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Abstract

Four years of continuous aerosol number size distribution measurements from an Arc-
tic Climate Observatory in Tiksi Russia are analyzed. Source region effects on particle
modal features, and number and mass concentrations are presented for different sea-
sons. The monthly median total aerosol number concentration in Tiksi ranges from
184 cm™2 in November to 724cm™2 in July with a local maximum in March of 481 cm™3.
The total mass concentration has a distinct maximum in February—March of 1.72—
2.38 ug m~2 and two minimums in June of 0.42 Hg m~ and in September—October of
0.36-0.57 ug m~. These seasonal cycles in number and mass concentrations are re-
lated to isolated aerosol sources such as Arctic haze in early spring which increases
accumulation and coarse mode numbers, and biogenic emissions in summer which
affects the smaller, nucleation and Aitken mode particles. The impact of temperature
dependent natural emissions on aerosol and cloud condensation nuclei numbers was
significant. Therefore, in addition to the precursor emissions of biogenic volatile organic
compounds, the frequent Siberian forest fires, although far are suggested to play a role
in Arctic aerosol composition during the warmest months. During calm and cold months
aerosol concentrations were occasionally increased by nearby aerosol sources in trap-
ping inversions. These results provide valuable information on inter-annual cycles and
sources of Arctic aerosols.

1 Introduction

The Arctic and northern boreal regions of Eurasia are changing rapidly as a conse-
quence of increased human activities (Richter-Menge et al., 2006; Bond et al., 2013).
Aerosol particles are one of the major climate forcers in the Arctic; they reflect and
absorb incoming solar radiation, modify the properties of clouds and affect the surface
albedo. Shindell and Faluvegi (2009) suggested that over two thirds of the observed
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Arctic surface temperature increase during the last decades is attributed to changes in
concentrations of sulphate and black carbon (BC) aerosols.

Aerosol particles on snow and ice-covered regions have specific climate impacts and
feedback processes. Recent experimental evidence indicates that in pristine polar re-
gions the aerosol-cloud feedback can be extremely sensitive to aerosol numbers (Asmi
et al., 2012), and that Arctic clouds, contrary to those occurring at lower latitudes, can
enhance overall warming of the surface (Walsh and Chapman, 1998; Mauritsen et al.,
2011). To understand these processes, information on aerosol sizes is of particular in-
terest, however, only a few long-term studies of aerosol number and size distributions
from the Arctic locations exist (Bodhaine, 1989; Tunved et al., 2013). These have sug-
gested a rather clear seasonal cycle of increased particle number and mass in early
spring as a consequence of the Arctic Haze phenomena (Mitchell, 1957). Currently,
commonly used global and chemical transport models consistently fail in predicting
Arctic aerosol seasonal cycles, and also encounter problems in capturing the com-
position and quantities of polar aerosols (Bourgeois and Bey, 2011; Liu et al., 2012;
Bond et al., 2013). Several studies suggest that this can be attributed to problems in
treatment of aerosol transport in models, and in particular in wet scavenging processes
(e.g., Liu et al., 2012). Some recent studies also indicate that a number of sources have
been neglected (Hienola et al., 2013; Stohl et al., 2013; Stock et al., 2014).

South of the Arctic in the Eurasian side is the vast Siberian region from which knowl-
edge of aerosol properties is particularly limited. Recently, some studies documenting
interannual variability of aerosol distributions from central Siberia were published re-
vealing the importance of Siberian boreal emissions on aerosol number and mass
distributions (Heintzenberg et al., 2008, 2011; Chi et al., 2013). The impact of for-
est emissions on aerosol numbers and mass, and the temperature related feedback
connected with these emissions, is suggested by previous studies from other regions
(Tunved et al., 2006; Asmi et al., 2011; Paasonen et al., 2013); however, the relative
importance of biogenic emissions for aerosols in the current and future warming Arctic
is still an open question.
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In this work, to fulfill these observational data gaps, we present long-term, high-
quality observations from Arctic Siberia by introducing four years of continuous aerosol
number size distribution observations from the Tiksi Hydrometeorological Observatory.
We will quantify aerosol modal features, number and mass concentrations and analyze
their temporal evolution in terms of source region controls and local weather parame-
ters. Our goal is to assess the importance of Siberian boreal regions biogenic and wild
fires emissions, the build-up of the Arctic haze, and that of possible local emissions for
the observed aerosol numbers, mass and their climatically relevant properties. Analysis
of the nucleation mode aerosols will also elucidate the potential of secondary sources
to produce particles under different conditions in the Arctic.

2 Methods
2.1 Site description

History and a general overview of Tiksi International Hydrometeorological Observa-
tory is fully described in Uttal et al. (2013). Tiksi meteorological observatory in north-
ern Siberia 71°36' N; 128°53' E) on the shore of the Laptev Sea has been operating
since 1930s. As an International Polar Year (IPY) 2007—-2008 activity, the observatory
was further upgraded and joined in the network of the International Arctic Systems for
Observing the Atmosphere (IASOA, www.IASOA.org). The Tiksi observatory is run in
collaboration between NOAA (National Oceanic and Atmospheric Administration) with
the support of the NSF (National Science Foundation), Roshydromet AARI (Arctic and
Antarctic Research Institute) and MGO (The Voeikov Main Geophysical Observatory)
units, Yakutian service for hydrometeorology and environmental monitoring, and the
FMI (Finnish Meteorological Institute). FMI activities in Tiksi were initiated in summer
2010 and include aerosol number size distribution measurements presented here.
The city of Tiksi is on the Lena river delta with current population of about 5000
inhabitants. Meteorological observatory is located 5 km further down to south-west from
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the city, separated by a hill, and is about 500 m distance from the coast of the Laptev
sea (Fig. 1). Airport of Tiksi is further up north from the city and the station. The site
is well above the treeline and is surrounded by low tundra vegetation and a line of
mountains in the south.

2.2 Measurements

Measurements of aerosol size distributions, along with many other atmospheric param-
eters (for these, see Uttal et al., 2013), were started in 05 July 2010. Aerosol number
size distribution from 7 to 500 nm (later on from 3 to 800 nm) is measured with a twin-
Differential Mobility Particle Sizer (DMPS) system and the distribution up from 500 nm
with an Aerodynamic Particle Sizer (APS model 3321, TSI Inc., USA). For further de-
scription of the instruments, see Sect. 2.2.1. Time resolution of DMPS measurements
is set to 10 min and APS to 5min.

Both of the instruments are attached to an inlet line tube, which is of diameter of
16 mm. The tube is fixed just above the instrument rack and extending 2 m above the
roof of the building and 6.5 m above the ground. The APS inlet is direct from the roof,
with a length of 2.5 m. The DMPS inlet length is 4-5m, and the theoretical diffusional
losses during the particle transport are taken into account in the data inversion.

The inlet tube is equipped with an inlet head of a fixed cut-off size of 10 um (BGl Inc,
USA). The head also protects the instruments from snow, rain and soil contaminants.
Flow through the inlet is kept at a constant 1 m>h~" with an additional compensat-
ing flow, regulated depending on the total flow of all instruments. For example, when
aethalometer with a flow-rate of 5Lmin~" was added on line with the DMPS and APS
in August 2010, the compensating flow was reduced from 10 to 5Lmin~". Heating
(self-regulating) and isolation were added on the inlet tube in summer 2012, after two
winters of relatively poor data coverage due to icing problems.

Flows and proper operation of all instruments are fully checked twice per year during
the station maintenance visits. Additionally, the automated flow, temperature and pres-
sure sensors allow the control of instruments and data over the span of the year. The
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station staff is trained to solve problems which might occur unexpectedly and they are
also in charge of the regular maintenance done weekly.

Data is transferred real-time to AARI via satellite connection and daily to NOAA and
FMI servers, and quality checked weekily.

2.2.1 Size distributions

The twin-Differential Mobility Particle Sizer (DMPS) system used in Tiksi since 2010, as
well as our data inversion procedure, are thoroughly described in Wiedensohler et al.
(2012) and here only a brief summary is given.

The twin-DMPS consists of two identical DMPS systems: one equipped with a short
Vienna-type DMA to measure particle sizes from 7 to 115 nm and one with a medium-
long Vienna-type DMA to measure particle sizes from 15 to 500 nm. Both use a con-
densation particle counter (CPC model 3772, TSI Inc., USA) as a particle detec-
tor. DMPS sheath flows are controlled by a blower (Ametek, USA) and regulated
with a PID-controller. Aerosol flow rate of 1Lmin~' and sheath flow rate of 6 Lmin~"
are used. The size range of DMPS measurements was extended up to 800nm in
15 May 2012. Further extension of the measurement size range down to 3nm was
done in 03 July 2013, when the original CPC model 3772 was replaced with a CPC
model 3776. The CPC 3772 was then installed to measure the particle total number
concentration. Flows of the short-DMPS system after this are 1.5 and 9Lmin~", for
aerosol and sheath respectively. Dryer is not used in front of the instruments since the
sample air RH remains close to zero during majority of the year, with the maximum
measured so far being 30 %.

2.2.2 Auxiliary weather parameters

Air temperature and relative humidity are measured by Vaisala HMP45D Pt100 and ca-
pacitive sensors. Solar radiation is monitored by Kipp&Zonen CMP3 pyranometer and
air pressure by Vaisala PMT16A attached to Vaisala QML201 data logger. Metek USA-
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1 sonic anemometer is used for wind and turbulence observations. Up to July 2013,
we used auxiliary meteorological data measured at the micrometeorological flux cabin
located 250 m to the south from station building. Beginning on 09 July 2013 auxiliary
data are from the station. In this new location, wind is observed at a 10 m tower instead
of the earlier 3m flux measurement mast.

2.3 Data analysis

All the data are measured and presented in UTC time. The solar midday in Tiksi is
around 13:30LT (22:30 in UTC). No conversion to STP was done, since the site is at
a sea level and measurement temperature remains relatively stable around 20 °C.

2.3.1 Data coverage

Due to harsh winter conditions and remoteness of the Tiksi site, in addition to instru-
ment related failures, some of the data were lost in particular during the first two winters
(Fig. S1, in the Supplement). The overall data coverage in our DMPS measurements
was 74 %, but additional 36 % of those were lost in data cleaning. The data coverage
for APS was 30 %, and for meteorological (T, RH, Winds and Radiation) measurements
it was 76 %.

2.3.2 DMPS data inversion, cleaning and quality checking

DMPS data were inverted using measured flow rates and the default temperature of
293K and a pressure of 1 atm, using the routine as described in Wiedensohler et al.
(2012). Briefly, the data inversion routine uses the charging probabilities defined by
Wiedensohler (1989), the transfer functions of Stolzenburg (1988) and takes into ac-
count the theoretical diffusion losses of particles in measurement lines and inside the
DMAs, as well as accounts for the calibrated CPC detection efficiencies.

As a first step, all data were inverted and manually checked for any instrument or
inversion related failures. This data is here referred as all the data available. As a sec-
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ond step, this data was cleaned from any local pollution, which was mainly related
with activities in Tiksi city north from the station. Therefore, the wind direction and
speed were used as an indication and all data during winds from sector 315-45° were
removed, as well as those values measured with wind speeds < 1 ms~'. In addition
to this, occasional short-term peaks, especially when occurring in Aitken mode sizes,
were removed. These peaks might have been caused by variable human activities in
the vicinity of the station, for example the personnel transportation to the station using
motor vehicles.

For the period of about 10 months (03 July 2013—-14 May 2014) of coincident DMPS
and CPC measurements, the quality of data and that of the DMPS inversion routine was
additionally verified by making a comparison of the DMPS total integrated number (in
a size range of 7-500 nm) and the total number measured by the CPC 3772. A median
of CPC number during the size-stepping period of 10 min of the overlapping DMPS
measurements was used in comparison. A least-square-fit of DMPS vs. CPC number
as constrained with a zero-intercept forcing, resulted in a slope of 0.98 with a coefficient
of determination, R-squared, value of 0.92.

2.3.3 Diameter and density correction to APS

The APS measures the aerodynamic particle sizes while the DMPS measures the
particle mobility (equals geometric, assuming a shape factor of one) sizes. The aero-
dynamic diameters of particles (D,) are related to mobility diameters

_ Po CC(Dp)
D, —Daﬁ\/—ccwa), (1)

where p, is the density of D,, in this case the unit density of a sphere (1 gcm‘s), and
Py is the density of D,. The square-root of the ratio of the slip correction terms (C,;) can
be approximated as unity here, since the underestimation due to this is very minor at
the size range of question, D, > 500 nm.
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To combine our observations we still need to approximate the particle density pp,.

As a first approximation, we used a value of 1.59g cm™>, previously reported and largely
used for northern Finland boreal forest site (Saarikoski et al., 2005; Viskari et al., 2012).
The goodness of this approximation was also tested by matching the APS and DMPS
data from the period of overlapping measurements, 16 January—26 November 2013.
The APS data was merged with the time frame of the available DMPS measurements
using averaging when several APS observations were available from the 10 min period
of DMPS measurement cycle. Furthermore, the highest and the lowest 10th percentiles
(based on total concentration) were removed from both the DMPS and APS data, leav-
ing 66 % of the overlapping data available for the analysis. The density correction to
APS changed the lowest measured diameter size from 500 to 410 nm.

The APS showed lower concentrations at the size range where the instruments over-
lap (Fig. S2, in the Supplement). It is likely that the APS under-counts the particles at
its lowest channels, while the DMPS correspondingly suffers from larger statistical er-
rors at its highest channels where the number concentrations are low. Therefore, the
three lowest channels of the APS and the highest of the DMPS were discarded from
the further analysis, leaving a comparison size range from 493 to 658 nm (lower and
upper size limit). A scatter of these data yet resulted in a slope of 1.79 (FF2 = 0.56), the
APS underestimating the particle concentration (Fig. S3, in the Supplement). The slope
appeared to be slightly steeper in warm months (July—August), possibly indicating a de-
crease in particle density. However, since both of the instruments used are known to
have troubles in their overlapping size range, further corrections (e.g. a correction of
a detection efficiency) were not done and thus the coarse mode aerosol concentration
derived based on APS data should be interpreted as a lower limit estimate. All the APS
data shown here are presented in mobility diameters, assuming the particle density of

1.590m’3.
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2.3.4 Calculation of air-mass back-trajectories

Air mass back trajectories at arrival levels of 100, 500 and 1000 ma.s.l. for Tiksi were
calculated using a HYSPLIT 4 model (Draxler and Hess, 1997, 1998; Draxler, 1999).
The National Weather Service’s National Centers for Environmental Prediction (NCEP)
Global Data Assimilation System (GDAS) was used as a meteorological data input for
the HYSPLIT model runs. A new trajectory was started every 3 h calculating 120 h
backwards. Trajectories calculated for different arrival heights showed generally very
similar paths and for example, the overall calculated average fraction of air masses over
the continent was 0.70, 0.68 and 0.69 for 100, 500 and 1000 m heights, respectively.

2.3.5 Clustering of size distributions

Cluster analysis technique was applied to divide particle size distributions into eight
(8) mutually different, but internally similar groups. K-means clustering algorithm, pre-
viously denoted as an efficient and well qualified method for clustering particle size
distributions (Beddows et al., 2009), was used for minimizing the within cluster vari-
ance (sum of squared Euclidean distances from cluster centers). Number of clusters
was chosen based on several test runs with different number of clusters. The initial clus-
ter centroid positions for the iterative algorithm were chosen randomly, which however,
based on several consecutive runs did not affect final cluster composition significantly.

3 Results
3.1 Seasonal cycles of meteorological variables

Meteorological conditions (Fig. 2) in Tiksi display large annual variability that is con-
trolled by alternating periods of polar night (19 November—24 January) and the midnight
sun (11 June—03 August). With respect to the variables analyzed (i.e. temperature, RH,
radiation, winds and air mass origin), the years from 2010 to 2014 had similar seasonal
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cycles. Median temperatures stayed above zero for four months each year between
June and September. This period was also characterized by the highest frequency
occurrence of marine air masses, highest absolute values and variability in relative hu-
midity, and most stable wind speeds with median values extending from 3 to 5 ms™.
A shift occurred in October with the sudden onset of decreased solar insolation result-
ing in temperature shift to below zero. RH decreases were correlated with decreasing
temperature until January—February, after which the increasing solar radiation resulted
in increasing temperature and RH. The cold month winds were primarily as continental
with low frequency occurrence of marine air masses. In October through December,
very high wind speeds occurred with half hour averages of up to 20 ms™" indicating
stormy weather conditions. January through March was the calmest period of the year
with median wind speeds between 1 and 3 ms~". A shift in weather conditions occurs
in April-May with increasing temperatures and stronger winds and the onset of more
frequent marine air flow. Precipitation data was examined from the Russian Roshy-
dromet weather observations for years 2010-2014. During the analysis period, most
precipitation occurred in July—August when the monthly average precipitation amounts
were > 50 mm. The driest seasons were February—May and October—November when
the monthly average precipitation was < 20 mm.

3.2 Number and mass size distributions modal characteristics

To study the impact of different environmental conditions on modal characteristics of
aerosol size distributions, the quality controlled DMPS data (diameter range from 7 to
500 nm) were clustered into eight mutually dissimilar groups using the methodology
explained in Sect. 2.3.5. A median of 1.5h distributions were used in order to catch
the typical features corresponding to different air mass types (3 h time resolution) as
well as to variable meteorological parameters (0.5 h time resolution). To further eluci-
date the differences in spectral shapes of the distributions, each size distribution were
normalized with its maximum concentration (Fig. 3a).
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Clusters 1-3 have the highest average number concentrations with distinct Aitken
modes and relatively weak accumulation modes. Of those three clusters, number 1
have the highest median number concentration (1138 cm'3) and the largest peak mode
diameter (72 nm). For clusters 2 and 3 the median number concentrations are 820 and
501cm™2, and peak mode diameters are 50 and 32 nm, respectively. This group of
clusters appears to best represent summer time aerosol size distributions with differ-
ent degrees of aerosol aging resulting from different passage times over continental
Siberia with cluster 1 representing the most continental air mass and cluster 3 the
least continental air mass. These clusters types occurred only occasionally in winter
months.

Clusters 7 and 8 have distinct accumulation modes (Fig. 3a). These are the two
most prevalent cluster types, occurring during 50 % of the measurement period and
characterized by the lowest average number concentration of < 400 cm™3 (Table 1).
Clusters 7 and 8 are the most common between November and May (Fig. S4, in the
Supplement), which is also reflected in mean meteorological variables calculated for
these clusters (Table 1).

The remaining three clusters: numbers 4—6, are predominantly marine and occured
mainly in spring, summer and autumn months (Fig. S4, in the Supplement) with me-
dian number concentrations ranging from 257-366 cm™. In addition to marine charac-
teristics, these clusters share bi-modal size distributions with strong nucleation modes,
especially in clusters 5 and 6. Cluster 4 is more mixed with continental and aging char-
acteristics that result in an increased peak diameter of the smaller mode to 40 nm. In
contrast to clusters 1-3 where aging increase both the modal peak diameter and the
particle number, in clusters 4—6 the modal peak diameter shifts from <7 nm (Cluster
5), to 20 nm (Cluster 6) and up to 40 nm (Cluster 4), while the number concentrations
decrease. This indicates a lack of additional sources and simultaneous marine aerosol
aging processes such as coagulation and particle cloud processing.

The origin of the air masses corresponding to each of the clusters 1-8 are dis-
tributed between more southerly continental ones and more coastal or regional ones
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(Fig. S5, in the Supplement). Clusters 1, 2, 7 and 8, are the most continentally influ-
enced with mainly southerly air mass origins. Cluster 4 also commonly has air masses
with southerly origins. The most marine cluster types: 3, 5 and 6 do not typically have
air flows from south, but rather from nearby coastal regions that indicate mixing of both
regional continental and marine influences.

Similar clustering analysis was done for normalized mass size distributions, with
assumed particle density of 1.Sgcm_3 (Figs. 3b and S4, in the Supplement; Table 2).
The results show a clear seasonal distinction. APS data were not used in clustering
due to poor data coverage, however, the results for coarse mode (when available) are
presented.

The highest total mass concentrations appear in clusters 1 and 2. These clusters
were mainly observed during winter and early spring, thus possibly connected with
Arctic haze and wintertime inversions of pollutants close to surface. Cluster 8 has lower
concentrations typical of transition seasons when the polar vortex is forming or break-
ing up. Clusters 5 and 6 have the smallest total mass concentrations and are repre-
sentative of marine air masses that occurred mainly during summer months. Cluster
7 is also clearly marine, but occurred in mid-winter and shows increased mass in the
coarse mode, as measured by APS. The fourth somewhat marine cluster is number 4,
which was common in early summer and late autumn, and shows an increased mass
concentration in accumulation mode. In late autumn the possible influence of sea spray
aerosols results in increased particle mass in this cluster. The remaining cluster 3 oc-
curred in all seasons but was relatively rare except during mid-summer and late-winter.
The unique feature of cluster 3 is high mass in Aitken mode sizes.

Based on these particle modal features, four modes: nucleation (7—25nm), Aitken
(25—100 nm), accumulation (100-500 nm) and coarse (> 410 nm from APS, when avail-
able), were identified; these are discussed in following sections.
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3.3 Temporal variability of aerosol number and mass

Total particle number concentrations (Fig. 4a and Table 3) show two annual maxima
in March and in July. A similar interannual cycle is seen for each particle mode sep-
arately, but with differing with magnitudes. For the nucleation and Aitken mode parti-
cles the July maxima are the highest whereas for the accumulation and coarse mode
particles the March maxima are larger. The particle mass concentration maxima in
March became even more dominant and persisted through the months of late winter
and spring (Fig. 4b and Table 3). This indicates the significant influence of Arctic haze,
which primarily increases the larger particle numbers and masses suggesting impacts
via indirect aerosol effects and atmospheric visibility. Similar behavior can also be seen
in seasonally cycles of size distributions where the Aitken mode is the most dominant
only during June—August (Fig. S6, in the Supplement).

Compared to aerosol number size distributions measured in northern Finland at the
Pallas and Varrié Arctic sites (Laakso et al., 2003; Tunved et al., 2003), the distributions
in Tiksi show similar seasonal variability but with lower concentrations throughout the
year. Instead, compared to measurements in more higher latitude Arctic sites at Bar-
row and Zeppelin the number concentration in Tiksi is higher especially during spring
and summer (Bodhaine, 1989; Tunved et al., 2013). The mass concentrations in Tiksi
presents a similar annual variability as those measured at Barrow and Zeppelin sites
but a quantitative comparison between them is difficult due to different methods and
size ranges used (Quinn et al., 2002; Tunved et al., 2013).

Nucleation mode particles are indicative of secondary production processes taking
place in the Arctic. A clear minimum in nucleation mode concentration was observed
in January with increases in concentration with the increasing seasonal solar radiation
indicating a photochemically driven process. Despite the high particle mass during the
Arctic haze period, secondary production of particles also appears to take place as
soon as solar radiation is available. This is opposite to what is seen at the high-latitude
Arctic sites Barrow and Zeppelin (Bodhaine, 1989; Tunved et al., 2013) but similar to
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what is observed at a continental northern Finland Arctic site Pallas (Asmi et al., 2011).
The origin of the nucleating and condensation vapors may therefore be connected with
regional continental sources, in addition to what is contained in the haze itself. However,
the long-range transported haze aerosols are also likely to be important for secondary
particle formation and growth process since after the dissipation of Arctic haze later in
the spring, the nucleation mode concentrations decrease. A second nucleation mode
maximum follows in summer, likely attributable to vegetation related biogenic sources.

Cluster analysis, as described in Sects. 2.3.5 and 3.2, was also performed to sep-
arate the non-normalized size and mass distributions. As a result of this clustering,
most of the data appears to fall into a category of bi-modal number size distributions,
with maxima in Aitken and accumulation modes at sizes 50 and 200 nm, respectively
(Fig. 5a, clusters: 1, 2). Cluster 1 is the most common cluster type observed, it has
both continental and marine influences, and the lowest average number concentra-
tion (212 £ 127 cm‘3) of all the clusters. Cluster 2, which is the second most common
type, is clearly more continental, which results in an increase of the particle number in
both the observed particle modes. The third most common cluster is number 7, which
based on the corresponding meteorological variables (high temperature, relatively low
RH and high radiation) and the air mass source analysis (Table 4), best represents
mid-summer continental air flow. An increase of an Aitken mode aerosols in cluster 2
indicates the proximity of local sources in addition to long-range transport represented
by the accumulation mode.

The most striking feature in Fig. 5a (and Table 4) is the separation of the marine and
continental air with respect to their accumulation mode concentrations. The four most
continental clusters (numbers 2, 5, 6, 7) present higher and similar, accumulation mode
concentrations in comparison to the four most marine cluster types. Where these clus-
ters differ is in Aitken and nucleation mode concentrations. Cluster 5 characterizes the
calmest winter days with continental air with strong inversions and the consequent of
accumulation of pollutants in the Aitken mode. Clusters 6 and 7 are mostly continental,
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and represent conditions with higher temperatures and wind speeds resulting in more
efficient mixing and dilution of air in comparison to cluster 5.

Another prominent feature characterizing the clusters 3, 4 and 8 is large radiation val-
ues and the highest nucleation mode concentrations. It appears that nucleation is more
common in marine as opposed to continental, air masses; this phenomena has been
documented in previous studies (Sogacheva et al., 2008; Asmi et al., 2011). Cluster 8
to 4 and 3 (in this order) show decreasing nucleation mode concentrations correspond-
ing to increasing continental influence, RH and temperature and decreasing radiation.
Increasing RH and decreasing radiation could be linked with cloudiness inhibiting nu-
cleation (Sogacheva et al., 2008; Hamed et al., 2011). Interestingly, nucleation seemed
also less likely with increasing wind speeds which might be explained by more efficient
dilution of nucleating and condensing vapors or scavenging of nucleating clusters. This
further implies that nucleation at Tiksi is connected to sources near the surface, most
likely to biogenic VOC emissions, which requires confirmation by additional analysis.

Mass distribution clusters present a different picture in terms of differentiating air
mass characteristics. The most prevalent clusters in decreasing order are numbers 5,
6 and 7 (Fig. 5b). Of these, only cluster 5 seems to be representative of a marine air
mass with less than 50 % continental influences. In addition, cluster 5 has the lowest
mass concentrations of all the clusters (but also a high variance of concentrations) and
is characterized with the highest humidity, relatively high average radiation and average
temperatures just above zero. The mass size distribution measured by APS for cluster
5 differs from that of the other clusters, showing only one major mode at around 2 pm
size. Interestingly, of all the clusters, this cluster 5 has the highest mass at nucleation
mode sizes. In fact, the inverse correlation of nucleation and accumulation or coarse
mode concentrations is pronounced in all the mass size distribution clusters observed.
Compared to cluster 5, clusters 6 and 7 are clearly more continental leading to an
increased total mass concentration to a corresponding decreased nucleation mode
mass.
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Clusters 4, 3 and 8 all showed elevated mass concentrations, with averages of 65.1,
44.7 and 20.4 ug m~2 (from DMPS only) respectively. They are characterized by strong
continental influences, and high average temperatures, indicating that they occur in
summer continental air flows. Clusters 3 and 4 occurred only on 9 and 11 July 2012 and
represent long-range transport of biomass burning aerosols from southern the Yaku-
tian region, as indicated by MODIS active fire records combined with back-trajectory
calculations. Furthermore, in-situ aerosol absorption measurements indicated elevated
black carbon (BC) concentrations on both of these days. The uncorrected aethalome-
ter data (at: http://www.esrl.noaa.gov/psd/iasoa/) show black carbon concentrations up
to 2ug m~3. Another set of related days inside of cluster 8 are: 26 July, 01—-02 Au-
gust 2012, 25 September 2012, and 12—-13 August 2013. For these days the back-
trajectory calculations also indicate transport from southerly directions, where MODIS
recorded forest fire activity; simultaneously, the measured BC concentration at Tiksi
was elevated to around 1 ug m‘3).

Cluster 2 shows an average mass concentration of 9.8 uygm™", which is less than the
concentrations characterizing the biomass burning event cases, yet higher than con-
centrations typical to Tiksi. Average temperature for cluster 2 is high (14.2 °C), values of
global radiation are the highest and RH is the lowest of all the clusters. It seems there-
fore likely that this cluster represents summer continental air masses that are strongly
affected by biogenic sources and secondary particle formation. Since the process of
secondary particle formation from biogenic precursors is dependent on light providing
the atmospheric oxidizing capacity, the conditions of high radiation and low RH (indi-
cating low cloudiness) are favorable for this process (Hamed et al., 2011). It is therefore
concluded that as a result of secondary particle formation taking place in summer over
Siberian forested areas, the aged accumulation mode aerosols are grown by the con-
densing vapors from the oxidized biogenic volatile organic compounds (VOC) that are
observed in Tiksi, and further grouped in cluster 2. Verification of this hypothesis will re-
quire a more detailed source region analysis with additional measurements of particle
chemical composition.

3

18125

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

ACPD
15, 18109-18149, 2015

Tiksi aerosols

E. Asmi et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/18109/2015/acpd-15-18109-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/18109/2015/acpd-15-18109-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.esrl.noaa.gov/psd/iasoa/

10

15

20

25

Cluster 1 falls between clusters 2 and 7 in prevalence, as well as other characteristic
quantities: mass concentrations, temperature, RH and radiation. It was therefore as-
sumed to contain mixed cases of both, not clearly belonging to either one of the other
two cluster types.

3.4 Seasonal influences on aerosol properties

3.4.1 Continental biogenic sources driving the cloud condensation nuclei
concentrations in summer

Similar to previous observations in the boreal forest zone (Tunved et al., 2006; Asmi
etal.,2011; Vaananen et al., 2013), observations at Tiksi indicate increasing submicron
aerosol particle mass with increasing time over continent (Fig. 6). The increase is larger
by an order of magnitude when temperatures exceeds 0 °C, although at temperatures
< 0°C some increase in aerosol mass can be still be observed with longer time over
continent (Fig. 6b). This is expected considering the strong temperature dependency
of biogenic VOC emissions (e.g., Guenther et al., 2006).

Tunved et al. (2006) showed that the aerosol mass load over the Finnish Arctic
site Pallas depends on the air mass time over the continent and follows a linear fit
y =0.014x + 0.12, where y represents the aerosol mass and x the time spent over
the continent and April-September DMPS data for sizes < 450 nm were used for fit-
ting. Fitting for the Tiksi data was also done using only summertime data and particle
sizes < 500 nm; the resulting fit y = 0.018x — 0.05 (Fig. 7a), indicates a similar or even
higher, mass increase over the Siberian continental region in comparison to Nordic bo-
real forest. Additionally, Tiksi data suggests a quadratic than linear dependence, which
might be a secondary effect of the observed temperature dependence of the conti-
nental air masses. The most continental air masses also possessed the warmest tem-
peratures, therefore it is likely that they originating further from the south, with denser
vegetation as well as higher VOC emission rates (Guenther et al., 2006).
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As a direct consequence of secondary aerosol formation, the number of the largest
particles that are capable of acting as cloud condensation nuclei (CCN), tends to in-
crease. This has been shown for several sites that were characterized by relatively
clean and cold environments and affected by biogenic VOCs by Paasonen et al. (2013).
They also linked the CCN concentrations with measured monoterpenes. In their study
Paasonen et al. (2013) used aerosol number concentration over the limit of 100 nm as
a proxy for the CCN, which will be here referred to as CCN; .

In Tiksi, the CCN;qo, concentration also increased as a function of temperature
(Fig. 7b). While the average CCN;,, concentration remained below 200 cm™ through-
out most of the year, at > 10°C an exponential increase as a function of temperature
was observed. Paasonen et al. (2013) also showed an increase of CCN,q, as a func-
tion of temperature with exponential fits for two Finnish, one Canadian and one Russian
Siberian sites. When CCN,,, was fitted as a function of temperature (T')

CCN;go = aexp(BT) ()

they obtained S values varying between 0.029 and 0.085. Data from Tiksi plotted for
a similar temperature range > 5 °C, shows even a higher temperature dependence with
B value of 0.126 (Fig. 7b). This confirms a major biological contribution to Tiksi aerosol
populations during summer and suggests a strong temperature feedback for aerosols
in Arctic Siberia. Possible reasons for the deviating temperature dependencies ob-
served for the five different sites include differences in the relative importance of other
(anthropogenic) sources as well as the different vegetation types. In comparison to
European boreal forest emissions, which are largely dominated by a-pinene (Rinne
et al., 2000; Tarvainen et al., 2005), Siberian larches emit mainly sabinene (Ruuska-
nen et al., 2007) leading to different oxidation chemistry and consequently different
aerosol yields (e.g., Griffin et al., 1999). In addition to natural vegetation sources, an-
other temperature dependent aerosol source in summer Siberia are the intense fire
events, as already discussed in Sect. 3.3.
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In context of the entire Tiksi annual temperature range, the maximum average
CCN,qg concentration of 1130 cm™ was observed at temperatures > 30°C (Fig. 8a).
However, these extreme hot days are rare in Tiksi and only 13 cases were available for
calculations. The average CCN, o, concentrations were lower in marine in comparison
to continental air masses. The increase of CCN, o with temperature was only observed
in continental air masses, providing further evidence of the importance of continental
biogenic VOC or fire related sources. However, the comparison of continental and ma-
rine air masses is somewhat obscured by the lack of warm Arctic marine air.

The CCN;, concentrations can be compared with the total aerosol number concen-
trations to indicate changes in aerosol number size distributions. Ratio of these num-
bers stayed around 0.5 during most of the year in both of the air mass types (Fig. 8b).
However, during summer (at temperatures above zero), this ratio decreased to close
to 0.1 in marine air masses, thus indicating an increasing total number concentration
caused by the smallest particles. In continental air masses the CCN,,, to number ratio
showed an incremental decrease as a function of temperature in the range of 0-15 °C,
which was followed by a strong increase of CCN;,, with temperature. In a global per-
spective this result can be compared with those of Andreae (2009) indicating that the
CCN and particle number concentrations and their ratios in Tiksi during marine and
continental air flows are representative of remote marine and remote continental sites.

3.4.2 Accumulation of pollutants on calm and cold days

There are many indications in the Tiksi data of a severe pollution occurring during cold
and calm weather. This was studied in detail when wind speeds decreased to values
close to 1ms™" (a threshold for data quality checks) resulting in increasing number
concentrations (Fig. 9). This was particularly true for Aitken mode particles, indicating
an influence from local or regional pollution sources, but CCN,,, concentrations in
accumulation mode were also elevated during the coldest episodes. As these are likely
caused by strong cold-weather inversions, and contain episodes lasting for hours or
even days, it is not clear if these should be considered as local air pollution events
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and removed from the analysis, or rather as more regional pollution occurring over vast
areas in northern Siberia. At wind speeds > 2ms” such pollution episodes become
rare and therefore, in order to exclude them this limit can be used. However, calm days
are common during winter months and their exclusion also removes a large fraction of
wintertime data.

4 Conclusions

Aerosols measured in Tiksi show a large interannual variability in terms of particle
size, number and mass distributions. The monthly median total aerosol number con-
centration in Tiksi ranges from 184 cm™ in November to 724cm™ in July with a local
maximum in March of 481 cm™>. The total mass concentration has a distinct maximum
in February—March of 1.72-2.38 pug m~2 and two minimums in June of 0.42 Mg m~ and
in September—October of 0.36—0.57 g m=°.

The influence of the vast, vegetated Siberian regions on aerosol characteristics is
the most evident in summer when the number concentration reaches a maximum. Re-
sults indicate this is related to secondary particle formation and growth by biogenic or-
ganic compounds, and to some extent also on biomass burning. Both of these sources
increase particle number, but also the mass and the concentrations of cloud conden-
sation nuclei (CCN), thereby being important modulators of the summertime Arctic
climate. Increase of CCN and particle mass are only seen in continental air masses,
and have a strong correlation with temperature.

In winter and spring, the size distributions are dominated by larger accumulation and
coarse mode particles influenced by Arctic haze. Elevated mass concentrations are
measured until April after which another maximum in mass occurs in July—August. The
second mass maximum is lower in amplitude and mainly results from increased accu-
mulation mode aerosol mass distributions rather than coarse mode aerosol mass dis-
tributions. Additionally, during calm and cold winter periods, severe pollution episodes
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can occur due to local inversions leading to an accumulation of particles close to the
surface.

The relative impact of local and regional Arctic sources in comparison to long-range
transportation on the process of new particle formation has not yet been examined.
Nucleation mode particles are frequently observed in Tiksi during early spring and
summer and the formation of these particles is favored in marine air masses. This sug-
gests either a marine source of nucleating vapors or a lower background concentration
and thereby a decreased sink for particles and vapors at a coastal zone.

The results presented here highlight some of the important climate feedbacks re-
lated with Arctic aerosols and sets the stage for quantitative future studies on source
identification.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-18109-2015-supplement.
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Table 1. Total particle number concentration (N), temperature (7), RH, solar radiation (Rad),
wind speed (Ws) and percentage over continental areas (Cont), for different normalized number
size distribution clusters (numbers 1-8, referring to Fig. 3a). Number of cases available for each

cluster is shown in parenthesis below the cluster number. For different variables both average
(upper row) and median (lower row) are calculated, and for total number also standard deviation
is presented.
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Table 2. Total particle mass concentration from DMPS data (M), from APS data (M,pg), tem-
perature (T), RH, solar radiation (Rad), wind speed (Ws) and percentage over continental ar-
eas (Cont), for different normalized mass size distribution clusters (numbers 1-8, referring to

Fig. 3b). Number of cases available for each cluster is shown in parenthesis below the cluster
number, and the number of cases from APS after this. For different variables both average (up-
per row) and median (lower row) are calculated, and for total number also standard deviation is
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Table 4. Total particle number concentration (N), temperature (7), RH, solar radiation (Rad),
wind speed (Ws) and percentage over continental areas (Cont), for different size distribution
clusters (numbers 1-8, referring to Fig. 5a). Number of cases available for each cluster is

shown in parenthesis below the cluster number. For different variables both average (upper
row) and median (lower row) are calculated, and for total number also standard deviation is
presented.
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Table 5. Total particle mass concentration from DMPS data (M), from APS data (M,pg), temper-
ature (T), RH, solar radiation (Rad), wind speed (Ws) and percentage over continental areas
(Cont), for different size distribution clusters (numbers 1-8, referring to Fig. 5b). Number of

cases available for each cluster is shown in parenthesis below the cluster number, and the
number of cases from APS after this. For different variables both average (upper row) and
median (lower row) are calculated, and for total number also standard deviation is presented.
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Figure 1. Location of the Tiksi measurement station. (a) Topographic map insert (United States
Geological Survey, 2015) of the surroundings of the measurement site (station indicated by &
a red dot). (b) The station as seen from outside. (¢) The station interior. §
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Figure 2. Summary of the meteorological conditions during the measurements. The panels 1-4 =
. . - o X Back [
(from top to down) depict temperature, relative humidity (RH), global radiation and wind speed, _é?
depicted with bars showing extremes, quartiles and median values for each of the parameters @
monthly. Wind direction (panel 5) is expressed as percents from sector 45-315° (marine sector)
and from 150-315° (continental sector), leaving out the sector defined as polluted. Air mass
origin (panel 6) is presented as percents of continental (> 70 % during preceding 120h) and
marine (> 70 % during preceding 120 h) air masses, leaving out the mixed air masses. Also &
note that RH is expressed as the ratio of the water vapor pressure to the saturation water §
vapor pressure over water that is a meteorological convention. In freezing winter conditions, & —®
condensation will occur at a lower relative humidity than 100 % (over water) when the vapor is %
saturated against ice. i
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Figure 3. Particle number size distributions for different clusters (no. 1-8) of normalized (a)
number and (b) mass size distributions. x axis shows the particle diameters (m), y axis the
lognormal size distributions normalized with the distribution of maximum concentration in each
cluster (no units). In (a), the reddish colors indicate the four most continental cluster types, as
bluish the most marine. In (b), the reddish colors indicate the four cluster types of warmest
average temperatures, as bluish those of most cold. Triangles mark the two clusters of highest
average total (a) number and (b) mass concentrations and circles those of lowest (in (b); based
on DMPS only). In legend the number of cases for each cluster is given in parenthesis. In (b)
the APS mass size distributions belonging to each of the clusters are presented with separated
lines (when available).

18143

Jaded uoissnosiq

O
(2}
o
c
7
@,
o
=
=
)
°
@
-

Jaded uoissnosiq

(®)
S

Jaded uoissnosiq

ACPD
15, 18109-18149, 2015

Tiksi aerosols

E. Asmi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/18109/2015/acpd-15-18109-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/18109/2015/acpd-15-18109-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
15, 18109-18149, 2015

Jaded uoissnosiq

Tiksi aerosols

b) , E. Asmi et al.
T =
N (7]
£ o
g - c
| o
e P E
SR -
MM‘Z9|113579\||35 D
=
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tremes. Black bars are calculated equally but excluding data measured when wind speed was
<2ms™". Dotted black lines mark the change of a year. —
9
2
(=
(2}
(2}
2.
3
©
e
@

18144


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/18109/2015/acpd-15-18109-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/18109/2015/acpd-15-18109-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

a) ——C1 (7991)
——C2 (2954)
C3 (491)
—=-C4 (83)
—-C5(17)
——C6 (252)
——C7(839)

dN / dLog (Dp) [em™3)]
=)

b)

——Clyg (118)
— G2, (39)
—e—C3,5(0)
—e—Cé, (0)
G5 (1737)
CB g (1689)
€7 (6%8)
—0— CBypg (16)

dM / dLog(Dp) [ug m™3]
3

10° 107 10° 10
Diameter (Dp) [m]

Figure 5. Average particle (a) number and (b) mass size distributions for different clusters
(no. 1-8). In (a) the reddish colors indicate the four most continental cluster types, as bluish
the most marine. In (b) the reddish colors indicate the four cluster types of warmest average
temperatures, as bluish those of most cold. Triangles mark the three most common cluster
types found and circles the most rare ones. In legend the number of cases for each cluster is
given in parenthesis. In (b) the APS mass size distributions belonging to each of the clusters
are presented with separated lines (when available).
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Figure 6. Aerosol total mass (< 500 nm) vs. percentage of time the air mass spent over conti-
nental areas over the last 120 h. Median mass concentration around each back-trajectory (for
every 3h) was used in calculations. In left panel (a) in red are depicted the data measured in
temperatures > 0°C and in right panel (b) those in temperatures < 0°C. Boxes show the quar-
tiles with whiskers extending to extreme data points. On top of each box is the number of cases
used in calculations. Dash red and blue lines are added to guide the eye.
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Figure 7. (a) Average aerosol total mass (< 500nm) as a function of air mass time spent
over land. Color indicates the average temperature for each point. Dashed black line shows the
linear fit and and grey line the quadratic fit, along with the fitting equations obtained. (b) Average
CCN,,, concentration (diamonds) and bars presenting its standard deviation, as a function of
measurement temperature with an exponential fit to the data (R, = 0.97).
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