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Abstract. The Arctic environment has an amplified response
to global climatic change. It is sensitive to human activities
that mostly take place elsewhere. For this study, a multi-year
set of observed aerosol number size distributions in the diam-
eter range of 10 to 500 nm from five sites around the Arctic
Ocean (Alert, Villum Research Station – Station Nord, Zep-
pelin, Tiksi and Barrow) was assembled and analysed.

A cluster analysis of the aerosol number size distribu-
tions revealed four distinct distributions. Together with La-
grangian air parcel back-trajectories, they were used to link
the observed aerosol number size distributions with a variety
of transport regimes. This analysis yields insight into aerosol
dynamics, transport and removal processes, on both an intra-
and an inter-monthly scale. For instance, the relative occur-
rence of aerosol number size distributions that indicate new
particle formation (NPF) event is near zero during the dark
months, increases gradually to ∼ 40 % from spring to sum-
mer, and then collapses in autumn. Also, the likelihood of
Arctic haze aerosols is minimal in summer and peaks in April
at all sites.

The residence time of accumulation-mode particles in the
Arctic troposphere is typically long enough to allow track-
ing them back to their source regions. Air flow that passes
at low altitude over central Siberia and western Russia is as-
sociated with relatively high concentrations of accumulation-
mode particles (Nacc) at all five sites – often above 150 cm−3.

There are also indications of air descending into the Arctic
boundary layer after transport from lower latitudes.

The analysis of the back-trajectories together with the me-
teorological fields along them indicates that the main driver
of the Arctic annual cycle ofNacc, on the larger scale, is when
atmospheric transport covers the source regions for these par-
ticles in the 10-day period preceding the observations in the
Arctic. The scavenging of these particles by precipitation is
shown to be important on a regional scale and it is most ac-
tive in summer. Cloud processing is an additional factor that
enhances the Nacc annual cycle.

There are some consistent differences between the sites
that are beyond the year-to-year variability. They are the re-
sult of differences in the proximity to the aerosol source re-
gions and to the Arctic Ocean sea-ice edge, as well as in the
exposure to free-tropospheric air and in precipitation patterns
– to mention a few. Hence, for most purposes, aerosol ob-
servations from a single Arctic site cannot represent the en-
tire Arctic region. Therefore, the results presented here are
a powerful observational benchmark for evaluation of de-
tailed climate and air chemistry modelling studies of aerosols
throughout the vast Arctic region.
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1 Introduction

Aerosols affect climate and weather in various ways. For ex-
ample, they scatter and/or absorb solar radiation, reducing
surface insolation and altering the atmospheric radiation bud-
get, which is referred to as “the aerosol direct effect” (Yu et
al., 2006). They also affect Earth’s radiation budget by alter-
ing the cloud and precipitation properties, which is known as
“the aerosol indirect effect” (Lohmann and Feichter, 2005).
Meteorology is the main driver of the aerosol life cycle, so
changes in weather patterns change the aerosol characteris-
tics, which can in turn feed back and affect the meteorology.
Improving the understanding of the aerosol–cloud–climate
interactions is therefore crucial for reducing the uncertainties
in future climatic projections.

The total radiative forcing by anthropogenic aerosol par-
ticles in the last couple of centuries is highly uncertain, but
according to the Intergovernmental Panel on Climate Change
assessment (IPCC), it is most likely negative (Boucher et al.,
2013). This means that it has been masking some of the ob-
served global warming due to increased greenhouse gases.
The Arctic region is especially sensitive to perturbations of
the radiative budget. It has been shown that the tempera-
ture increase rate in the Arctic region has been more than
twice that of the global average since the 1980s (Cohen et al.,
2014), thus highlighting the sensitive nature of this region. A
recent modelling study by Acosta Navarro et al. (2016) states
that one of the main causes for the so-called Arctic amplifi-
cation is the reduction in aerosol emissions in recent decades
in the developed countries surrounding the Arctic, especially
in Europe, consistent with a study showing the overall past
influence of the Arctic aerosol as one of cooling (Najafi et
al., 2015). However, warming is not homogeneous across the
Arctic region and throughout the year.

There were reports of dirty snow on a large scale in the
high Arctic (> 70◦ N) as early as the 19th century (Garrett
and Verzella, 2008). More reports on hazy skies, especially
in the springtime, were published later. The signature of an-
thropogenic activity on this Arctic haze was revealed only in
the late 1970s (Flyger et al., 1980; Heidam, 1984; Quinn et
al., 2007; Shaw, 1981), which led to the understanding that
long-range transport brings the pollutants to the Arctic from
distant sources.

Arctic haze is characterized by increased atmospheric tur-
bidity as the result of higher-than-average concentrations of
accumulation-mode aerosols (Radke and Lyons, 1984; Rahn
et al., 1977). It is often seen as distinct dark bands when one
flies above the Arctic during daylight. It is accompanied by
gaseous constituents, and it exhibits a strong annual cycle
with a maximum in spring and a minimum in summer (Bar-
rie, 1986). Inefficient removal processes and a rather stable
lower troposphere in winter allow the particles to stay air-
borne for a long time and to travel great distances.

There is an increasing number of studies using different
approaches to identify the source regions of the major Arc-

tic short-lived pollutants and their seasonality (Croft et al.,
2016b; Heidam et al., 2004; Hirdman et al., 2010b; Huang
et al., 2015a; Liu et al., 2015; Massling et al., 2015; Nguyen
et al., 2013; Polissar et al., 2001; Qi et al., 2017; Tunved et
al., 2013). All of them indicate that periods with high levels
of anthropogenic pollutants are mostly associated with trans-
port from northern Eurasia to the Arctic sites. These support
several previous long-range transport modelling studies of
the origin of Arctic haze (Barrie et al., 1989; Christensen,
1997; Heidam et al., 2004) that showed the dominance of
Eurasian sources and the strong transport in the lower tro-
posphere. In addition, Hirdman et al. (2010a) showed that
the long-term decreasing trends in black carbon and sul-
fate aerosol concentrations in the Arctic are dominated by
changes in emissions rather than long-term trends in atmo-
spheric transport patterns.

However, aerosols are not only transported to the Arc-
tic but also formed in situ via gas to particle conversion
processes. Episodes with high concentrations of nucleation-
mode aerosols (dry diameter <∼ 20 nm), following new par-
ticle formation (NPF) events, have been documented in var-
ious climatic zones both in the boundary layer and in the
free atmosphere (Kulmala et al., 2004). In order to produce
a large number of new stable molecular clusters in the at-
mosphere, some preconditions are required. These include
supersaturation of the condensing vapours, such as the ox-
idation products of dimethyl sulfide (DMS) and ammonia,
which increases the nucleation rate (Kirkby et al., 2011), to-
gether with a low condensation sink, i.e. less particle surface
for the molecules to condense upon. The most favourable
conditions for NPF in the Arctic are in the summer months
(e.g. Asmi et al., 2016; Croft et al., 2016a; Leaitch et al.,
2013; Nguyen et al., 2016; Tunved et al., 2013), where sul-
furic acid plays a key role, but in the spring NPF also occurs
but now initiated by HIO3 (Sipilä et al., 2016).

Large-scale atmospheric and oceanic phenomena as well
as persistent weather patterns might affect the intra-Arctic
as well as year-to-year variability of Arctic haze and NPF.
On daily or weekly timescales, however, the aerosol prop-
erties are governed by the synoptic and meteorological con-
ditions, which may induce considerable variations from the
mean annual pattern. This highlights the importance of con-
ducting continuous, long-term and high-resolution aerosol
measurements at multiple locations in order to characterize
the aerosols across the Arctic throughout the year. To date,
the authors are not aware of any previous study that has
compared observations of aerosol number size distributions
from multiple Arctic sites and linked them to the atmospheric
transport patterns and the general meteorology.

The aim of this paper is to present and discuss the dif-
ferences and the similarities of the aerosol general charac-
teristics – as inferred from their number size distributions –
between different sites across the Arctic, as well as explor-
ing their common transport pathways and the main source
regions of the precursor gases and accumulation-mode par-
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Figure 1. A physical map of the Arctic region, with the five aerosol measurement sites marked with red squares around the Arctic Ocean.
The curved lines indicate the areal extent of the satellite-derived minimum and maximum ice edge in 2012 and 2013, which occurred in
September and March, respectively. Here, the ice edge is defined as where the ice concentration is 50 %.

ticles. This allows the assessment of the spatial representa-
tiveness of the aerosol measurements at each one of the sites
on varying timescales and could provide a benchmark for at-
mospheric models with resolved aerosol number size distri-
butions.

2 Methodology

2.1 Measurement sites and Instrumentation

The foundations of this study are observations of aerosol
number size distributions from five Arctic locations (Fig. 1).
The Zeppelin research station in western Svalbard (78.9◦ N,
11.9◦ E) is right below the top of Mt Zeppelin at an elevation
of 474 m (all absolute heights in this paper are with respect
to the mean sea level). Villum Research Station – Station
Nord (VRS) in northeastern Greenland (81.6◦ N, 16.7◦W;
24 m) is 600 km to the west-northwest of Zeppelin. The mea-
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surement site at Alert is 700 km to the west-northwest of
Station Nord. Alert, Nunavut, is at the northernmost tip of
the Canadian Arctic (82.5◦ N, 62.3◦W; 210 m) only 800 km
from the North Pole. Point Barrow in northern Alaska, USA
(71.32◦ N, 156.6◦W; 5 m), is the southernmost site and is
3300 km from Zeppelin on the opposite side of the Arctic
Ocean. The observation site at Tiksi (71.6◦ N, 128.89◦W;
35 m) completes the list and represents the Russian sector
of the Arctic.

The Zeppelin research station is located ∼ 2 km south of
the small community of Ny-Ålesund, but the elevation dif-
ference of 474m as well as the prevailing wind patterns in-
hibit pollution from nearby sources reaching the measure-
ment site (Beine et al., 2001). The Norwegian Polar Institute
(NP) is the station owner, and the scientific coordination is
done by the Norwegian Institute of Air Research (NILU).
The Department of Environmental Sciences and Analytical
Chemistry (ACES) at Stockholm University has been mea-
suring the aerosol number size distribution with a closed-
loop differential mobility particle sizer (DMPS) continuously
since 2000. The DMPS system comprises a custom-built
twin DMA (differential mobility analyser) setup including
one Vienna-type medium DMA coupled to a TSI CPC 3010
covering sizes between 25 and 800 nm and a Vienna-type
short DMA coupled with a TSI CPC 3772, effectively cov-
ering sizes between 5 and 60 nm. The number size distri-
butions from the two systems are transferred to a common
size grid and then merged. Both systems use a closed-loop
setup. The instrument has been inter-calibrated during an
ACTRIS (www.actris.eu) workshop. Sizing and number con-
centrations are within 1 and 5 % from the standard DMPS,
respectively.

The whole air inlet conforms to WMO/GAW standards
(Baltensperger et al., 2003) and EUSAAR recommenda-
tions. The current setup has the inlet drawing a flow of
100 L min−1. The inlet is further heated and kept above 0 ◦C
to allow gradual evaporation of any droplets or ice crystals
as well as to prevent freezing and build-up of ice. Inside the
sampling station, the temperature is typically around 20 ◦C.

VRS is located outside 2 km outside Station Nord, a small
military airfield on a∼ 100 km2 fairly flat and ice-free penin-
sula (Goodsite et al., 2014). The dominating southwesterly
winds are caused by the katabatic flow from the ice cap. In or-
der to minimize the effect of local pollution, the sampling site
is placed southeast of the main complex (Heidam et al., 1999,
2004; Nguyen et al., 2013). VRS is located west of the ice
stream that floats out from the Arctic Ocean and thus there is
both seasonal and multi-year ice right at the doorstep of the
station. The aerosol number size distribution in the diameter
range of 10 to 900 nm is recorded in 66 bins every 5 min with
a scanning mobility particle sizer (SMPS) (Wiedensohler et
al., 2012) that is maintained and calibrated by the Depart-
ment of Environmental Sciences at University of Aarhus,
Denmark. The DMA part of the SMPS is a medium Vienna-

type and it is followed by a butanol-based TSI CPC (model
3772).

The Dr. Neil Trivett Global Atmosphere Watch Observa-
tory at Alert is the northernmost continuous atmospheric en-
vironmental monitoring site in the world. It lies 8 km from
the northeastern shore of Ellesmere Island, which is mostly
snow-covered 10 months of the year. The nearby Lincoln
Sea typically remains frozen year-round. The aerosol num-
ber size distribution in the range of 10 to 500 nm is measured
with a TSI 3034 SMPS that is calibrated on site (Leaitch et
al., 2013; Steffen et al., 2014).

The measurement site Barrow is located 3 km from the
Arctic Ocean, and ∼ 5 km northeast of the centre of the town
of Barrow. It is surrounded by rather flat tundra and shal-
low water bodies. The dominant winds at Barrow are from
the eastern sector, which most often bring Arctic marine air
mass to the site. The global monitoring division (GMD) at
the US National Oceanic and Atmospheric Administration
(NOAA) has been measuring aerosols at Barrow for a few
decades; however, only recently a custom-built SMPS, mea-
suring aerosol dry diameters in the range of 10 to 990 nm, has
been installed there by the Leibniz Institute for Tropospheric
Research (IfT) in Leipzig, Germany.

Tiksi is a town of ∼ 5000 inhabitants in northern Siberia
on the shore of Laptev Sea and south of the delta of the Lena
River. The aerosol number size distributions are measured at
the clean air facility, which is located approximately 5 km
south of town, about 500 m from the shore. There is a 200 m
tall hill between the site and town. The dominant local winds
are from the western sector, but between April and August
light winds from the sea are more common. This was ac-
counted for when choosing the location of the measurement
site in order to minimize the contamination of the observa-
tions by local pollution. The site, like the other observation
sites, is part of the International Arctic Systems for Observ-
ing the Atmosphere (IASOA), and it is run by a number of
institutions (for more details see http://www.iasoa.org). The
Finnish Meteorological Institute (FMI) is responsible for the
twin-DMPS system currently covering particle diameters be-
tween 3 and 800 nm. The raw data are available for download
from the NOAA FTP site (ftp://ftp.etl.noaa.gov/psd3/arctic/
tiksi/aerosol). Asmi et al. (2016) provide a complete descrip-
tion of the system setup, inlet and the various routines for
assuring the high quality of the data.

2.2 Data and quality control

The raw SMPS/DMPS measurements from all sites were cor-
rected for diffusional losses, multiple charging and particle
counting efficiency. In order to facilitate direct comparisons
between the measurements from the different stations, all in-
tegral parameters (e.g. total number, aerosol volume and ef-
fective diameter) were calculated over a size range covered
by all sites, i.e. 10 to 500 nm. This range includes most of
the particles that serve as cloud condensation nuclei (CCN)
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and, in this environment, most of the particles that scatter
and absorb light. Hence, this size range has strong relevance
for climate. All data were recalculated as hourly averages to
match the resolution of the back-trajectory analysis that is
discussed in Sect. 2.3.

Local pollution may affect the aerosol observations to var-
ious degrees at the different sites, although at Zeppelin this is
less of an issue (e.g. Hansen et al., 2014). The Alert station
is about 7 km NNE of the observatory. Data are filtered for
wind directions at the observatory between 0 and 45◦ (true
north) as well as for local events. A comparison of data at
Alert indicates that particles between 20 and 100 nm unfil-
tered by wind direction are 5 % higher than the filtered data,
and there is no significant difference between filtered and un-
filtered data for particles larger than 100 nm (R. Leaitch, per-
sonal communication, 2017). At VRS, NOx measurements
detect local pollution from the military base or the cars ser-
vicing the station, and the corresponding SMPS measure-
ments during local pollution events, which are typically very
short, were removed from the dataset (Nguyen et al., 2016).
At Barrow and Tiksi, the risk of contamination of the mea-
surements by pollution from the nearby towns is higher and
observations need to be screened carefully. For Barrow, all
recorded aerosol data are normally dismissed when wind di-
rections are between 130 and 360◦ or when the winds are
weaker than 0.5 m s−1 (Polissar et al., 2001). However, we
have noticed that despite this, there were still indications of
local pollution both in the SMPS and Nephelometer data just
after a local wind shift from the potentially “polluted” to the
“clean” sector. An extra prerequisite was thus added, requir-
ing that the winds from the clean sector need to be persistent
for at least 24 h. In addition, data were omitted during the
first 2 h after the wind shift. This procedure does not neces-
sarily filter observations that are potentially affected by the
large oil and gas extraction fields at Prudhoe Bay ∼ 300 km
to the east-southeast (Kolesar et al., 2017), but this should
not be regarded as local pollution anyway. The same filters
were applied for the Tiksi data, but the polluted sector was
confined to the azimuths between 330 and 20◦.

While these conditions are useful for limiting the analy-
sis to the background aerosol and facilitating the compari-
son with the other sites, they inevitably somewhat reduce the
temporal and spatial representativeness of the observations
– for some stations more than others. Nevertheless, these
datasets provide valuable information about the aerosol char-
acteristics around the Arctic Ocean.

For a more robust statistical analysis, we included all avail-
able Arctic DMPS/SMPS observations from recent years.
This is because there is no period with overlapping obser-
vations from all sites that is long enough. Covering 2.5 to
5 years of observations from each of the sites allows learn-
ing about the year-to-year variability without biasing the re-
sults. An example of environmental changes that may cor-
relate with aerosol properties within the observation period
is the minimum and maximum extents of the Arctic Ocean

sea ice (Fig. 1). In September 2012, the Arctic sea-ice cov-
erage reached a record low in modern history (Parkinson
and Comiso, 2013). On the other hand, the year of 2013,
had the highest mean September ice extent (together with
2009) since 2006 (Serreze and Stroeve, 2015). Together,
these 2 years capture the last decade’s sea-ice extent vari-
ability, which is driven by the synoptic conditions and the
meteorology (Tilling et al., 2015).

The monthly data availability for all sites is presented in
Fig. 2. Each bar shows the fraction of the hourly aerosol
measurements that passed the quality control and filtration
procedures from the total number of hours in each month.
The observation sites at Zeppelin, Station Nord and Alert
have monthly data coverage greater than 50 % in 2 years or
more. The site near Tiksi, however, has an annual coverage
of∼ 40 %, and the one outside Barrow is left with the poorest
data availability (< 25 % annually) after filtration, but every
month is still somewhat represented by measurements from
at least one of the years.

2.3 Analysis of air-mass back-trajectories

In this study, the Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT_4) model (Draxler and Hess,
1998) was used. The meteorological fields were obtained
from the Global Data Assimilation System (GDAS) of
NOAA at 1◦ resolution (http://ready.arl.noaa.gov/archives.
php).

A 240 h 3-D back-trajectory was calculated for every
hourly aerosol size distribution measured at each of the
sites. The receptor altitude was set as 474 m for Zeppelin
and 100 m for the other sites. The length of the back-
trajectory calculation was chosen as a balance between
the typical lifetime of the aerosols in the Arctic tropo-
sphere, which is up to 2 weeks (shorter in summer and
longer in winter/spring) for the accumulation-mode parti-
cles (Stohl, 2006; Williams et al., 2002), and the increas-
ing uncertainty in the calculation the further back in time
it goes. The meteorological parameters along the trajec-
tories were also saved and used for the assessment of
their interplay with the aerosol properties. Furthermore, to
assess the characteristics of NPF events and to allow a
deeper analysis in a following study, the satellite-derived sea-
ice concentrations (http://nsidc.org/data/nsidc-0051) as well
as the ocean depth data (http://www.ngdc.noaa.gov/mgg/
bathymetry/relief.html) were added as trajectory-related pa-
rameters, but only when the trajectories were within the at-
mospheric mixed layer.

There are various potential sources of error in trajectory
calculations. A position error of ∼ 20 % of the travelled dis-
tance is considered typical (Stohl and Seibert, 1998). One
way to estimate the trajectory uncertainty is to use ensem-
bles of trajectories calculated for the same time and location.
Another way is to use multi-particle dispersion models, such
as FLEXTRA (Stohl et al., 1998). In this study, however, the
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Figure 2. Data availability. The bars specify the fraction of the time within each month with available aerosol data after filtering (see
Sect. 2.2). The colours of the bars represent different years, as shown in the legend, and the percentages therein indicate the yearly total data
coverage.

large number of single-particle trajectories was sufficient for
providing a statistically robust dataset for identifying large
aerosol source regions, among other things.

The trajectory analysis used here for each of the sites (and
also for all of them at once) was an adaptation to the one
used in Tunved et al. (2013). This was done in the following
way: a concentric coordinate system with the measurement
site at its pole was defined around each station. The distance
between the centres of neighbouring grid cells was set as 0.5
latitudinal degrees and 4 longitudinal degrees. The increased
grid cell area further away from the site due to the concen-
tric form offsets the fact that all trajectories converge to the
aerosol site.

The hourly coordinates of the trajectory points were then
projected onto the coordinate system, and all the grid cells
which had one or more trajectory points in them were con-
sidered “hits”. This was repeated for all trajectories and the
integrated number of hits in each grid cell was divided by the
total number of trajectories to provide an estimation of the
trajectory probability (i.e. likelihood of the back-trajectories
crossing a certain grid cell). On a larger scale, this highlights
the main transport pathways of the observed aerosols at a site
for those particles which are not locally originated.

A number of parameters that were derived from the mea-
sured aerosol number distribution at each site (e.g. aerosol
total volume, number concentration of accumulation-mode
particles) or simulated/integrated along the trajectory (e.g.
mixing height, distance travelled, integrated precipitation)
were compared, and where relevant associated with their cor-
responding trajectory grid cells. No explicit assumption was
made about aerosol dynamic processes during the transport.

2.4 Clustering the aerosol number size distributions

Aerosol number size distribution exhibits a large degree
of spatial and temporal variability, reflecting the variety of
processes that has taken place in the air mass before the
aerosols were measured. Cluster analysis serves as an ex-
cellent method for data mining. The method relies on the
grouping of data to minimize the differences within the data
groups, or clusters, while simultaneously maximizing the
differences between various clusters. Beddows et al. (2009)
demonstrated that the k-means method (Lloyd, 1982) is the
most favourable clustering method for aerosol number size
distribution data. For this purpose, MATLAB programming
tools were used to run the k-means++ algorithm (Arthur and
Vassilvitskii, 2007) and to calculate the centroids of the given
number of clusters of the aerosol size-segregated number dis-
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tributions. To allow this, as well as to facilitate the compari-
son of other aerosol integral properties between the sites, the
original observations with the different size ranges and num-
bers of bins were homogenized and transformed to a com-
mon size grid comprising 29 bins equally distributed on a
logarithmic scale (1 log(Dp)= 0.05) over the 20 to 502 nm
diameter range. This also ensures that the clustering algo-
rithm does not have a size dependence, as equal weight is
given to each bin. Furthermore, applying finer spacing by
increasing the number of bins in the homogenized dataset
would not add any useful information but just inflate the
dataset.

The monthly relative frequency of the different clusters
is discussed and linked with the trajectory analysis in order
to evaluate the spatial association of the trajectories and the
aerosol clusters. However, due to the screening of the Bar-
row and Tiski dataset based on the local wind directions and
their resulting poor data availability, the analysis for these
two sites may be biased. The Barrow and Tiksi datasets are
therefore excluded from the cluster analysis.

3 Results and discussion

3.1 Annual cycle of the aerosol number, surface and
volume concentrations

Figure 3 presents the monthly median and 10th to 90th per-
centile range of the total aerosol (> 10 nm) and accumulation-
mode (100–500 nm) number concentrations (henceforth N10
and Nacc, respectively), as well as the same percentiles of
the aerosol surface area (S10) and volume (V10) concentra-
tions. All five Arctic sites exhibit an annual cycle with com-
mon features, although there are some differences between
the sites.
Nacc (the solid grey curve in Fig. 3) peaks around April at

all sites, with median values between 100 and 200 cm−3. The
minimum median concentrations, between 20 and 50 cm−3,
are observed in September or October at all sites except for
Tiksi, where the median Nacc during these months is around
70 to 80 cm−3 and its minimum is below 50 cm−3 in July.

The bottom whiskers in Fig. 3 indicate that during the
summer and autumn months the air occasionally becomes
highly pristine: when Nacc drops below 10 cm−3 at Zep-
pelin, Nord and Alert, and below 20 cm−3 at Barrow and
Tiksi. This coincides with the season of maximum precip-
itation in the Arctic Basin (Serreze and Hurst, 2000) and
implies that enhanced wet deposition is a factor in the re-
moval of accumulation-mode particles from the lower Arctic
troposphere. Further discussion on the factors that drive the
aerosol annual cycle is provided in Sect. 3.5.

The increased precipitation, the destabilization of the
lower troposphere as well as the more heterogeneous surface
properties (in the melting season) and more variable short-
wave radiation in summer can modify the aerosol bulk prop-

erties and potentially contribute to an increased spatial and
temporal summertime heterogeneity. The large variability in
summer and the typical particle concentrations at the five
sites are generally in line with the observations made over
the Arctic Ocean further from land, on board the Swedish
icebreaker Oden in August and September 1991 (Covert et
al., 1996).

The median S10 and V10, denoted by the orange and blue
curves in Fig. 3, respectively, follow the annual cycle of the
medianNacc. They also have the smallest variability and they
peak in late spring, as well as increased variability with lower
values in summer and autumn. Correlations among these
three parameters are driven by the fact that most aerosol num-
ber distributions are dominated by accumulation mode parti-
cles (see Sect. 3.3.1) and because each of these larger par-
ticles contributes more to the aerosol total surface area and
volume compared to the Aitken- and nucleation-mode parti-
cles. It is important to note though that the V10, more than
the other bulk parameters, is underestimated due to the ex-
clusion of the particles > 500 nm from the integration. At the
smaller end of the size distribution, the contribution of parti-
cles smaller than 10 nm to the total aerosol surface area and
volume is negligible.

The grey dashed curve of N10 in Fig. 3 does not follow
the other curves, which follow each other closely. Its most
evident feature is the gap that opens between it and the Nacc
curve in the summer months and the resulting second peak in
N10 around July–August. This double peak in Arctic parti-
cle concentration has been observed previously (Croft et al.,
2016b; Polissar et al., 2001; Tunved et al., 2013).

The two peaks in N10 are of different nature. While
the spring maximum is governed by the number of
accumulation-mode particles, the summertime peak is due
to the increased concentrations of smaller nucleation- and
Aitken-mode particles (more in Sect. 3.3.2). It is during
the summer months when N10 is likely to exceed 500 or
1000 cm−3, 10 % of the time (depending on the site), as indi-
cated by the top whiskers of the N10 curve in Fig. 3.

3.2 Annual variations in the aerosol number
distributions

The total number concentration, surface area and volume of
the particles do not provide explicit information regarding
the shape of the aerosol size distribution. Figure 4 displays
the monthly median aerosol number distributions and the in-
terquartile ranges for all five Arctic sites. The general fea-
tures of the distributions at all locations, month by month,
seem quite comparable. However, it could be noticed that,
in all months except between May and October, the Zeppelin
curves (in grey) tend to be below the other curves, i.e. exhibit
median lower number concentrations, especially for particles
with diameters between 50 and 200 nm.

All monthly Zeppelin distributions exhibit a “Hoppel gap”
(Frick and Hoppel, 1993; Hoppel et al., 1986) around 60–
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Figure 3. Annual cycle of aerosol bulk properties. The monthly median and interquartile ranges of the aerosol total and accumulation-mode
number concentrations are indicated in grey dashed and solid curves and whiskers, respectively. The aerosol total surface area is in orange
and the total volume in blue. The total values were calculated for the dry-diameter range of 10 to 500 nm, and the accumulation-mode size
range is defined here between 100 and 500 nm. Particles were assumed spherical for the computation of the aerosol surface area and volume.
The colour of the vertical axes and their labels corresponds to the colour of the curves, which are colour-blind friendly.
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Figure 4. The monthly aerosol number size distributions. The solid curves indicate the median distributions of the 29-bin homogenized
dataset, for each of the sites, with the colours matching the colours of the station name in the legend. The shaded semi-transparent areas
denote the interquartile range and imply the variability in the aerosol number size distribution is each of the months. The horizontal and
vertical black lines at 100 cm−3 and 100 nm, respectively, are guidelines for facilitating the comparison between the months. The fitting
parameters for approximating these aerosol spectra as the sum of three log-normal distributions are given in Appendix A.

80 nm that is more pronounced than in the distributions of the
other sites. This implies that the Zeppelin aerosol is more in-
fluenced by aerosol–cloud interactions. This is probably due
to its proximity to the cloudier north Atlantic air mass, but
may also be because Zeppelin is higher than the other sites
and is frequently within a cloud layer that may or may not be
coupled with the surface layer. The determination whether
there is such coupling at any given time is far from trivial
due to the frequently stratified lower atmosphere, the local
topography and the heterogeneous properties of the surface.
However, this is beyond the scope of this paper.

The distributions from Barrow (in blue) and Tiksi (in
pink), on the other hand, have greater particle concentra-
tions than at the other sites in most months, especially in
the accumulation-mode range. This is apparently not the re-
sult of omitting a subset of the data when the winds ar-
rived from a specific sector, because the filtration of the data
mainly reduced the concentrations of the Aitken-mode parti-

cles emitted by local sources. However, the filtration has in
fact caused a slight increase in the median concentrations of
the accumulation-mode particles at Barrow, but this still does
not change the finding that Barrow and Tiksi have the high-
est concentration of Nacc with or without filtration. It is dif-
ficult to separate the contribution of the local pollution from
the background aerosol based on the aerosol size distribution
alone. The screening, however, seems effective in reducing
the measured concentrations of the Aitken-mode particles to
their actual background levels.

The monthly medians of Station Nord (orange) and Alert
(green) in Fig. 4 show a remarkable resemblance, which
makes it hard to separate between the two in some months.
These sites are closer to the pole than the other sites, rela-
tively close to each other, and furthest away from the sources
of anthropogenic and marine aerosols. The concentrations
there are therefore typically lower than at the other coastal
and lower latitude sites (Tiksi and Barrow).
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Moreover, the shape of the Arctic background aerosol
number size distribution at all sites is dominated by the
accumulation-mode particles during most of the year, ex-
cept in summer between June and August. Such distributions
normally indicate an aerosol population that is rather “aged”
(e.g. Tunved et al., 2013), i.e. measured far from its sources,
and possibly, but not necessarily, has been part of one or
more cloud cycles before being sampled. It can also mean
that there is considerable precursor material associated with
their origins.

From Figs. 3 and 4 it is evident that although the general
shape of the monthly median number size distribution at all
sites does not change much during the period the between
October and April, the accumulation-mode number concen-
trations have an increasing trend during this period. Figure 4
shows that both inter- and intra-site variability is lowest in
April. This suggests that the aerosol properties within the
lower Arctic troposphere are rather homogeneous due to the
weak aerosol production within the Arctic, inefficient re-
moval processes as well as strong north–south transport and
vertical stratification in the preceding months. These factors
allow the particles to travel further from their sources, mix
horizontally and result in increased concentrations and likeli-
hood for the appearance of Arctic haze around April. In other
months, the temporal and spatial variability of the aerosol
size distributions is considerably larger.

Later in spring, as conditions become increasingly
favourable for NPF events, there is a growing tail of Aitken-
mode particles. By July it clearly dominates over the con-
centrations of the accumulation-mode particles, but that only
lasts until September–October, depending on the site. When
the Arctic gets dark and the ice sheet is starting to grow again,
the NPF signature on the monthly number distributions is
mostly lost.

In order to facilitate a quantitative comparison of the
monthly aerosol number distributions between the sites, and
between other observations, studies, periods, and modelling
results, the distributions shown in Fig. 4 were described
as the sum of three log-normal distributions (Jaenicke and
Davies, 1976). Each log-normal distribution is characterized
by three parameters: the modal number concentration (Ni),
the geometrical mean diameter (Dp,i) and the modal geo-
metrical standard deviation (σi). The acceptable ranges of
the geometrical mean diameter that were input to the fitting
algorithm were 20–30, 40–80 and 100–250 nm for the nu-
cleation, Aitken and accumulation modes, respectively. This
in order to allow the separation between the modes and for
obtaining more “physical” results – even when the monthly
distributions did not show three distinct modes. In total, there
are nine independent fitting parameters that describe each
monthly percentile of the aerosol size distribution. Appendix
A provides the nine fitting parameters for the median distri-
bution. It also shows that the relative mean absolute error is
only in the order of 0.1 %, indicating a very good fit between
the sum of the three log-normal modes and the observations.
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Figure 5. The output of the k-means cluster analysis. The solid
curves show the centroids (median) of the number size-distribution
of the four clusters. The shaded area denotes the interquartile range
of each of the size bins, for all distributions that were members of
the given clusters.

The fitting parameters for the 10th, 25th, 50th, 75th and 90th
percentiles can be found in a digital format in the Supple-
ment.

3.3 Clusters of aerosol number distributions

More than 30 000 hourly aerosol number distributions from
Mt Zeppelin, Station Nord (VRS) and Alert, covering two
full years, were used as the input for the k-means analy-
sis, with four output centroids. Each one of the remaining
∼ 30 000 size distributions was ascribed to the cluster whose
sum of distances from it was minimal. Different numbers of
output clusters were tested and the total sum of the distances
from the centroids were evaluated with the “elbow” and
silhouette methods (Ketchen and Shook, 1996; Rousseeuw,
1987; Thorndike, 1953). Four clusters were found optimal
for this dataset and for providing a simplified picture of the
most common number size distributions. Choosing a higher
number resulted in clusters with too few members and mainly
with differences in the concentrations of the smallest parti-
cles, as these can be highly variable, but they are not in the
focus of this work. Choosing fewer clusters would have over-
simplified the picture and put in the same group distributions
with rather different characteristics or physical background.
The resulting median centroids and the interquartile ranges
are shown in Fig. 5 as solid curves and shaded areas, respec-
tively.

Table 1 provides some quantitative information regarding
the characteristics of the centroids. The clusters were num-
bered by descending aerosol effective diameter, which is use-
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Table 1. Quantitative information about the cluster centroids and members, which was the result of the k-means cluster analysis. The effective
diameter, surface area, total volume and total mass are the centroid values, while the percentiles of the number concentrations are derived
from all the cluster members.

No. of Effective Surface Total Total Number conc. Number conc.
members diameter area volume mass (10–500 nm) (100–500 nm)

(nm) (cm2 m−3) (cm3 m−3) (µg m−3) (cm−3) (cm−3)

25th median 75th 25th median 75th

Cluster 1 5849 256 0.21 8.9× 10−7 1.34 165 206 290 125 150 204
Cluster 2 12 349 249 0.101 4.18× 10−7 0.63 79 102 145 59 72 99
Cluster 3 12 670 228 0.027 1.03× 10−7 0.15 23 36 78 13 19 40
Cluster 4 3503 189 0.066 2.09× 10−7 0.31 170 273 464 39 56 97

ful for comparing between observations and an indication of
their age (Croft et al., 2016b).

Three of the four cluster medians in Fig. 5 exhibit
an aerosol number distribution that is dominated by
accumulation-mode particles, with concentrations dropping
from 150 to 19 cm−3 between clusters 1 and 3, respec-
tively. Thus, the centroid of cluster 1 has the highest to-
tal aerosol surface area, volume and mass of 0.21 cm2 m−3,
8.9× 10−7 cm3 m−3 and 1.34 µg m−3, respectively – assum-
ing spherical particles with a density of 1.5 g cm−3. Clusters
2 and 3 have decreasing values in all aerosol parameters in
Table 1, representing the cleaner conditions, but still with
rather aged particles – as indicated by their relatively large
effective diameter. The centroid of cluster 4, on the other
hand, has a different shape with a mode in the Aitken range
and a relatively low effective diameter of 189 nm. The me-
dian N10 of all number distributions associated with cluster
4 is 273 cm−3, considerably higher with respect to the other
clusters, but the median aerosol mass is only 0.31 µg m−3 –
less than a quarter of the integrated mass of the centroid of
cluster 1.

The shaded bands around the centroids in Fig. 5 denote
the interquartile range within each cluster for evaluating the
spread of the bulk of the distributions within the clusters. It
shows little overlapping, which indicates that the clusters are
quite distinct from each other. However, the values of the
lower and the upper quartiles still lie outside of the shaded
bands. Individual observations can deviate considerably from
the centroid of their assigned cluster, but these “outliers”
were part of the cluster analysis and affected its output. They
are therefore accounted for despite their invisibility in Fig. 5.
However, the focus of this work is on the general features of
the aerosol number distributions rather than the fine details
of individual observations.

3.3.1 Annual variation in the aerosol clusters

The aerosol bulk properties (Fig. 3) and median size distri-
bution (Fig. 4) have a pronounced annual cycle. Although
some percentile information is included in those figures, it
is not sufficient for understanding the monthly variability of

the aerosol size distributions. The clustering of the aerosol
size distributions assists in resolving this. Figure 6 shows
how the probability of occurrence of an aerosol size distribu-
tion assigned to a specific cluster varies between the different
months.

There is a common annual pattern in the relative occur-
rences of the aerosol clusters at the different sites. Most no-
table is the increasing occurrence of cluster 4 distributions
(purple bars) from late spring to late summer – to ∼ 40 % at
all sites, and the swift drop in September to below∼ 10 %, as
the daylight hours rapidly decrease. Alert and Station Nord
show more skewed distributions compared to Zeppelin. At
Alert and Station Nord, the maximum occurrence of cluster
4 distributions is reached in August rather than in July. This
might be due to the continued retreat of the ice edge in Baf-
fin Bay during the summer (Fig. 1), where most of the cluster
4 trajectories arrive from to Alert and Station Nord (Fig. 7)
as well as the stronger exposure to light at more southerly
Zeppelin. A closer ice edge allows enhanced concentrations
(less diluted) of biogenic aerosol precursor gases such as
dimethyl sulfide and an increased probability for NPF events
(Levasseur, 2013). It should be noted that NPF events were
not confined to only Baffin Bay air masses, as for example
(Nguyen et al., 2016) reported a higher chance of observ-
ing a NPF event at Nord with southerly air masses arriving
from over the Greenland Sea. The trajectories that are asso-
ciated with cluster 4 distributions at Zeppelin according to
Fig. 7 mostly arrive from the open North Atlantic. This may
be the reason for the closer relation between the irradiance
and relative occurrence of cluster 4 distributions (Fig. 6) for
Zeppelin, compared with Alert and Station Nord.

Another feature of Fig. 6, common to all sites, is the in-
crease in the monthly occurrence of cluster 1 distributions
(indicative of the accumulation mode dominating Arctic
haze) from November to April. The absolute values in April
are, however, quite different with ∼ 40, ∼ 65 and ∼ 90 % at
Zeppelin, Alert and Station Nord, respectively.

A possible explanation for the decreased occurrences of
Arctic haze at Alert compared to Station Nord, which does
not seem to be due to year-to-year variability, is the fre-
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Figure 6. The monthly probability of cluster occurrence. The bars indicate the mean relative frequency of the four aerosol clusters within each
month (weighted by their number of occurrences in each of the included years). The colour coding is the same as in Fig. 5. The percentages
in the legend indicate the mean annual relative occurrence of each of the clusters, only for years that had a fair representation of all seasons
(see Fig. 2). Tiksi and Barrow were not part of the cluster analysis due to their poorer data coverage and less representative wind-directional
sampling (see Sect. 2.2).

quent katabatic winds from the high mountains that pull
mid-tropospheric and less polluted air to the site at Alert
(Morin, 2005). This is clearly seen in day-to-day fluctuations
of ozone-depleted boundary layer air and un-depleted ozone
containing free-tropospheric air at Alert after polar sunrise
(Barrie et al., 1988, 1994).

For Zeppelin, on the other hand, there are a fair number
of trajectories arriving from the North Atlantic in April that
are not associated with cluster 1 distributions. In addition,
according to the trajectory analysis, the air masses arrive, on
average, from higher elevations compared to Station Nord, as
Zeppelin is sometimes above the regional mixed layer. This
results in a relative low frequency of Arctic haze at Zeppelin
in April compared to Station Nord and Alert. However, the
determination of whether Zeppelin is within the mixed layer
for the individual observations is not trivial due to the com-
plex topography and missing information about the vertical
profiles of aerosols and the meteorological parameters (Beine
et al., 2001).

The mean annual relative occurrence of the clusters, indi-
cated at the top of panels in Fig. 6, provides a general view
on the year-to-year variability. Only the years with an annual
coverage > 55 % are included to minimize biases. However,
the Zeppelin dataset is missing April 2015 and July 2012
(Fig. 2), which results in an underestimation of ∼ 3–4 % in
the occurrence of clusters 1 and 4 in the respective years
(∼ 40 % average monthly occurrence divided by 12 months).
There are systematic differences between the sites that are
not a result of the year-to-year variability. These include the
greater frequency of cluster 3 and 4 distributions at Zeppelin,
as well as cluster 1 at Station Nord.

Barrow and Tiksi are excluded from this specific analysis
and discussion due to the wind-direction-based data filtra-

tion required due to the local particle sources (see Sect. 2.2).
This preferentially dismisses parts of the dataset associated
with transport from certain sectors with varying representa-
tion through the year – for example, the North Pacific flow
to Barrow, which is more frequent in the spring and summer
(see Fig. 12). This filtration increases the uncertainty in the
monthly relative occurrence and annual frequency and does
not allow an unbiased comparison with the other sites.

3.3.2 The relationship between the atmospheric flow
and the aerosol clusters

The trajectory analysis – as described in Sect. 2.3 – was
done to identify any relationship between the aerosol proper-
ties recorded at the various sites and the geographical posi-
tions of the sampled air masses in the preceding days. Each
subplot in Fig. 7 shows a trajectory probability map for a
given site and aerosol cluster. It indicates that the trajectory-
occurrence density field is typically far from isotropic – i.e.
there are preferred pathways to each site. Trajectories as-
sociated with cluster 1 distributions (highest Nacc) at Zep-
pelin, for instance, are far more likely to arrive from the
eastern sector than from the western sector. The trajectory
frequency of cluster 2 (middle Nacc) distributions at Station
Nord is another example; two main branches are separated
by Ellesmere Island. The southern branch mostly follows the
western coast of Greenland (an ice sheet that is 2 to 3.2 km in
altitude), and this demonstrates the channelling effect of the
topography on the flow in that region.

A closer examination of the green and yellow shades in
Fig. 7, as well as the mean trajectory positions (red curves)
for each site separately, reveals a anticlockwise rotation of
the air mass origin when moving from the cluster 1 aerosol
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Figure 7. The trajectory density associated with each aerosol cluster and site. The values represent the probability of the 240 h long trajecto-
ries to cross the grid cells. Each cell is 0.5 and 4◦ wide in latitude and longitude, respectively, in a concentric coordinate system whose pole
is at the measurement site. The yellow shading indicates trajectory probability greater than 5 %. The geographical mean location of the 240 h
long back-trajectories is indicated in red. They are much shorter than the individual trajectories because trajectories at one side of the site
cancel out the trajectories on the opposite side in spatial averaging. Still, the mean location gives an indication of the direction from which
most trajectories arrive at the site.

distributions with their high aerosol effective diameters, to
the relatively “fresh” cluster 4 members. This applies for all
three sites, indicating that an aerosol size distribution of clus-
ter 1 is more likely to arrive from the Russian side of the
Arctic Ocean, while trajectories from north of the Canadian

Arctic are more likely to be associated with cluster 3 (lowest
Nacc) distributions.

The trajectory densities that are associated with cluster 4
(recent NPF event) aerosols at the three main aerosol sites
have major southerly branches (Fig. 7) that come either from
the North Atlantic or Baffin Bay – although there is still some
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contribution from intra-Arctic flow, mostly over shallow wa-
ters close to the shoreline. Elevated DMS fluxes from the
open water compared to the frozen ocean (Lana et al., 2011;
Leck et al., 2002; Mungall et al., 2016) and ammonia fluxes
from coastal bird colonies (Croft et al., 2016b; Wentworth et
al., 2015) may be an important factor (Croft et al., 2016a). It
is also evident that the trajectories of cluster 4 distributions
have an extremely low probability of passing over the more
polluted Asian or the European mainland during the preced-
ing 10 days.

The areas where the NPF events take place are much closer
to the sites with respect to the extent of the shaded areas for
the cluster 4 distributions, at the bottom of Fig. 7. This is be-
cause the coloured shades cover the area of the full 10-day
trajectories, while the newly formed aerosols are likely to
grow into cloud condensation nuclei (CCN)-sized particles
(>∼ 70 nm) in a day or two (Dal Maso et al., 2005; Kulmala
et al., 2001). At high-latitude sites including the Arctic it may
take up to 3 days, due to a mean growth rate of newly formed
particles of as low as 1 nm h−1 (Asmi et al., 2016; Kulmala et
al., 2004; Ruuskanen et al., 2007; Ström et al., 2009; Tunved
et al., 2003), unless close to the surface of the open sea in
the Arctic, where such growth may occur over a few hours
(Willis et al., 2016). A large part of the area covered by clus-
ter 4 trajectories is where the air mass may have been ex-
posed to marine and coastal precursor gases and where the
condensation sinks are small due to low pre-existing parti-
cle concentrations, both of which enhance the probability of
NPF.

3.4 Source regions of accumulation-mode particles

Arctic haze is characterized by elevated concentrations of
light scattering and absorbing accumulation-mode particles.
The residence time of a particle in the accumulation-mode
diameter range is rather long with respect to the smaller or
larger size ranges – especially when there is low precipitation
such as in the winter/spring Arctic air mass (Barrie, 1986).
This means that accumulation-mode particles can travel great
distances in the Arctic and be traced back to their source re-
gions.

Figure 8 shows, by site, the spatial distribution of median
concentrations of accumulation mode particles in the trajec-
tory grid cells. It was derived from the Nacc concentrations
observed at the sites at the time of the air mass arrival com-
bined with the origin of air mass based on back trajectory
analysis. Each site’s entire dataset is included (Fig. 2). To
reduce uncertainties, the shaded areas in each panel include
only grid cells that were crossed by at least five trajectories.
Displaying the median Nacc is useful for observing the com-
mon features of its spatial distributions, because it is not af-
fected by extreme cases (like the mean value).

The median Nacc values at Tiksi and Barrow are higher
with respect to the other sites, as indicated by the greater ex-
tent of green and yellow shades. Zeppelin is most affected by

continental Europe, although these trajectories are not asso-
ciated with the highest median Nacc. The regionally elevated
Zeppelin Nacc values, associated with North Atlantic trajec-
tories, are possibly due to the contribution of the sea salt par-
ticles (Glantz et al., 2014).

The similarities between the highlighted regions in all
Fig. 8 panels indicate that the Arctic sites share the Asian
side of the Arctic as the main large-scale source region of
accumulation mode aerosols. This is consistent with mod-
elling studies of Arctic haze transport (e.g. Barrie et al., 1989;
Christensen, 1997). Analyses involving observational data,
modelling and/or emissions (Hirdman et al., 2010b; Qi et al.,
2017; Sharma et al., 2006) highlight the same regions as po-
tential sources of black carbon for the Arctic sites.

According to Fig. 8, Zeppelin and Tiski have an additional
source region for accumulation-mode particles from western
Russia and western Kazakhstan below 50◦ N – the area to
the north of the Black, Caspian and Aral Seas. The eastern
part of this area is one of the global hot-spots for desert dust
(Engelstaedter and Washington, 2007), which smaller parti-
cles are in the accumulation mode size range (e.g. Mahowald
et al., 2014). Trajectories from this region apparently barely
reach the other sites within the 10-day frame of the trajectory
analysis, but would probably do with longer trajectories.

The median accumulation-mode particle concentration
over the Arctic Ocean is lower than that over land, because it
is frequented more by trajectories associated with lower con-
centrations (higher cluster numbers) that also pass over the
ocean (Fig. 7).

It is also important to note that no assumption was made
about aerosol dynamics during the transport and thus the
Nacc values were kept constant. This is to avoid introducing
any additional complexities and uncertainties, and the justi-
fication is the longer lifetime of the accumulation-mode par-
ticles with respect to the time span of the trajectories. The
Nacc values in Fig. 8 are therefore not a direct estimate of
the actual median Nacc concentrations that would have been
measured at an observation site anywhere on the map.

Furthermore, when high Nacc occurs near the edge of the
analysed domain in Fig. 8, it is possible that the source re-
gions are farther away. It may also be possible that some of
these regions are “in the shade” or “behind” the actual source
regions, so the trajectories first pass over those regions before
reaching the source regions. However, without trajectories
that cover the “shaded” regions and avoid the actual source
regions, it is not possible to separate those regions using this
methodology. As the durations of high-quality observations
increase, these analyses will reveal even more clear results
with greater accuracy.

To avoid further filtering and to improve the statistics, the
results of the trajectory analysis shown in Fig. 8 do not ac-
count for the altitude of the trajectory above the surface. This
means that the median Nacc was derived from all trajectory
heights for each of the grid cells. To ensure that this does
not affect the results of the analysis, similar maps were de-
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Figure 8. Maps of median concentrations of accumulation-mode particles. Every 240 h long back-trajectory is associated with the concen-
tration that was measured at the site at the air mass arrival time – according to the trajectory analysis. The colour of each grid cell denotes
the median concentration related to all trajectories crossing that cell. Each subplot represents a different site, whose location is indicated in
red. All available data were included for each of the sites, but only grid cells with at least 10 trajectory passes are presented for statistical
robustness.

rived for two subsets of trajectory points: (i) those that were
within twice mixing level height according to the meteoro-
logical dataset and (ii) those above that – representing the
planetary boundary layer (PBL) and free troposphere (FT),
respectively. The distributions did not show any considerable
difference (not shown here). This may be due to the increas-
ing uncertainties in the trajectory height with time, which
makes in many cases the determination of whether a single-
particle trajectory, which is a few days old, is within the PBL
or in the FT very unreliable. For that, running trajectory en-
sembles with different methods for treating vertical motions
may be beneficial, but it is not within the scope of this anal-
ysis.

Instead, panel (a) in Fig. 9 shows the map of the mean
trajectory altitude for the combined dataset – containing all
trajectories from all five sites. Panel (b) displays the median
Nacc concentrations derived from this dataset. Together they
show that over central Siberia and western Russia, where the
median Nacc is rather high, the mean trajectory altitude is of-
ten less than 1000 m above the surface, i.e. it is likely that
most trajectories in this region are influenced by the surface.
This reinforces the claim that these areas are source regions
for accumulation-mode particles in the Arctic. The area to the
south and east of Lake Baikal is also highlighted with high
Nacc concentrations, but the mean trajectory altitude there
is more than 2000 m, which may be an indication that the

aerosols are originated from sources further away. For exam-
ple, Huang et al. (2015b) showed that Asian dust occasion-
ally reaches the Arctic region, Liu et al. (2015) identified the
main source of the observed black carbon in the lower tropo-
sphere of the European Arctic as the region between 50 and
60◦ north in Asia, and Qi et al. (2017) showed that springtime
BC sources for Barrow, Alert and Zeppelin is dominated of
Asian anthropogenic origin, while later in the year it is dom-
inated by Siberian open biomass burning.

Additional information about the variability can be ob-
tained by plotting and comparing higher and lower percentile
values, rather than only the median or mean, as they do not
provide the full information and may be affected by extreme
events. One such case occurred around 11 July 2015, which
brought heavy pollution from central Alaska to Zeppelin, af-
ter the occurrence of an exceptionally high number of wild
fires in the preceding weeks (Markowicz et al., 2016; Moroni
et al., 2017). The associated extreme Nacc values even af-
fect the grid cell median values for the region around Alaska
(Fig. 8 top right) because they were not counteracted by tra-
jectories associated with low Nacc values at Zeppelin during
the study period. This effect of this biomass burning event
also shows up in the mean Nacc values when all sites are
mapped together (Fig. 9b).

www.atmos-chem-phys.net/17/8101/2017/ Atmos. Chem. Phys., 17, 8101–8128, 2017



8116 E. Freud et al.: Pan-Arctic aerosol number size distributions

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

40

60

80

100

120

140

160Num
ber	concentration	of	accum

ulation-m
ode	particles	[cm

] -3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

200

400

600

800

1000

1200

1400

1600

1800

2000

M
ean trajectory altitude above the surface

[ m
]

(a) (b)

Figure 9. Like Fig. 8, but the maps presents the combined the data for all sites together. Panel (a) displays the mean trajectory height above
the surface, and panel (b) shows the mean concentration of accumulation-mode particles. The locations of the sites are denoted by the small
red circles.

3.5 Main drivers of the annual cycle of Nacc

During the course of a year, the Arctic environment under-
goes various changes with the potential to affect local and re-
gional aerosol properties. In a modelling study, (Croft et al.,
2016b), identified wet removal by snow or rain as the main
sink for accumulation-mode particles. Condensation (includ-
ing cloud processing) and transport were found to be as the
main sources of these particles. As modelled, all these pro-
cesses were most active in the summer months. Their re-
sults are consistent with observed Arctic precipitation distri-
butions although there is considerable variability and uncer-
tainty in the precipitation amounts and distributions in the
Arctic (Serreze and Hurst, 2000). There is general agree-
ment that most of the Arctic receives more precipitation in
summer than in winter, except for the North Atlantic sector
(including the Spitzbergen region). This is due to increased
moisture and heat fluxes from the sea when sea ice retreats,
which favours cloud formation and precipitation and the lack
of moisture in very cold Arctic air masses.

For wet removal of aerosols, precipitation along the trajec-
tory (Ptraj) is more relevant than the mean monthly precipita-
tion around the measurement site itself. This information can
be derived from the meteorological fields used for the trajec-
tory analysis. Although there is a large uncertainty in Ptraj,
for individual days, combining many days allows for a more
accurate estimate of the monthly median. Panel (a) in Fig. 10
shows that the peak median accumulated precipitation along
the 240 h back-trajectories is around August for all sites ex-
cept for Zeppelin – where this peak is in September (the dark
season values at Zeppelin are considerably higher too). This
is a couple of months later than the maximum monthly lo-
cal precipitation (Serreze and Hurst, 2000) – possibly and
partly due to the change in the transport patterns (panel (c)

in Fig. 10) and the continued melting of the sea ice as well
as changes in available moisture as air temperatures and ab-
solute humidity rise. On average, the air masses spend more
time in August than in June at lower/wetter latitudes over
open waters, potentially increasing Ptraj.

The trajectory-precipitation maximum is nearly coincident
with the lowest monthly Nacc concentrations (Fig. 3), and
they are anti-correlated. This suggests that wet removal is
the main driver of the Nacc annual cycle, or at least an im-
portant contributor to atmospheric lifetime of accumulation-
mode particles in the autumn. However, a more complex pic-
ture emerges when analysing the fitting parameters, a (slope)
and b (intercept), in the following regression – Eq. (1):

log(Nacc)= a ·Xtraj+ b, (1)

where Xtraj denotes the median value of a trajectory-derived
parameter, such as Ptraj, or any of the others that are shown
in Fig. 10.

The slope a in Eq. (1) is the relative change inNacc for ev-
ery additional unit of Xtraj, i.e. dlog(Nacc)/dXtraj. Panels (a)
through (d) in Fig. 11 displays the values of a (adjusted to
make the units more intuitive) for the corresponding param-
eters shown in Fig. 10. Only statistically significant values
(P < 0.05) are shown.

Negative values in Fig. 11a indicate that Nacc is reduced
with increasing precipitation – as expected if wet removal
is the main process controlling the concentration of the
accumulation-mode particles. While this claim appears to be
valid for Zeppelin for most of the year (8 out of 12 months),
it seems to be the opposite for Tiksi, i.e. Nacc rises with in-
creased trajectory precipitation. It is certainly not a causal
relation – it just means that samples with greater Nacc are as-
sociated with higher Ptraj. In a storm, for instance, transport
and precipitation may be coincidental. Even if the scavenging
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Figure 10. Monthly statistics (median values) of trajectory-derived parameters for all sites. (a) Accumulated precipitation along the 240 h
back-trajectory. (b) Number of hours in a cloud. This was presumed when the relative humidity was greater than 95 %. (c) Fraction of
trajectory time within the planetary boundary layer. This was assumed when its altitude above the surface was smaller than twice the model
mixing layer height. (d) Trajectory accumulated distance.

is reasonably efficient, the residual transported aerosol may
be sufficient to give a positive association of Nacc and Ptraj.
Alternatively, the addition of the particles to the sampled air
mass may sometimes take place after most precipitation fell.

The other sites, however, show a weak negative tendency,
but the relative effect of wet deposition is lowest between
June and October – when it precipitates the most. This may
be surprising, but it could be partly due to the high abso-
lute uncertainty in the individual Ptraj values – especially in
the summer months, when there are more convective clouds,
which are not resolved by the coarse meteorological fields.
However, higher median summertime Ptraj suggests a greater
potential for aerosol wet scavenging on a regional scale.

Panels (b), (c) and (d) in Figs. 10 and 11 explore other
trajectory-derived potential candidates for playing a key role

in the Nacc annual cycle and/or its monthly median concen-
trations. Xtraj in Eq. (1) is replaced by the time the trajectory
spent in cloud (Tcloud), time in the planetary boundary layer
(TPBL) and the trajectory length (Dist) in panels (b), (c) and
(d), respectively.

Figure 10b indicates that Tcloud is minimal for all sites
around June. This may not seem in line with the obser-
vations of increased summertime cloudiness in the Arctic.
However, the vertical dimension should be accounted for in
such a comparison as well as the fact that parts of the trajec-
tories may be outside the Arctic region. There are additional
causes for the apparent discrepancy between satellite- and
reanalysis-derived annual cycle of Arctic cloudiness which
are explained in Chernokulsky et al. (2012). Nevertheless,
the results of the trajectory analysis shown in Fig. 10b sug-
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gest that in the dark season, there is more available time for
cloud processing, which acts to increase the aerosol sizes
while not considerably affecting their number concentrations
in non-precipitating clouds.

The opposite phases of Ptraj and Tcloud (compare panels
(a) and (b) in Fig. 10) indicate that in the summer and spring
months, more precipitation falls for every hour spent in a
cloud, compared to the dark season. According to Fig. 11b,
the little time spent in precipitating clouds between June and
October, still tends to lower Nacc, but in the dark season the
extended cloud processing and low precipitation rates are as-
sociated with slightly increased Nacc concentrations.

Figure 10c shows the annual cycle of the median TPBL.
The rationale is that most of the sources of the aerosols and
their precursors are within the PBL, but higher TPBL is not
more common in the polluted season hence cannot explain
the annual cycle of Nacc. Actually in Tiksi, and to a lesser
extent Alert, there is a greater PBL influence in the sum-
mer/spring months – rather than the opposite. However, the
relative change in Nacc for every additional hour spent in the
PBL (Fig. 11c) is negative for most of the sites and especially
between May and October. This is an indication that the PBL
is a net sink for Nacc during these months – probably mainly
due to wet removal.

Another trajectory-derived parameter is Dist, which is also
a measure of mean wind speed along the 10-day trajectory.
Figure 10d indicates that this distance is minimal in late
spring/early summer between May and July for all sites and
maximal in early winter December–January (Tiksi’s cycle
is less pronounced). This means that in early winter there
is potential for transporting aerosols from greater distances
compared to late spring/early summer. Figure 11d does not
provide a consistent picture of whether greater distances are
linked with lower or higher concentrations of accumulation-
mode particles on a monthly scale. This is because it does
not contain information from where exactly the air is arriv-
ing during the different seasons and whether it travels over
the source regions of the accumulation-mode particles. This
information is shown in Fig. 12.

The top maps in Fig. 12 focus on the differences between
the main summer and winter months. The figure shows that
in June and July (the pink shade) the sampled air at all sites
is rather restricted to the Arctic Ocean, with flow over the
Canadian Arctic and Greenland that reaches mostly Alert,
Station Nord and Zeppelin. There is an occasional intrusion
of North Pacific maritime air through the Bering Strait in the
summer months. In December and January, however, the tra-
jectory areal coverage is greater for Alert, Station Nord and
Zeppelin, and all sites indicate an expansion into the Asian
side of the Arctic, with Zeppelin having some northern Eu-
ropean influence. This means that in wintertime, as the polar
vortex expands southward, the 10-day trajectories are much
more likely to travel over regions with anthropogenic influ-
ence compared to the summer months, when the Arctic is
more isolated. It is worth noting this analysis also includes

the trajectories for the data that were suspected to be af-
fected by local pollution. This is to minimize any potential
bias caused by the relationship between the large-scale flow
and the local wind direction, which was used to filter the data.

The bottom maps in Fig. 12 display the trajectory cover-
age in spring versus autumn, but the differences are less pro-
nounced compared to the top maps. This is because the an-
nual cycle of the median trajectory length has its extremes in
winter and summer (Fig. 10d). However, with respect to the
geographical coverage, the spring trajectories are more likely
to arrive from lower latitudes than in autumn and hence still
have the potential to carry more accumulation-mode parti-
cles. In effect, the north does not experience a spring but
rather winter, short summer and a short autumn.

By only interpreting Fig. 12 and comparing the blue
shaded areas in the top and bottom panels, one might ex-
pect that winter concentrations of Nacc in the Arctic would
be higher in winter than is spring, as the aerial coverage of
the winter trajectories contains more potential sources. How-
ever, Fig. 3 shows that the medianNacc continues to rise from
winter to spring at all sites (Fig. 3) despite the slight reduc-
tion in the Asian influence, causing a “phase shift” between
“maximum” transport (December–January) and highest an-
nual medianNacc (April). This suggests that transport cannot
control the Nacc cycle in the Arctic alone. To explain this
conceptually, the Arctic dome, bounded by the polar vortex,
can be regarded as an aerosol reservoir (or a mixing cham-
ber). The same mass of air comes in and out of the dome
due to continuity, but if more particles enter the dome (both
from the outside and those produced/emitted inside) com-
pared with the number of particles that exit the dome and
removed within it, the particle concentration inside the dome
would increase. This seems to be the case between January
and April; although the Arctic dome is shrinking and thus
excluding some of the potential anthropogenic sources from
the dome, the netNacc flux into the Arctic is still positive due
to the low removal rate. Around May, when most of the win-
ter and early spring Nacc sources are outside of the shrinking
Arctic dome, and when at the same time wet scavenging in-
creases (Fig. 10), the regional aerosol concentrations within
the dome start to decrease.

Another point to consider is the mixing between the trans-
ported air mass and its surroundings during the transport.
This is required when running single-particle trajectories for
obtaining a better representation of reality. In that case, the
mixing is the reason why two identical trajectories that do not
pass near any Nacc sources, and even without any clouds or
precipitation along them, are expected to have higher Nacc in
the Arctic in April versus October or January. Without pro-
found aerosol dynamics, as the trajectories extend in time,
the initial particle concentration is less important, and the
mixing with the surrounding air plays an increasingly impor-
tant role. This is most strongly indicated at the high-Arctic
sites of Alert and Nord, by the relatively small interquartile
variability and high 25th percentile of Nacc in Fig. 3.
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Figure 11. The derivative of aerosol accumulation-mode concentration with each of the trajectory-derived parameters shown in Fig. 10 –
for each month and site. Positive values indicate the percentage increase in accumulation-mode concentration with a unit increase in the
corresponding parameter, while negative values show the opposite. Only statistically significant values (P < 0.05) are shown.

The analysis discussed in this section explores the effects
of various trajectory-derived global parameters on the ob-
served Nacc at the endpoint of the trajectory one by one. It
may be possible to perform a more detailed study that ac-
counts for the various processes simultaneously and itera-
tively with the same dataset, and it would be beneficial to
use one or more observed aerosol distributions along the tra-
jectory. For instance, an analysis of trajectories passing Alert
and then Nord and/or Zeppelin would potentially reveal or
support some of the discussed results. This might be done in
a follow-up study.

The results reported above suggest that on a larger scale
the patterns of the airflow (transport and mixing), seasonal

precipitation and their link to aerosol processes and source
regions are the main drivers of the pronounced annual cycle
of the accumulation-mode aerosols observed in the Arctic.
Wet removal plays an increasingly important role in reducing
Nacc, regionally and locally, from spring to autumn. How-
ever, the small amount of precipitation in winter and early
spring, the long time that the air spends in clouds and the ex-
tension of the polar vortex allow average regional concentra-
tions of the accumulation-mode particles to increase during
this period.

It is also worth noting that the typical lifetime of the
accumulation-mode aerosols is on average shorter in sum-
mer and autumn with respect to winter and spring due to
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Figure 12. The seasonal areal coverage of 240 h long back-trajectories for each of the sites. The top maps compare winter and summer in
blue and red, respectively, while the bottom maps compare the spring and autumn. Only grid cells with a trajectory-crossing probability
greater than 0.5 % are shown.

the increased accumulated precipitation along a 10-day back-
trajectory (Fig. 10a). This means that in summer/autumn
a shorter period than 240 h could be used for the back-
trajectory calculation to determine the areal extent with a po-
tential to considerably affect the aerosol size distribution. In
winter/spring more than 240 h may be needed. This would
make the differences between the shaded areas in Fig. 12
even more pronounced. This further emphasises the impor-
tant role of the large-scale flow in determining the properties
of the aerosols throughout the year.

4 Summary and conclusions

This paper discusses the annual cycle of several physical
aerosol properties at five sites around the Arctic Ocean,
with the focus on the accumulation-mode particles. In or-
der to perform such task and to allow comparison among
the sites, multi-year observations of the aerosol number size
distributions were collected and compiled and the dataset
was quality-controlled and homogenized with hourly aerosol
concentrations that covers the diameter range of 20 to 500 nm
in 29 bins.

The cluster analysis revealed four distinct aerosol num-
ber size distributions that were reconcilable with a mixture
of aerosol dynamical processes and long-range transport and
removal processes. One of these was a number size distribu-
tion characteristic of a recent new particle formation event in
relatively clean air. This prevails mostly in June to August
and may occur at higher elevation before descending into the
surface-based observation site. These four modes of aerosol
constitute an important diagnostic that climate models need

to reproduce if they are accurately representing climate ac-
tive aerosols.

On the large scale, all sites showed pronounced an-
nual cycles with common features. The total aerosol sur-
face area, volume and accumulation-mode concentration in-
creased through the winter, peaked in April and decreased to
a minimum around autumn. This is due to the interplay of
a number of factors, with the large-scale flow, wet removal
by rain and snow and cloud processing being the most im-
portant. The total number of aerosols experienced a second
peak in late summer in addition to the spring peak. This was
due to rather common regional events of new particle forma-
tion, which produced small particles in relatively high num-
bers. These events are commonly related to incoming short-
wave radiation, low condensation sink and the accumulation
of precursor gases prior to the nucleation event. This mostly
took place over the Arctic Ocean and North Atlantic Ocean
with some indication of association with coastlines and the
ice edge.

The prevailing weather and the associated air-mass trajec-
tories on a temporal scale of about a week determine the
aerosol monthly characteristics in a specific year. This is be-
cause it affects the environmental conditions such as the ice
extent, the regional heat and moisture fluxes and the biologi-
cal activity, and hence the aerosols and the clouds, but there
are consistent differences among the sites that are beyond the
year-to-year variability. They are related to the location of
the measurement site. For example, Alert is affected by fre-
quent katabatic winds from nearby hills, which during win-
ter/spring frequently draw free-tropospheric air to the site.
In a stable and stratified Arctic troposphere, this could mean
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the observation of very different aerosols compared to the
regional surface-based inversion layer of the Arctic air mass.

Another example is the fact that the Zeppelin site is more
than 400 m above the nearby sea, which is open year-round
– unlike the sea near the other sites (Fig. 1). This results in a
difference in the cloud and precipitation patterns and hence
the lowest background concentrations of accumulation-mode
particles in April, compared to the other sites included in this
study. On the other hand, its proximity to Europe (and rather
frequent ship traffic) makes it more likely for some pollution
to make it to the site during the cleaner months of summer
and autumn.

There is no single site that can be considered as fully
representative of the entire Arctic region with respect to
aerosol number concentrations and distributions. It is there-
fore important to understand which processes cause the dif-
ferences between the sites and to test how well state-of-the-
art aerosol models can capture these effects. The multi-site
aerosol dataset could also be used for looking into how the
aerosol number size distribution is altered when the air flows
from one site to another.

It is expected that with a continued trend of reduction in
Arctic sea ice, the emissions of biogenic sulfur gases that are
aerosol precursors and hence affect aerosol growth and for-
mation would increase in summer. This would alter the CCN
properties and thus the clouds in the region. It is not clear
whether this would result in a positive (Levasseur, 2013) or a
negative (Gabric et al., 2005) feedback to the ongoing Arctic
warming. This is because of the complex interactions and
feedbacks between the aerosols, the clouds, the longwave
and shortwave radiation, the ocean dynamics, the biota and
the environment (Browse et al., 2014). Also, the potential for
increased shipping emissions and other Arctic industrializa-
tion will make this highly uncertain. Eventually, an improved
understanding of these interactions would reduce the uncer-
tainties in future projections of Arctic climate changes and
its implications for the rest of the world.

Data availability. The homogenized series of the hourly
aerosol number size distributions are available at
https://doi.org/10.1594/PANGAEA.877333. For the raw data,
please contact the corresponding author.
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Appendix A

An observed aerosol number size distribution can often be
well approximated as the sum of three log-normal distribu-
tions. Each log-normal distribution is described with three
parameters: N , σ and Dp, which denote the particle concen-
tration, the geometric standard deviation and the mean geo-
metric diameter, respectively.

The sum of the three log-normal distributions is calculated
in the following way:

n◦N (logD)=
3∑
i=1

Ni

(2π)1/2 logσi

exp

(
−

(
logDp− logDpi

)2
2 log2 σi

)
. (A1)

The tables below provide the fitting parameters of the three
log-normal representations of the monthly median aerosol
number distribution for each of the Arctic sites and each of
the months, shown in Fig. 4. The relative mean absolute error,
which is the mean absolute deviation of the estimate from the
observation for the 29 bins, normalized by the total number
concentration, is also given for each of the fits below. . The
values are in the order of 0.1 %, which indicates that the sum
of the three log-normal distribution fits the median monthly
observations very well. The fitting parameters for the 10th,
25th, 75th and 90th percentiles are given in the Supplement.
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Table A1. The fitting parameters of the monthly median aerosol number distribution for Alert along with the relative mean absolute error.
The units of N and Dp are cm−3 and nm, respectively. The geometric standard deviation is unitless and the normalized mean absolute error
is given on percents.

Alert Mode 1 Mode 2 Mode 3 Relative

N logσ Dp N logσ Dp N logσ Dp MAE ( %)

Jan 2.84 0.127 30 22.83 0.220 80 62.09 0.151 184 0.05
Feb 2.50 0.139 30 19.40 0.202 69 71.18 0.161 172 0.06
Mar 2.96 0.116 30 39.05 0.243 77 79.14 0.167 179 0.04
Apr 2.50 0.115 30 44.10 0.239 78 112.44 0.163 178 0.06
May 2.50 0.121 30 7.49 0.183 50 72.15 0.189 145 0.08
Jun 12.03 0.145 30 2.82 0.114 50 60.58 0.198 102 0.04
Jul 2.50 0.243 30 23.67 0.167 43 38.06 0.185 100 0.04
Aug 19.79 0.165 30 21.26 0.241 73 27.39 0.124 126 0.06
Sep 2.50 0.088 26 10.91 0.243 40 13.48 0.172 121 0.10
Oct 2.80 0.149 30 4.26 0.158 58 24.74 0.162 141 0.07
Nov 2.50 0.134 30 20.55 0.226 70 57.03 0.176 173 0.05
Dec 2.50 0.131 30 17.70 0.226 67 48.22 0.176 161 0.08

Table A2. Same as Table A1 but for Barrow.

Barrow Mode 1 Mode 2 Mode 3 Relative

N logσ Dp N logσ Dp N logσ Dp MAE ( %)

Jan 8.51 0.165 30 9.73 0.109 49 169.03 0.231 152 0.03
Feb 13.03 0.181 30 6.22 0.119 49 215.85 0.248 143 0.02
Mar 19.42 0.177 30 7.48 0.110 49 214.69 0.230 149 0.03
Apr 7.94 0.142 29 6.47 0.090 47 221.09 0.212 153 0.03
May 5.00 0.119 30 5.61 0.075 43 266.19 0.203 151 0.10
Jun 17.42 0.154 26 16.05 0.106 41 91.39 0.207 114 0.08
Jul 46.40 0.142 29 53.78 0.136 53 107.68 0.232 100 0.07
Aug 59.71 0.154 29 24.57 0.073 40 87.55 0.245 100 0.12
Sep 12.27 0.150 30 5.82 0.126 80 64.17 0.197 113 0.17
Oct 6.91 0.138 28 5.00 0.165 80 57.97 0.233 133 0.15
Nov 13.78 0.183 30 5.00 0.243 80 122.54 0.221 156 0.09
Dec 7.65 0.139 28 5.00 0.096 45 198.04 0.243 157 0.02

Table A3. Same as Table A1 but for Station Nord.

Station Mode 1 Mode 2 Mode 3 Relative

Nord N logσ Dp N logσ Dp N logσ Dp MAE ( %)

Jan 16.03 0.229 30 15.78 0.172 60 69.03 0.206 168 0.08
Feb 17.16 0.195 30 12.42 0.152 55 77.98 0.206 158 0.04
Mar 20.32 0.208 30 29.63 0.215 66 102.10 0.196 167 0.05
Apr 5.00 0.243 24 47.60 0.226 45 176.62 0.203 162 0.04
May 5.90 0.157 30 35.43 0.205 41 99.10 0.220 145 0.07
Jun 39.59 0.200 28 5.00 0.105 48 49.82 0.237 101 0.07
Jul 34.46 0.243 20 53.31 0.177 41 43.16 0.231 100 0.07
Aug 89.76 0.243 23 20.79 0.113 41 31.29 0.213 100 0.04
Sep 42.77 0.243 25 16.17 0.243 80 18.66 0.169 127 0.08
Oct 13.25 0.179 27 5.88 0.122 46 38.39 0.192 124 0.11
Nov 12.97 0.232 30 23.39 0.243 61 65.96 0.182 171 0.03
Dec 15.56 0.238 30 19.29 0.243 80 50.81 0.185 175 0.07
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Table A4. Same as Table A1 but for Tiksi.

Tiksi Mode 1 Mode 2 Mode 3 Relative

N logσg Dg N logσg Dg N logσg Dg MAE ( %)

Jan 11.86 0.243 26 77.38 0.243 76 73.83 0.185 206 0.04
Feb 15.07 0.243 20 65.60 0.208 57 130.62 0.219 162 0.03
Mar 37.80 0.243 30 92.32 0.243 78 123.74 0.187 180 0.06
Apr 21.84 0.172 30 82.14 0.243 65 151.61 0.179 170 0.09
May 15.00 0.181 30 35.22 0.243 79 60.09 0.186 180 0.05
Jun 57.84 0.138 30 19.98 0.097 45 128.78 0.222 100 0.09
Jul 67.03 0.243 30 42.35 0.146 41 43.20 0.184 116 0.07
Aug 5.00 0.107 30 106.68 0.228 45 59.06 0.174 153 0.10
Sep 31.39 0.136 30 51.81 0.131 50 64.08 0.197 152 0.09
Oct 10.68 0.155 30 75.09 0.243 55 62.50 0.155 190 0.10
Nov 23.54 0.203 30 48.27 0.243 77 57.89 0.180 196 0.06
Dec 15.24 0.182 30 36.75 0.172 61 81.43 0.201 186 0.05

Table A5. Same as Table A1 but for Zeppelin.

Zeppelin Mode 1 Mode 2 Mode 3 Relative

N logσg Dg N logσg Dg N logσg Dg MAE ( %)

Jan 6.47 0.138 28 13.40 0.243 80 36.36 0.152 213 0.21
Feb 10.14 0.153 29 19.13 0.243 80 51.38 0.143 197 0.16
Mar 9.56 0.154 28 27.62 0.243 80 71.10 0.149 196 0.13
Apr 20.07 0.179 30 38.81 0.243 74 82.21 0.171 185 0.07
May 58.18 0.243 20 46.58 0.172 41 106.84 0.210 155 0.09
Jun 80.38 0.225 30 13.66 0.103 40 82.45 0.215 125 0.04
Jul 79.09 0.184 30 24.25 0.109 50 84.46 0.228 111 0.06
Aug 74.89 0.232 30 23.17 0.139 40 45.48 0.201 114 0.07
Sep 15.90 0.168 22 19.55 0.161 40 31.34 0.215 110 0.05
Oct 8.35 0.168 29 5.00 0.147 54 24.87 0.195 148 0.07
Nov 9.17 0.179 29 8.96 0.189 80 29.11 0.193 188 0.10
Dec 7.53 0.164 27 12.37 0.243 80 27.13 0.148 211 0.15
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