50%, −30% ≤ FBIAS ≤ 30%) and 
criteria (FME ≤ 75%, −60% ≤ FBIAS ≤ 60%) were chosen in accord with [49]. 
The exponential decline was designed to meet ±30% and ±60% at an AOD of 
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0.08 and 0.18, respectively assuming 0.05 as the hreshold above which ±30% ac-
curacy could be achieved. 

The comparison of the annual season means of MODIS and AERONET AOD 
at 550 nm indicated that MODIS AOD was most of the years within the crite-
rions and hence the limits of acceptable agreement (e.g., Figure 6). All markers 
within the green lines indicate very good agreement. Markers outside the red 
lines are cases of low to no skill. Note overall OPAL had the highest NMB, NME, 
FBIAS and bias of all sites. PEARL had the season with the highest FME and 
FBIAS. Obviously, performance is weakest for AOD around 0.05. 

The comparison of annual season means of MODIS and MAN AOD at 550 
nm (Figure 7) revealed that except for the Polarstern in one shipping season, the 
values fell within the criterions for both FME and FBIAS. In the case of the FME, 
MODIS and MAN AOD at 550 nm even reached the goal. These findings signify 
that MODIS AOD values are very reliable over the ocean. 

Generally, correlation and skill between MODIS and AERONET AOD were 
lower in years with small number of samples (<100) than other years. However, 
when considering all years, no such dependency on sample size could be de-
tected. 
 

 
Figure 6. Reliability of MODIS annual shipping season (June to October) means of AOD 
data relative to those of AERONET AOD at 550 nm for the 20 sites. (a) Soccer plot FBIAS 
vs. FME. Bugle plots MODIS AOD vs. (b) FBIAS and (c) FME. Green and red lines indi-
cate the “goal” and “criterion”. 
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(a) 

 
(b) 

Figure 7. Reliability of MODIS annual shipping season (June to October) means of AOD 
data relative to those of MAN AOD at 550 nm for the six vessels. Bugle plots MODIS 
AOD vs. (a) FBIAS and (b) FME. Green and red lines indicate the “goal” and “criterion”. 
 

For studies on changes in AOD, periods longer than one shipping season are 
of interest. Taking all data available for the shipping seasons 2006 to 2018, 
MODIS AOD showed positive bias at all sites except Andenes, Helsinki Ligh-
thouse and Longyearlyn (Table 4). On average over all sites, the absolute value 
of NMB was 28.8%. Absolute NMB was less than 10% for Resolute Bay, Barrow, 
Hornsund, Andenes and Longyearlyn, and less than 20% for Peterhof, Helsinki, 
Tiksi and Helsinki lighthouse. NMB was negative for Andenes, Longyearlyn and 
Helsinki Lighthouse. NMB exceeded 50% for OPAL, Narsarsuaq, PEARL, Reyk-
javik, Thule, Kangerlussuaq and Oliktok Point.  

On average over all cruises, the absolute value of NMB was 13.9%. NMB was 
negative for the data from the cruises of the Healy and Amundsen, and positive 
in the case of the Polarstern and Oceania. Note that the former vessels cruised in 
the North American and Canadian Arctic, while the latter two cruised the 
Greenland Sea, the Atlantic and European waters north of 59.9˚N (cf. Figure 1). 

On average over all sites and shipping seasons, NME was 62.1% with 13 sites 
(i.e. 61.9% of all sites) having lower NME. NMEs were lowest for Andenes fol-
lowed by Barrow and Resolute Bay. Like for NMB, NME indicated the worst skill 
over OPAL, Narsarsuaq, PEARL, Reykjavik, Thule, Kangerlussuaq and Oliktok 
Point. Except for the Healy that cruised in the North American Arctic Ocean, 
Bering and Beaufort Seas, MODIS FME was between 20.5% and 29.9% (Table 
4). 
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Table 4. Skill scores obtained using all pairs of available MODIS and ship/site based 
AERONET data. Here RP, RS, NMB, NME, FBIAS, EElimits, BIAS and RMSE are the Pear-
son and Spearman correlation coefficients, normalized mean bias, normalized mean error, 
fractional bias, percentage of MODIS AOD falling within the limits of the error envelop 
of the AERONET AOD values at 550 nm, bias and root mean square error (see Table 2 
and Table 3 for data availability). 

Site 

Skill scores 

RP Rs 
NMB 
(%) 

NME 
(%) 

FBIAS 
(%) 

EElimit 
(%) 

FME 
(%) 

BIAS RMSE 

Barrow 0.705 0.627 2.8 36.8 −2.6 80.3 35.3 0.003 0.054 

Oliktok Point 0.578 0.601 52.2 66.3 35.8 65.2 51.6 0.047 0.076 

Resolute Bay 0.833 0.637 8.8 37.2 4.7 82.5 36.6 0.008 0.035 

PEARL 0.419 0.387 87.5 103.7 41.8 59.6 62.3 0.058 0.069 

OPAL 0.389 0.285 147.3 150.0 84.2 23.9 86.1 0.107 0.067 

Thule 0.425 0.472 79.3 96.4 35.8 66.1 56.6 0.049 0.069 

Iqaluit 0.805 0.712 28.9 46.1 25.3 76.5 44.0 0.027 0.047 

Kangerlussuaq 0.688 0.677 59.1 63.5 43.5 63.0 49.7 0.046 0.035 

Narsarsuaq 0.804 0.595 131.8 132.6 90.8 25.5 91..6 0.090 0.041 

Ittoqqortoormiit 0.529 0.607 34.1 50.2 22.9 86.0 39.9 0.021 0.053 

Reykjavik 0.597 0.524 86.7 95.5 42.8 62.7 60.3 0.043 0.031 

Lerwick 0.660 0.659 28.8 56.7 15.2 76.5 45.5 0.022 0.047 

Ny-Ålesund AWI 0.784 0.468 33.3 56.1 24.2 85.0 47.1 0.021 0.034 

Hornsund 0.547 0.524 2.2 41.3 0.7 81.1 38.7 0.002 0.046 

Longyearlyn 0.981 0.969 −9.0 14.3 −14.8 84.2 20.4 −0.023 0.027 

Andenes 0.711 0.694 −0.6 23.1 4.1 83.4 36.3 −0.001 0.031 

Helsinki Lighthouse 0.900 0.848 −11.6 61.8 −7.2 82.3 23.9 −0.022 0.099 

Helsinki 0.791 0.733 18.5 36.5 17.9 72.9 35.8 0.026 0.058 

Peterhof 0.771 0.805 19.0 34.6 16.0 63.5 37.9 0.032 0.051 

Tiksi 0.923 0.748 17.7 38.3 14.9 67.6 40.9 0.027 0.063 

Amundsen 0.804 0.855 −7.7 22.6 −11.1 87.5 26.8 −0.011 0.024 

Healy 0.479 0.528 −26.4 44.1 −49.6 96.1 58.2 −0.017 0.029 

Jan-Mayen −0.388 −0.778 7.6 20.5 5.7 100.0 19.1 0.007 0.021 

Louis St. Laurent 0.329 0.414 −21.2 21.2 −24.7 100.0 24.7 −0.010 0.006 

Oceania 0.782 0.741 5.0 29.9 1.7 92.2 29.9 0.004 0.025 

Polarstern 0.681 0.679 15.2 25.4 13.5 94.1 24.9 0.012 0.020 

 
On average over all sites and shipping seasons, the absolute fractional bias was 

22.9%. Except for Narsarsuaq and OPAL FBIAS remained below 45% for all sites 
(Table 4). Looking at the absolute values, FBIAS remained below 10% at Reso-
lute Bay, Andenes, Hornsund, Barrow and Helsinki Lighthouse. 
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RMSE was smallest around 70˚N, while it showed marginal increases with de-
creasing and increasing latitude for sites south and north of 70˚N, respectively 
(cf. Table 1, Table 4). This finding can be partly explained by the increased like-
lihood of sea-ice present north of 70˚N. To further examine this behavior, we 
checked the heterogeneity of the terrain and elevation. No obvious relation be-
tween site elevation and RMSE was detected. MODIS and AERONET AOD cor-
related highest (Rp ≥ 0.9) for Longyearlyn, followed by Tiksi and Helsinki Ligh-
thouse (Table 4). A fairly strong correlation (0.9 > Rp ≥ 0.8) occurred at Resolute 
Bay, Iqaluit, and Narsarsuaq. The MODIS and AERONET AOD correlations 
were moderate (0.8 > Rp ≥ 0.6) over Helsinki, Ny-Ålesund AWI site, Peterhof, 
Andenes, Barrow, Kangerlussuaq and Lerwick. Correlations were less than 25% 
for OPAL and Thule. MODIS and AERONET detected interannual variability 
(Table 2) correlated with 0.933. 

MODIS and MAN AOD correlated moderately or well for the observations 
made by the Polarstern (transects in the Atlantic Ocean, northern Greenland 
Sea), Oceania (Baltic, Norwegian and Greenland Seas) and Amundsen (Beaufort 
Sea, Labrador Sea, Baffin Bay, Hudson Bay). Since the sample size was too small 
for reliable statistics in the case of Jan Mayen and Louis St. Laurent, these skill 
scores are not further discussed (i.e. values in Table 4 are only for complete-
ness). 

Across all 20 sites and 66 cruises, 75.3% of the MODIS AOD data fell within 
the bounds given by τAERONET/MAN − EE ≤ τMODIS ≤ τAERONET/MAN + EE, where EE is 
the estimated error of the AERONET/MAN data at 550 nm. Based on the data of 
coastal sites, 69.4%, 72.8%, 55.3%, 57.8%, 74.4%, 82%, 72.9% and 67.6% of the 
MODIS AOD data fell within these limits in Arctic waters north of 59.9 N, 
Beaufort Sea, Canadian Archipelago, Baffin Bay, Greenland, Norwegian, Baltic 
and Laptev Seas, respectively. At the locations of the research vessels, 87.5% to 
100% of the MODIS AOD were within the limits of the error envelop of the 
MAN data at 550 nm. While these percentages were notably higher than those 
for the coastal sites, the MAN data like the AERONET data suggested weaker 
agreement over the Beaufort Sea and Canadian Archipelago including Hudson 
Bay, Labrador Sea and Baffin Bay. 

Based on the various skill scores (Table 4, Figure 6, Figure 7), the greatest 
disagreement between MODIS and AERONET/MAN AOD at 550 nm occurred 
over sites at the coasts of Greenland and the Canadian Arctic Archipelago as well 
as over waters west of Greenland. These locations are two of three Arctic regions 
where cloud fraction disagreed the most in the inter-comparison of 16 cloud 
climatology datasets [53]. Thus, some of the discrepancies between MODIS and 
AERONET AOD may be related to inaccuracies in cloud detection as well. Un-
fortunately, no ground-based observations were available for northern East Sibe-
ria, i.e. the third region found to have large differences among cloud climatolo-
gy. 

Sites or ships operating in these areas have very heterogeneous surface condi-
tions in their immediate vicinity (40 km radius). Unbalanced sampling around 
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the ground site [44] when calculating the 3 km × 3 km data may explain some of 
the weaker agreement found for sites with huge surface heterogeneity (rapid 
change in surface) or huge inhomogeneities (existence of more than one of the 
following surfaces: sea-ice, ocean, snow-free and snow-covered land, and ocean). 

At locations with notable surface heterogeneity (e.g., sea-ice, land-cover and 
land-use, elevation, water), local, mesoscale-γ circulations and/or motions (e.g. 
sea breezes, ice breezes, slope winds, mountain-valley winds, orographic lifting), 
locally induced inversions or convection can influence local AOD. Consequent-
ly, locally observed AERONET/MAN AOD-values may differ from satellite ob-
servations as a result from the synoptic-scale pattern. Consequently, the flow is 
not homogeneous despite the Taylor assumption of turbulent perturbations be-
ing much smaller than the mean flow [43] is still valid. At Thule, for instance, 
steep and partially glacier-covered mountains, sea-ice and ocean co-exist within 
the 40 km radius around the site; NMB, NME, and FBIAS all exceeded 30% 
(Table 4). Topographic effects may also explain the comparatively higher errors 
at Ny-Ålesund AWI than at the other Spitsbergen sites (Hornsund, Longyearlyn).  

The aforementioned local processes also signify variability in wind speed in 
the near-surfaces layer or even ABL. Thus, aerosols at these heights may be 
transported at different speeds at the site than over the free ocean. 

Investigations showed a weak, linear relationship with a slope of ~0.004 - 
0.005 between columnar AOD and wind speed, even for wind speeds over 10 
m∙s−1 [55]. Typically, the correlation coefficients ranged between 0.3 and 0.5 over 
all Arctic ocean basins [55]. Furthermore, at high wind speeds (>15 m∙s−1) splash 
from breaking waves may increase AOD at coastal sites. This local effect only 
marginally contributes to the MODIS AOD average over the 40 km radius 
around the site. However, the signal is included in the AOD derived from the 
local AERONET observation, which is the average over the 30 min prior and af-
ter the MODIS overpass. This fixed point-time span vs. fixed time-area effect 
may marginally contribute to the differences found between the AERONET data 
at Helsinki and Helsinki lighthouse discussed in the next section (Figure 6). 

3.4. Impact of Wavelength Interpolation 

At Helsinki, two AERONET sites measured at different wavelengths 28.35 km 
apart (cf. Table 1) one in an urban setting close to the water, the other in the 
Gulf of Finland. Assuming that impacts from splash at the lighthouse and emis-
sion in the vicinity of the sites on AOD are small as compared to the column in-
tegrated AOD, we compared 267 observations from these sites for times of col-
locations with overpasses (sample size 267). 

The AERONET AOD at 550 nm obtained at the two sites correlated 93.5% (R 
= 0.967). The agreement of MODIS AOD determined for these sites was margi-
nally (1%) lower than for the AERONET sites (R2 = 92.5%, R = 0.962). For this 
sample MODIS and AERONET AOD correlated 88.5% (R = 0.941) and 90.3% (R 
= 0.950) at the Helsinki site and the Helsinki lighthouse site, respectively. This 
means that impacts from wavelength interpolation may be considered small and 
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that at these sites, MODIS and AERONET AOD data had a less than 10% (abso-
lute) lower correlation than the AERONET data of these nearby sites.  

The mean AERONET AODs of these samples were 0.158 ± 0.126 and 0.156 ± 
0.128 at the Helsinki and Helsinki lighthouse sites. The corresponding MODIS 
AOD was 0.180 ± 0.142 and 0.151 ± 0.117, respectively. The medians were 0.132 
and 0.121 for AERONET AOD at 550 nm, 0.155 and 0.126 for MODIS at Hel-
sinki and Helsinki lighthouse, respectively. The skewness of all four distributions 
was around 5. Kurtosis varied stronger than skewness (AERONET: 41, 36; 
MODIS: 39, 33 where the first value is for Helsinki and the second for the ligh-
thouse). This means the distribution of AERONET and MODIS AOD differed 
marginally less among the sites than the MODIS and AERONET distributions 
differed at a given site (Figure 8). At Helsinki and Helsinki lighthouse, 82.4% 
and 86.9% of the MODIS AOD values were within the limits of the error envelop 
for the sample examined in this sensitivity study. Note that 72.9% and 82.3% of 
the MODIS AOD data fall within the error envelops of the full datasets at Hel-
sinki and the lighthouse AERONET sites, respectively (Table 4). The better per-
formance at the lighthouse can be explained by its less heterogeneous environ-
ment than at the other Helsinki site. 
 

    
(a)                                     (b) 

    
(c)                                      (d) 

Figure 8. Comparison of (a) AERONET AOD data derived at 550 nm and (b) MODIS 
AOD data at the Helsinki and Helsinki lighthouse sites, MODIS and AERONET AOD 
data (c) at Helsinki lighthouse, and (d) Helsinki. All data shown are at times when data 
coincide at both sites with satellite overpasses. 
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3.5. Changes in AOD over Time of Available Data 

At all sites, we compared the mean AOD during period 1 (2006-2011; P1) and 
period 2 (2013-2018; P2) using all collocated data. In general, changes in AODs 
at the sites are all very low. At Andenes and OPAL, the signs of changes in pe-
riod mean AOD (P2 - P1) differed for MODIS and AERONET. At these sites, 
MODIS AOD period means increased by 0.0046 and 0.0456 from P1 to P2, while 
the AERONET AOD period means at 550 nm decreased by 0.0204 and 0.0306, 
respectively. For all other sites with AOD data in both P1 and P2, MODIS and 
AERONET determined changes were of the same sign. At Barrow, Iqaluit, It-
toqqortoormiit, and Tiksi, MODIS and AERONET P2 mean AOD increased by 
0.0299, 0.0065, 0.0061, 0.0505 and 0.0048, 0.0310, 0.0096, 0.0901, respectively, as 
compared to P1. Note that at Barrow and Tiksi, the increase is about an order of 
magnitude higher than at Iqaluit and Ittoqqortoormiit for MODIS AOD, while 
the same is true for AERONET at Iqaluit and Tiski.  

Both MODIS and AERONET AOD decreased at Hornsund (−0.0163, −0.0297), 
Helsinki (−0.0379, −0.0264), Kangerlussuaq (−0.0029, −0.0030), PEARL (−0.0055, 
−0.0326), Resolute Bay (−0.0496, −0.0403), and Thule (−0.0017, −0.0057). Values 
in parentheses give the difference between the P2 mean AOD minus the P1 mean 
AOD for MODIS and AERONET. These decreases may be partly due to the 
changes in emission regulations.  

By 2011 four ship emission control areas (ECA) were implemented in the Bal-
tic and North Seas, as well as along the Canadian and contiguous US coasts. The 
former two are sulfur ECAs, while the latter required an additional reduction of 
nitrogen oxides emissions by 80% of the 2010 values [55]. In all ECAs, the sulfur 
content in fuel was not to exceed 1% between 1 July 2010 and 1 January 2015, 
and 0.1% thereafter [57]. These regulations have forced shipping companies to 
either install sulfur emission reduction technologies (e.g. scrubber system, lique-
fied natural gas-powered propulsion), burn more expensive marine gasoline oil 
when cruising in ECAs, sail at lower speeds to reduce emissions or sail other 
routes to minimize the total bunker and salary cost to comply with ECA regula-
tions [58]. The reduction in emissions due to the enforcement of ECA and tigh-
tening of EU traffic emission regulations [12] may explain the decrease in AOD 
found for Helsinki. However, this decrease is very low and rather marginal con-
sidering the uncertainties in the measured AODs and the not homogeneous dis-
tribution and AOD observation counts in the two periods. 

Unfortunately, the coasts of the Bering Sea, Arctic Ocean, Baffin Bay, Green-
land and Norwegian Seas have no ECA. This means that in these waters, the 
general sulfur and nitrogen limits apply (4.50% m/m before 1 January 2012, the-
reafter 3.50% m/m until the end of 2019), which permit burning cheap, heavy 
bunker fuel. Furthermore, shipping through the Bering Strait and Northwestern 
Route increased [59]. The increase in ship traffic may explain the increases in 
AOD found by both MODIS and AERONET at Barrow and Tiksi. 

The different signs in AOD change found at Andenes and OPAL might be 
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partly explained by differences in the determination of the AOD (spatial mean at 
overpass vs. local mean within ±30 min of overpass). Smoke plumes from boreal 
fires may contribute to AOD within the 40 km radius of a site while not passing 
the site overhead. On the other hand, a smoke plume may pass may pass over 
the site, but may be too small in horizontal extension to notably contribute to 
the 40 km radius area. Note that the number of acres burned due to lightning 
strike caused wildfires was much higher for the years included in P2 than P1 (cf. 
[60]). Some of the decrease at the OPAL and Andenes AERONET sites may be 
due to the tightened traffic emissions regulation in Canada and the EU (cf. [12]), 
respectively. 

4. Conclusions 

Satellite-borne instruments permit monitoring remote, hard to access regions 
like the Arctic Ocean on a systematic spatio-temporal basis. This study assessed 
the MODIS C6.1 aerosol optical depth north of 59.9˚N at various temporal scales 
for the 2006 to 2018 Arctic shipping seasons (June to October, both included) by 
means of AOD at 550 nm obtained from 20 near-coastal AERONET sites and 
MAN from 66 cruises in Arctic waters. The main goal was to assess the reliability 
and suitability of MODIS data to monitor degradation of AOD over the length 
of the Arctic shipping season.  

The study revealed that discrepancies between means of MODIS and 
AERONT/MAN AOD were mainly related to differences in the frequency dis-
tributions. Typically, MODIS AOD overestimated low and underestimated high 
AOD as compared to the AERONET data. Site means of MODIS AOD were be-
tween 0.081 and 0.231, while those of AERONET AOD ranged between 0.049 
and 0.253. Interannual variability (given by the standard deviation) of AOD va-
ried between 0.049 and 0.228 for MODIS and between 0.014 and 0.220 for 
AERONET. This means that for sites with low variability in AOD among ship-
ping seasons, MODIS overestimated this variability, but acceptably captured 
high interannual variability. 

The results suggested different degrees of agreement of MODIS and 
AERONT/MAN AOD over the various ocean basins. Obviously, MODIS AOD 
relative to the AERONET AOD observations was less over the Beaufort Sea and 
Canadian Archipelago including Labrador Sea, Hudson and Baffin Bays than in 
the Greenland and Norwegian Seas. Mismatches in cloud detection and the 
higher likelihood of sea-ice and heterogeneous scenes are likely causes. Due to 
the warm waters of the Gulf Stream the Greenland and Norwegian Seas have less 
sea-ice than the other basins.  

Nevertheless, over all 20 sites and 66 cruises, 75.3% of the MODIS AOD data 
fell within the limits of the error envelop of the AERONET/MAN AOD data at 
550 nm. Typically, the percentage of MODIS AOD data falling within these lim-
its was larger for the comparison with MAN than AERONET data. On average 
over all years, 87.5% to 100% of the MODIS AOD were within the error envelop 
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determined for the MAN data of the six vessels. Thus, one may conclude that 
MODIS provides reliable AOD data at 550 nm over the Arctic shipping routes.  

Changes in period mean AOD agreed in signs at 18 of the 20 sites and were 
explainable by changes in emissions that occurred between P1 (2006-2011) and 
P2 (2013-2018) in the respective areas. Although signs were in opposite direc-
tions at two sites, the different signs were explainable by changes occurring at 
the different spatial scales observed by the MODIS (40 km radius at time of sa-
tellite overpass) and AERONET (local over ±30 min of satellite overpass). 

Together the findings of this study demonstrated that MODIS data can be 
used to monitor AOD over the open waters of the Arctic Ocean with high con-
fidence. 
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