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ABSTRACT

To investigate the concentrations, sources, and temporal variations of atmospheric black carbon (BC) in the
summer Arctic, routine ground-level observations of BC by optical absorption were made in the summer from
2005 to 2008 at the Chinese Arctic “Yellow River” Station (78°55'N, 11°56'E) at Ny-Alesund on the island of
Spitsbergen in the Svalbard Archipelago. Methods of the ensemble empirical-mode decomposition analysis and
back-trajectory analysis were employed to assess temporal variation embedded in the BC datasets and airmass
transport patterns. The 10th-percentile and median values of BC concentrations were 7.2 and 14.6 ngm >, re-
spectively, and hourly average BC concentrations ranged from 2.5 to 54.6 ngm™>. A gradual increase was found
by 4ngm>a~!. This increase was not seen in the Zeppelin Station and it seemed to contrast with the prevalent
conception of generally decreasing BC concentration since 1989 in the Arctic. Factors responsible for this increase
such as changes in emissions and atmospheric transport were taken into consideration. The result indicated that
BC from local emissions was mostly responsible for the observed increase from 2005 to 2008. BC temporal
variation in the summer was controlled by the atmospheric circulation, which presented a significant 6-14-day
variation and coherent with 1-3- and 2-5-day and longer cycle variation. Although the atmospheric circulation
changes from 2005 to 2008, there was not a marked trend in long-range transportation of BC. This study suggested
that local emissions might have significant implication for the regional radiative energy balance at Ny-Alesund.
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1. Introduction

Arctic temperatures have increased almost twice as
much as the global average over the last 100yr (Quinn
et al. 2011). Black carbon (BC) is generated by anthro-
pogenic combustion of fossil fuel (e.g., coal, oil, gasoline)
and biofuel (e.g., wood for stoves and heating) and emis-
sions from natural biomass burning (e.g., wildfires). BC
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is the most efficient atmospheric particulate species at
absorbing visible light, which absorbs approximately
1 million times more solar energy than CO; per unit mass
(Bond and Sun 2005). BC is considered a significant
contributor to Arctic warming as it not only absorbs solar
radiation and alters cloud formation (Bauer and Menon
2012) but also darkens snow and ice when deposited
(IPCC2013). Uncertainty still remains regarding the role
of BC in climate change (Bond et al. 2013).

Spatial and temporal distribution and potential sources
of BC have been conducted in the Arctic. Eleftheriadis
et al. (2009) made measurements at Zeppelin, Ny-Alesund
on the island of Spitsbergen in the Svalbard Archipelago
[474 m above mean sea level (MSL)], from 1998 to 2007,
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and found annual-average and -median BC concentrations
of 39 and 28ngm >, respectively, mainly influenced by
source regions in northern and central Russia. Polissar
et al. (1999) explored the possible sources impacting the
measurement site at Point Barrow (71.2°N, 156.3°W); the
result revealed that high BC concentrations were associ-
ated with pollution sources located to the north or north-
west of Alaska. Sharma et al. (2004) focused on long-term
trends at Alert (82.5°N, 62.5°W) and demonstrated that
decreases in emissions from the Union of Soviet Socialist
Republics (USSR) were mostly responsible for the BC
decrease from 1989 to 2002. Sharma et al. (2006) also re-
ported updated BC datasets at both Point Barrow and
Alert over the 15-yr period from 1989 to 2003, showing
that the differences in trends between the two sites may be
related to the North Atlantic Oscillation (NAO). The
potential source regions for the two sites were different:
Alert is usually under the influence of transport from Si-
beria and Europe, while Barrow showed influence from
Siberian and Pacific-Asian transport. Pollutants from
these geographical regions have declined since early 1990s
owing to the decreased emissions in these source re-
gions (Quinn et al. 2011); therefore, their contribution
to the aerosol loading in the Arctic has declined as well
(Hirdman et al. 2010). During the past decade, human
emissions including emissions from shipping and aviation
have increased in the summer (Vestreng et al. 2009). Stohl
et al. (2013) suggested that gas flaring has increased and
may contribute 50% of aerosol loading in the Arctic. The
shipping emissions in the Arctic may increase black carbon
by 50% in 2030 in the Arctic lower troposphere (Dalsgren
et al. 2009). At the Ny-Alesund settlement, equivalent
black carbon concentrations increased by 45% (Eckhardt
et al. 2013) and the total suspended particulate mass was
tripled (Zhan et al. 2014) when cruise ships were present at
the harbor of the Ny-Alesund settlement. Under the in-
fluence of the human activities, equivalent black carbon
concentrations were found higher at the Ny-Alesund set-
tlement site than the values observed at the sites outside of
the settlement (Zhan and Gao 2014). Therefore, it is rea-
sonable to expect the temporal variation of BC at the
Arctic settlement can be different from the background
stations observed at the high-elevation sites [Zeppelin
Station, Svalbard (78.90°N, 11.88°E; 474 m MSL); Alert,
Nunavut (82.46°N, 62.50°W; 210m MSL); Summit,
Greenland (72.58°N, 38.46°W; 3216 m MSL)| and the
trends in these stations could not be taken as representa-
tive of the overall BC trends at the lower elevation. To
get a better overall view on BC trends and effects, higher
resolution of temporal and spatial distribution of BC
concentrations is required in the Arctic.

In this study, we present and discuss the concentra-
tions and temporal variations of atmospheric BC
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FIG. 1. Black carbon aerosol measuring site at the Yellow River
Station (YRS), Ny-Alesund.

concentrations at the Ny-Alesund settlement in the
summer from 2005 to 2008. We find an increase in BC
concentration in the 2000s and it is higher than the mean
concentration of the 1980s. Factors such as emissions
and atmospheric circulation are discussed in order to
explain the observed increase. This study will provide
valuable BC observations at the settlement site as re-
gards the limited data available in the Arctic. This set-
tlement measurement is of particular interest as it has
been suggested to have higher aerosol concentrations
(Eckhardt et al. 2013; Zhan and Gao 2014), and this
station is located near the glaciers, which are vulnerable
to human perturbation (e.g., additional BC deposition).

2. Methods

a. Sampling and measurement of aerosol black
carbon

The Chinese ‘“Yellow River” Station (YRS) (see
Fig. 1) is located at Ny-Alesund. Pollution sources at the
Ny-Alesund settlement including ships, airplanes, and
power stations may impact 1 km downwind of glaciated
areas (Eckhardt et al. 2013; Zhan and Gao 2014). Con-
tinuous ground-based measurements of BC were made
every summer from 2005 to 2008 at YRS using an
aethalometer model AE-31 (seven wavelengths; only
A = 880nm reported here; Magee Scientific, Berkeley,
California). Temporal resolutions were 10 min during
the measuring periods of 16 August—12 September 2005,
24 August-19 September 2006, 12 July-10 August
2007, and 25 July-12 August 2008. It determined the
attenuation of light transmitted through particles that
accumulate on a quartz fiber filter tape and interpreted
the rate of increase of attenuation in terms of a
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concentration of BC in the sampled airstream. The
specific mass absorption coefficient a,, = 15.9m’*g™"
was used to calculated BC mass concentrations, which
was also applied in BC calculations at Zeppelin Station
(Eleftheriadis et al. 2009). This value was derived from
simultaneous measurements of light absorption and
thermo-optical element carbon mass concentrations by
Nyeki et al. (2005). The overall uncertainty on the ag-
gregated data is on the order of 10% (Hansen et al.
2007). In this study, we use the abbreviation BC as we
discuss black carbon in general and it is commonly used
in the community.

b. Time series analysis

To determine both the dominate modes of variability
and the variation of those modes with time in BC time
series data, methods of the ensemble empirical-mode
decomposition (EEMD) and Hilbert-Hung transform
(HHT) analysis were employed to analyze it. As BC in
nature is generated by nonlinear and nonstationary
processes, a method of analysis should be adaptive to the
nature of data. The EEMD method is a developed
adaptive data analysis method, which has been used
extensively in geophysical research (Huang and Wu
2008). This approach consists of sifting an ensemble of
white-noise-added signal and obtains the mean of cor-
responding intrinsic-mode functions (IMFs) that bear
the full physical meaning and a time—frequency distri-
bution and also gets the corresponding average residual
which is identical to the trend. Further details on the
EEMD method can be found in Wu and Huang (2009).

Once the BC dataset is decomposed into a number of
periodic components (IMFs) using the EEMD, the
Hilbert transform is applied to each IMF, which was
proposed by Huang et al. (1998, 1999) and Huang
and Wu (2008). The Hilbert method provides time—
frequency—energy distribution of time series data. Here,
we give a brief description of the HHT; a detailed
presentation can be found in the original articles of
Huang et al. (1998, 1999). The Hilbert transform y(¢) of a
function x(¢) is defined as 1/7r times the convolution of f
with the function 1/¢. Then, if z(¢) is the analytical signal,
which can be formed with Hilbert transform pair using

z2(1) = x(1) + iy(1) = A(2) exp[if(7)] 1)

with
A() = [x,(0) +y,(0]" and  6(r) = arctan[y(1)x(1)].
2)

The instantaneous frequency can be written as the
time derivative of the phase:
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Once the signal has been decomposed into IMFs and
the Hilbert transform for each has been obtained, the
signal x(f) can be represented as

x(1) = é A1) exp {i J o,(1) dt} : @)

which is a generalized form of the Fourier expansion for
x(t) in which both amplitude and frequency are func-
tions of time. The time—frequency distribution of the
amplitude or energy (square of amplitude) is defined as
the Hilbert amplitude spectrum or the Hilbert energy
spectrum, respectively.

In this study, the ensemble size for each dataset was set
to 300; amplitude white noise of standard deviation = 0.3
was added to force the ensemble to exhaust all pos-
sible solutions in the sifting process. By this method,
each dataset was decomposed into 300 groups of
IMFs and then assembled into a finite and small
number of IMFs, which represent various oscilla-
tions. HHT analysis was then performed using the
method described in Huang et al. (1998). The results
were tested by statistical significance in order to de-
termine confidence levels.

c. Trajectory model and cluster analysis

The 7-day backward trajectories used in this analysis
were simulated by the hybrid single-particle Lagrangian
integrated trajectories (HYSPLIT) model (Draxler and
Hess 1998) with 1° X 1° resolution and a temporal res-
olution of 6 h. The model was run for 1000 m using 7-day
back trajectories at 0000, 0600, 1200, and 1800 UTC.
Cluster analysis was used to classify the trajectories into
eight groups to separate pollution from different po-
tential source regions.

3. Results and discussion
a. BC concentrations

The ranges of hourly BC concentrations are from a
maximum of 54.6ngm > to a minimum of 2.5ngm >,
which is about one order of magnitude variation (see
Fig. 2). The 10th-percentile value, showing the local
background concentration, is 7.2ngm>. This is com-
parable to measurements taken outside the Ny-Alesund
settlement in the summer of 2011, with a mean of
5.5ngm > (Zhan and Gao 2014), and is similar to that of
Eleftheriadis et al. (2009), who reported a BC average
concentration of 7ngm ™ at the Zeppelin Station during
the summertime from 1998 to 2007. The median BC of
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FIG. 2. (a) Box-and-whisker plot (median and 10th, 25th,
75th, and 90th percentiles) of BC at the Yellow River Station in
the summertime from 2005 to 2008. Also shown are the mean
(diamonds) and trend lines for the mean (long-dashed) and
90th (short-dashed) and 10th (solid) percentiles. (b) The
number of flights (X) and ship passengers (+) for each sam-
pling period. (c) The ratio of north wind to south wind (N/S; A)
and precipitation ().

our observation is 14ngm >, which is similar to the
median value (17 ngm >) observed at the same site in
the summer of 2011 (Zhan and Gao 2014). The Zep-
pelin Station is at 474 m, while YRS is at sea level.
As a ground-based station, YRS is more susceptive to
local human activities, such as cruise ship tourism,
station operations, and vessels (Eckhardt et al. 2013;
Zhan and Gao 2014). As shown in Fig. 3, the north-
corresponding BC concentrations were usually high.
Since the residential area and quay lies northwest of
the measuring station, high BC levels in the northern
sector were most likely influenced by aerosols emitted
from local human activities. However, residential
sources would not explain all of the measured high
BC concentration. High BC concentrations also ap-
peared in the southern sector; this is in summer 2007.
Several aspects should be taken into account, in-
cluding changes in BC emissions and atmospheric
circulation, which are discussed in the following
sections.

The mean sea level BC concentration from the sum-
mer during 2005-08 at YRS is doubled, about 9ngm >
higher than those of Heintzenberg and Leck (1994),
measured from 1979 to 1990 at the Gruvebadet sea level
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site with an elemental carbon concentration of Sngm >
during the summer and autumn seasons. A clear feature
of BC at YRS is the steady increase in BC concentra-
tions of about 4ngm *a”! during the summertime
from 2005 to 2008, as shown in Fig. 2. This increase is
surprising as it contradicts the long-term trend mea-
surement at Zeppelin, Alert, and Summit. A net de-
crease at both Alert and Barrow was observed during
the 1990s (Sharma et al. 2006) and a declining trend
of —9.5ngm >decade ' was found at Zeppelin from
2001 to 2007 for all yearly datasets (Eleftheriadis et al.
2009). A similar increase was found at Barrow during
the summertime from about 1999 to 2002 (Sharma et al.
2006). The residential emissions were presumably a
factor contributing to the observed increased trend at
YRS. As shown in Fig. 1, these local emission sources
were located north of the sampling site; thus, we em-
ployed the ratio of frequency of northwesterly wind to
that of southeast (N/S), combined with precipitation and
the number of flights and ships, to find out the variations
that contributed to the BC concentration (see Figs. 2b
and 2c¢). If we only compared these parameters for
summer 2005, 2006, and 2008, the ratios of N/S, the
number of flights and ships increased, and the pre-
cipitation decreased, the combined effect would lead
to an increase in the BC concentration. Although, for
the summer 2007, the number of flights and ships
were highest and precipitation is lowest during the ob-
servation years, the N/S ratios were low—only 0.13—
indicating the southerly prevailing wind; consequently,
the pollutants generated in the north cannot efficiently
reach the sampling site.

b. Time—frequency analysis for the BC concentrations
1) EEMD

To isolate and extract various temporal scales and
trend embedding in the data, the time series of BC were
analyzed using the EEMD method. The results are dis-
played in Fig. 4. The left panels show statistical signifi-
cance testing and the right panels show that the original
BC is decomposed into eight or nine components and
one trend. The significance test shows all the other IMFs
were statistically significant at 99% confidence levels. This
suggests that periodicities ranging from 3 h to 15 days were
found to be statistically significant in the BC dataset. Each
IMF component represents the instantaneous amplitude
features of the original signal in a different frequency
range (the first IMF covers the highest frequencies and the
last IMF covers the lowest one) and that each frequency
band of the IMFs have crossovers with each other. These
IMFs were used as regressors in the general linear model
for BC, and the correlations between the IMFs and the
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FIG. 3. Variations in black carbon concentration (ngm~>) affected by wind directions at Yellow River Station.
Individual wind direction measurements are accumulated and the relative frequency is shown as a percentage.

meteorological factors [e.g., wind speed (WS), tempera-
ture 7, relative humidity (RH)] were used to explore the
meteorological factors whose activity specifically corre-
lated with each IMF.

For all data, IMF1 and IMF2 were mostly dominated
by a component with periods of 2-5 and 6-12h. There
was low correlation between IMF1 or IMF2 and mete-
orological factors, with a Pearson correlation ranging
from —0.036 to 0.044 (p > 0.05) (see Table 1), suggesting
that local meteorological factors did not directly affect
IMF1 and IMF2. The correlations between the other
IMFs and meteorological elements were considerably
different for each year. IMF3 presented a scale of a 0.5
2-day oscillation, of which the variation in 2005 and 2006
agreed well with RH, with a Pearson correlation of 0.170
(p < 0.01) and 0.101 (0.01 < p < 0.05), respectively.
However, there was no significant correlation between
them in 2007 and 2008, with a Pearson correlation of
0.020 (p > 0.05) and —0.023 (p > 0.05), respectively.
IMF4 is mostly dominated by periods with 0.9-5.4 or
1-3 days. In 2005, when the NAO index was positive,

IMF4 was represented by a variation of 0.9-5.4 days,
which was correlated with wind speed (r = 0.182, p <
0.01). The 7-day back trajectories revealed that this
variation was associated with the movement of low
pressure systems across the North Atlantic, and then
into the Arctic, with strong winds transporting pollut-
ants from surrounding areas such as northern Europe.
During the years of the negative NAO index (2006,
2007, and 2008), the back trajectory and IMFs showed
that the dominant signal of a 1-3-day oscillation was
associated with low pressure in Iceland. IMF5 had the
frequency component of a 2-5-day variation, which
showed significant positive correlation with WS (2005:
r = 0.166, p < 0.01; 2006: r = 0.282, p < 0.01) and RH
(2005: r = 0.161, p < 0.01; 2006: r = 0.222, p < 0.01) and
negative correlation with 7 (2005: r = —0.084, p < 0.01;
2006: r = —0.080, 0.01 < p < 0.05). This was associated
with cold moist air masses transported by low pressure
with strong winds from areas near Greenland and the
movement of low pressure systems in the Arctic basin.
However, in 2007 and 2008, this time-scale-factor
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concentrations and the extracted components (IMFs) and residual using the EEMD method.
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TABLE 1. Correlation between IMFs and meteorological factors for the years from 2005 to 2008.

IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8 IMF9
2005 (NAO™)
WS 0.017 0.037 0.018 0.182° 0.166° 0.015 0.237° —-0.101° —0.248°
TEM -0.028 0.006 —0.008 0.008 —0.084° 0.365" 0.186* —0.163* 0.208*
RH 0.013 0 0.170* —0.041 0.161* —0.120° 0.124° 0.390° 0.417°
2006 (NAO ")
WS 0.037 0.044 —0.009 0.024 0.282% —-0.025 —0.219° 0.147° 0.270°
TEM -0.036 —0.026 0.007 —0.084° —0.080° —-0.391* 0.128* -0.189* —0.390°
RH 0.033 0.052 0.101° 0.068 0.222% 0.364° 0.387% 0.036 —0.106"
2007 (NAO™)
WS 0.013 0.015 —0.039 —0.011 0.048 0.006 —0.069 —0.006 0.002
TEM —0.001 0.008 0.001 —0.034 0.198* —-0.110 0.251° 0.201* —0.012
RH 0.016 —0.007 0.028 0.02 -0.035 0.248° 0.03 0.127* 0.230°
2008 (NAO™)
WS —0.003 0.02 0.108° 0.126* —-0.01 0.316° 0.159° —0.023 —
TEM -0.028 -0.014 0.021 0.059 0.274* —0.108" —0.597* -0.705* —
RH 0.028 0.029 —0.023 —0.047 -0.199* —-0.102° 0.253* 0.371* —

# Correlation significant to the 99% confidence level (two tailed).
" Correlation significant to the 95% confidence level (two tailed).

variation had positive correlation with 7 (2007: r =
0.198, p < 0.01; 2008: r = 0.274, p < 0.01). This can
be explained by activities of low pressure systems in
Europe and northeastern Canada, which bring air
masses from the continents of Europe and northeastern
Greenland. IMF6 was mostly dominated by a frequency
component of 6-14 days, except in 2007. The mean pe-
riod of the IMF6 factor in 2007 was shorter, with a pe-
riod of 3-8 days. In the NAO-positive-phase year of
2003, this oscillation showed positive correlation with T’
(r = 0.365, p < 0.01), while in the NAO-negative-phase
year (2006-08), it showed negative correlation with T
(r = —0.391, —0.110, and —0.108, p < 0.05). This in-
dicated frequencies of North Atlantic cyclonic and Siberia
cyclonic and activity, respectively, which could transport
pollutants from North America and Eurasia. In short, in
2005 when the NAO index was positive, Ny-Alesund was
influenced more by low pressure system activity in the
North Atlantic, which makes 0.9-5.4-day signals in the BC
dataset. In NAO-negative-phase years, Aleutian low al-
lows signals of low pressure systems in Europe and
northeastern Canada and Siberia cyclonic activity to be
more frequently included in the BC dataset.

2) HHT

We analyzed the Hilbert spectra for each IMF, which
was decomposed from the BC dataset using the EEMD,
where the energy level was given by a color scale (see
Fig. 5). From this graph, it is possible to see a detailed
record of the variation in frequency and energy with
time. The normalized energies first increased and then
decreased with the increase of period values. The
distribution of energy is controlled by atmospheric

circulation patterns. In 2005, energy tends to disperse and
compress in IMFS5, IMF6, IMF4, and IMF3, following, in
decreasing order, variations of 6-14, 0.9-5.4, 2-5.4, and
0.5-2 days, respectively. In 2006, the energy peak values
were between IMF5 and IMF6, with the variations of
5.4-15.5 and 2.5-5.2 days, respectively. The main periods
in 2007 and 2008 were IMF6, followed by IMF5. Al-
though the main period in 2007 and 2008 was IMF6,
various scales were quite different; the energy peak in
2007 had a mean period of 6.5 days, which represented
the variation range from 3 to 8 days, while in 2008 the
peak was found to have a mean period of 9.6 days, which
indicates a 6-14-day variation.

For all of the scaled data, the oscillations of 2-5 and
6-12h and 0.5-2 days were random. Higher power of
1-3-day signals was found during 17-20 August,
26-27 August, and 10-11 September 2005; 5-8 and 18-
19 September 2006; and 20-22 July, 29-30 July, and
4-9 August 2007. There were also 2-5-day “‘oscillations”
in variance, especially prominent during 17-28 August
and 8-12 September 2005, 29 August—6 September and
14-19 September 2006, and 29 July—8 August 2007. The
period of 3-8 days was apparent during 25 July-10 August
2007. The oscillation of 6-14 days or longer was present all
the time. The effects of particular scale will be explored
and discussed in later sections.

c. BC emissions

The declined trend of the long-range transport of
pollutants is well documented, which can be seen from
the decrease of black carbon since the1990s (Hirdman
et al. 2010; Sharma et al. 2013) due to the decreased
source strengths since the 1990s (Quinn et al. 2011; Bond
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et al. 2013). Human activities such as oil and gas flaring,
shipping, and exploitation have increased (Quinn et al.
2011), and therefore these sources are expected to be
responsible for the increased BC concentration at Ny-
Alesund. The question is to what extent local emissions
can explain the increase in BC concentration.

Here, EEMD method was employed to decompose
time series of BC (BC,y,) into various frequency sig-
nals, which are expressed as the IMFs and trend. The
relation can be expressed as

BC,, = IMF, + IMF, + - + IMF, + Trend.

©)

total

The BC concentrations at YRS are impacted by the local
human activities and atmospheric circulation. We assumed
background BC concentration (BC,) at Ny-Alesund
was adjusted by the local emission (BC,p,) and long-range
transportation (BCy;). So BCyy can be expressed as

BC

=BC, +BC_, (6)

total
where BC,.,, is related to the random human activities
and continuous emission. Random human activities are
always included in the high-frequency signal and irrel-
evance with meteorological factors. Continuous emis-
sion can be included in the extreme low frequency
signals Ejow.em- It is defined as follows:

BC, =IMF, +IMF, + - + IMF, +E (7)

The long-range transportation is determined by the at-
mospheric circulation that behaves various temporal
scales of activities. They are

low-em*

BC,=IMF,  +IMF, ,+IMF .+ +IMF +E

low-tr?

®)

where Ejow.r is a longer variation of atmospheric cir-
culation. For the principle of EEMD, residual (Trend) is
representing longer oscillation, which includes the lon-
ger time scales of variation. Here it can be express as

©)

In the calculations to follow, we first calculate the
IMFs and the integrated functions given in Egs. (5)—(9),
and then we will obtain local emission (BCe,) and long-
range transportation (BC) (see Fig. 6). The results
showed that only 34 % of the BC is from local emission in
2005, and about half of the BC in 2006-08 is from local
sources. BC,, increased from 2005 to 2008, about a rate
of 3.7ngm >a”'. There is not a marked trend in BCy,
with an increase from 2005 to 2006 and then a decrease
from 2006 to 2008. Annual variability in transport paths
and emission densities of BC leads to a considerable
range in value of this contribution, which may reach 50%
under conditions of very strong atmospheric transport.
The results indicate that the rate of 4ngm ™ >a™ ! increase
may be mainly due to changes in local emissions. It is
worth noting that the highest BC,, appeared in 2007, while
from 2007 to 2008 mean of BC,, deceased, which might be
related to a global economic recession in 2008. It seems
from the year 2005 and 2008, the overall contribution
from long-range transport is variance, and how this at-
mospheric circulation regulating BC concentrations in the
summer from 2005 to 2008 is discussed below.

Trend = E + E

low-em low-tr *
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FIG. 6. Box-and-whisker plot of BC concentrations from local
emissions (BCey,) and long-range transport (BC,;) for each sam-
pling period [median of BC.,, (diamonds); mean of BCy (tri-
angles); 10th, 25th, 50th, 75th, and 90th percentiles; and trend (solid
line is BC,,, and short dashed line is BCy,)].

d. Atmospheric circulation

Atmospheric circulation determines airmass origins,
which determines the strength and transport en route of
pollutants to the Arctic; therefore, atmospheric circu-
lation has fingerprints in BC concentrations.

1) TRANSPORT PATHWAYS

The Yellow River Station at Svalbard in the commu-
nity Ny-Alesund was impacted by BC emission from
various sources both the local human activities and
outside transport. Atmospheric circulation patterns
strongly influence the contribution of various source
regions to the pollution in the Arctic. To identify the
main pathways to the Yellow River Station in the Arctic,
probability density plots for the 7-day back trajectories
and the cluster analysis techniques were applied to the
full dataset. The probability density functions for the
Yellow River Station from 2005 to 2008 in summertime
are displayed in Fig. 7. For the last 4 yr in summertime,
eight potential source areas were identified as having
potential contributions to BC at Yellow River Station.
There are Baffin Bay—Canadian Archipelago (BB/CA;
cluster 1), Bering Sea—Chukchi Sea-Beaufort Sea (BS/
CS/BFS; cluster 2), East Siberian Sea—Eurasian basin
(ESS; cluster 3), Laptev Sea—Kara Sea-Eurasian basin
(LS/KS; cluster 4), Greenland—Greenland Sea (GL;
cluster 5),Greenland Sea-Norwegian Sea (GS/NS;
cluster 6), Scandinavia-Barents Sea—Kara Sea (SC/BS/
KS; cluster 7), and Barents Sea (BS; cluster 8).

The variation of the frequency for each cluster is
shown in Table 2. For all data, BS is dominant in terms of
the frequency of back trajectories, about 47% from 2005
to 2007, while in 2008 the BS transport decreased
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because of increasing influence from the GL cluster. The
result of prominent circulation patterns for Svalbard
Islands agrees well with trajectories and cluster analysis
at Zepplin (Eleftheriadis et al. 2009) and at Barrow and
Alert studied by Sharma et al. (2006). Only occasionally,
less than 2% of the trajectories are found in LS/KS
(cluster 4). The average frequency of transport from
other cluster range from 2.18% to 16.08%, followed in
decreasing order by the GL (16.08%), SC/BS/KS
(15.91%), ESS (8.40%), BS/CS/BFS (6.21%), BBICAA
(4.70%), and SC/BS/KS (2.81%). There were noticeable
differences in frequency between the clusters year to
year, pointing at different likely source areas. Previous
studies (Eleftheriadis et al. 2009; Sharma et al. 2006)
revealed that the NAO is a major indicator of one of the
dominant sources of Northern Hemispheric circulation
changes. To examine how atmospheric circulation pat-
tern affected the clustering in summer, the frequency of
trajectories for each year was compared with the cor-
responding NAO index. The results revealed that the
relationship between NAO and the year-to-year fre-
quency in summer was not clear, which may be because
of insufficient data for statistics. So the mean of fre-
quencies for positive and negative phases of NAO have
been calculated separately. The result revealed that the
frequency of trajectories transported from GS/NS was
enhanced during the positive phase of NAO, while
during the negative phase of NAO, the frequency de-
creased to only 0.58 in 2007. Svalbard Islands had a
larger influence from the BS, GL, and GS/NS clusters,
which transported pollution from northern Europe and
the North Atlantic Ocean. The impact of the NAO
phases on pollution and BC concentration will be in-
vestigated in the next section.

2) SOURCE CONTRIBUTIONS TO BC

In the summer, the pressure field is typically quite
flat, and winds are light and variable. Pressures are
actually lowest over the central Arctic Ocean, and
weather patterns are dominated by the movement of
low pressure systems across Siberia or the Atlantic
Ocean into the Arctic basin with pollution trans-
ported from the periphery that is manifest as varia-
tions in BC. To strengthen the argument for the
source contribution, we use variations in BCy; (long-
range transportation of BC) to investigate the main
source regions. Here, we used BCA,,, defined as BCy,
minus the median of BCy,, to investigate the contri-
bution of the each cluster to investigate the main
sources. A box-and-whisker plot of BCA,, from each
cluster is shown in Fig. 8.

For all clusters in the years from 2005 to 2008,
BCA,, concentrations associated with the air mass
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FIG. 7. Probability density functions of the 7-day back trajectories for each of pathways arriving at Yellow River
Station from 2005 to 2008 in the summer. Eight pathways are defined as Baffin Bay—Canadian Archipelago (BB/
CA,; cluster 1), Bering Sea—Chukchi Sea—Beaufort Sea (BS/CS/BFS; cluster 2), East Siberian Sea—Eurasian basin
(ESS; cluster 3), Laptev Sea—Kara Sea—Eurasian basin (LS/KS; cluster 4), Greenland-Greenland Sea (GL; cluster
5),Greenland Sea-Norwegian Sea (GS/NS; cluster 6), Scandinavia—Barents Sea—Kara Sea (SC/BS/KS; cluster 7),
and Barents Sea (BS; cluster 8). The frequency of trajectories is indicated in the key: greater than or equal to 10%
(yellow), greater than or equal to 1% and less than 10% (blue), greater than or equal to 0.1% and less than 1%
(green), and greater than or equal to 0.01% and less than 0.1% (cyan).

from SC/BS/KS and GS/NS in 2007 were significantly
higher than BCA,, concentrations in all of the other clusters,
with BCA,, concentrations up to 16.8 and 22.3ngm >,
respectively. The variance of BCA, in the SC/BS/KS
cluster was the most significant, as most of the trajectories
in this cluster passed over strong source areas such as
cities in Sweden, Finland, Russia, and Poland, long-range
transport from which would bring pollutants to the sta-
tion. Trajectories in the GS/NS cluster were from the
Norwegian Sea and were long enough to transport air

from the area of Scotland and Ireland to the sampling
station from the south. The main mode pattern in the
GS/NS cluster had a variation period of 2-5 days, while
the SC/BS/KS cluster had a major variation period of
3-8 days. Transport of pollutants in the GS/NS cluster
may be associated with Atlantic cyclones, while SC/
BS/KS was affected by the impact of low pressure
systems over the continent.

In comparison, the LS/KS cluster was relatively clean
with BCA,, = Ongm > because of greater scavenging
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TABLE 2. The frequency of trajectories for each cluster at Ny-Alesund in the summer months from 2005 to 2008.

Year BB/CAA BS/CS/BS ESS LS/KS GL GS/NS SC/BS/KS BS NAO index
2005 2.79 5.43 — 1.09 6.67 36.43 0.62 46.98 0.5
2006 — 3.23 — 1.29 27.9 19.03 — 48.55 -1.67
2007 7.89 2.49 26.75 5.26 — 0.58 9.21 47.81 —0.36
2008 9.24 17.55 3.93 — 38.57 5.08 — 25.64 -1.22
2005-08 4.7 6.21 8.4 2.14 16.08 15.91 2.81 43.74 —

by clouds and precipitation processes during airmass
transport along marine pathways and clear-airmass di-
lution over the Arctic basin. The BC time series were
represented by 2-5.4- and 6-14-day atmospheric varia-
tions with long-range transport of pollutants from the
LS/KS.

Further consideration of the effect of atmospheric
circulation patterns on BC concentration is based on
the study of BC corresponding to each cluster and the
NAO index for each year. It is worth noting that when
the NAO index was negative in 2005, BCA,, con-
centrations in the BS/CS/BFS cluster were negative,
while during the negative phase of NAO, BCA
concentrations were positive. For the remaining
clusters, no trends seem to be present for the period of
this study. While the different circulation patterns
were one of the factors causing the year-to-year var-
iation, changes in emission and deposition were also
important for the measured BC concentration at the
station.

4. Conclusions

Measurements of aerosol black carbon (BC) were
made in the summertime from 2005 to 2008 using an
aethalometer at the “Yellow River” Station near Ny-
Alesund in the Svalbard Islands. The background and
the median BC concentrations were calculated as 7.2
and 14.6ngm >, respectively. A net rate of increase of
BC of about 4ngm > a~ ' was found from 2005 to 2008 at
this location; BC from local emissions was mostly re-
sponsible for the observed increase.

Time series of BC are analyzed using the EEMD
method. Results reveal that it includes various time-
scale oscillations. IMF1 and IMF2 are mostly domi-
nated by a component with a period of about 3 and
6—12 h, which have no correlation with meteorological
factors, while the correlations between IMF3 and me-
teorological elements were different for each year.
IMF4 is mostly dominated by a component with a
1-3-day variation characterized by strong wind and
usually a linkage with low pressure systems developing
in the Atlantic Ocean and traveling through Europe
into the Arctic. IMFS is the frequency component of

low pressure systems in Arctic basins, the European
continent, and northeastern Canada. IMF6 is mostly
dominated by a component with a period of 6-14 days,
which implies the frequency of wave train in high lati-
tudes and Siberian cyclonic activity. IMF7 and IMFS8
are mostly dominated by a longer period of about
20 days.

The 7-day back-trajectory and cluster analysis reveals
that the cluster contributing most BC to the sampling
station was from the North Atlantic Ocean and northern
Europe. The highest BC events over the Yellow River
Station were associated with transport pathways and
source regions from northern Europe.

Uncertainty remains for the relationship between
the NAO and the frequency of year-to-year BC var-
iations. Comparison of trajectories with the NAO
index reveals that the frequency of trajectories from
the GS/NS cluster was enhanced during the positive
phase of NAO and reduced during the negative phase
of NAO. At this location, a larger influence from
trajectories in the SC/BS/KS and GS/NS clusters was
found with more pollutants transported from north-
ern Europe and the North Atlantic Ocean. Only a
weak linkage could be found between BCA; in the
BS/CS/BFS cluster and the NAO index; BCA,; is
higher during the negative phases than during the
positive phases.

40
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F1G. 8. Distribution of BCA,, concentrations (defined as BC,,
minus BC,, mean) for eight clusters for all the years in the summer
showing the median, 5th, 25th, 75th, and 95th percentiles.
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