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Abstract

Four years of continuous aerosol number size distribution measurements from an Arctic
Climate Observatory in Tiksi Russia are analyzed. Tiksi is located in a region where in-situ
information on aerosol particle properties has not been previously available. Particle size
distributions were measured with a differential mobility particle sizer (at diameter range 7—
500 nm) and with an aerodynamic particle sizer (at diameter range 0.5-10 um). Source
region effects on particle modal features, and number and mass concentrations are pre-
sented for different seasons. The monthly median total aerosol number concentration in
Tiksi ranges from 184 cm~—3 in November to 724 cm—3 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—3 and two minimums in June of 0.42 g m~3 and in September—October of
0.36-0.57 g m—3. These seasonal cycles in number and mass concentrations are related
to isolated processes and phenomena such as Arctic haze in early spring which increases
accumulation and coarse mode numbers, and secondary particle formation in spring and
summer which affects the nucleation and Aitken mode particle concentrations. Secondary
particle formation was frequently observed in Tiksi and was shown to be slightly favored in
marine, in comparison to continental, air flows. Particle formation rates were the highest in
spring while the particle growth rates were peaking in summer. These results suggest two
different origins for secondary particles, anthropogenic pollution being the important source
in spring and biogenic emissions in summer. The impact of temperature dependent natural
emissions on aerosol and cloud condensation nuclei numbers was significant: increase of
both the particle mass and the CCN number with temperature was found to be higher than
in any previous study done over the boreal forests region. In addition to the precursor emis-
sions of biogenic volatile organic compounds, the frequent Siberian forest fires, although
far away are suggested to play a role in Arctic aerosol composition during the warmest
months. Five fire events were isolated based on clustering analysis and particle mass and
cloud condensation nuclei number were shown to be somewhat affected by these events. In
additions, during calm and cold months aerosol concentrations were occasionally increased
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by local aerosol sources in trapping 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 consequence
of increased human activities (Richter-Menge et al., 2006|;, Bond et al., |2013). Aerosol par-
ticles 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 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 regions
the aerosol-cloud feedback can be extremely sensitive to aerosol numbers. It was shown
that even a small increase in particle number leads to an increased cloud droplet number
concentration thus affecting the cloud radiative properties but also decreasing the cloud
maximum supersaturation (Asmi et al., [2012). The Arctic clouds, contrary to those occur-
ring 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 interest, 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 suggested 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 composition and
quantities of polar aerosols (Bourgeois and Bey, [2011}; |Liu et al., [2012; |Bond et al., 2013},
Eckhardt et al.l [2015). Several studies suggest that this can be attributed to problems in
treatment of aerosol transport in models, and in particular in wet scavenging processes
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(e.g., Liu et al., [2012). Some recent studies also indicate that a number of sources have
pbeen neglected (Hienola et al., 2013, |Stohl et al., 2013} [Stock et al., 2014). [Eckhardt et
al. (2015) compared the absorbing aerosol concentration measured in Tiksi, Russia with
several models results and found a major discrepancy throughout most of the year where
the measured annual average concentration exceeded that of modeled by 3-fold. This sug-
gests a significant underestimation of black carbon concentration in emission inventories in
Russia, but also highlights the need of more detailed data from this region.

South of the Arctic on the Eurasian side is the vast Siberian region from which knowledge
of aerosol properties is particularly limited. Recently, some studies documenting interannual
variability of aerosol distributions from central Siberia were published highlighting the im-
portance of emissions of biogenic volatile organic compounds (BVOCs) on aerosol number
and mass distributions in Siberian boreal forests (Heintzenberg et al., (2008, 201 1};/Chi et al.,
2013). The impact of BVOC emissions on aerosol numbers and mass, and the temperature
related feedback connected with these emissions, is suggested by previous studies from
other boreal regions (Tunved et al., 2006}, /Asmi et al., 2011} |Paasonen et al., 2013); how-
ever, the relative importance of biogenic emissions for aerosols in the current and future
warming Arctic is still an open question.

In this work, to fill these observational data gaps, we present long-term, high-quality ob-
servations 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 evolu-
tion in terms of source region controls and local weather parameters. Our goal is to assess
the effects of BVOC emissions from Siberian boreal regions and wild fire emissions on
aerosol particle size distributions at Tiksi, as well as to describe the build-up of Arctic haze
in the region. Analysis of the nucleation mode aerosols indicates how secondary sources
contribute significantly to the aerosol particle concentrations under different conditions in
the Arctic.
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2 Methods
2.1 Site description

History and a general overview of Tiksi International Hydrometeorological Observatory is
fully described in |Uttal et al.| (2013). Tiksi meteorological observatory in northern 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 (Na-
tional Oceanic and Atmospheric Administration), 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 Meteo-
rological 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 inhabi-
tants. Meteorological observatory is located 5 km further down to south-west from the city,
separated by a hill, and is about 500 m distance from the coast of the Laptev sea (Fig.
and Fig. S1 in supplement). Airport of Tiksi is further up north from the city and the station.
The site is far north of 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 parameters
(for these, see |Uttal et al.| (2013)), were started in July 5, 2010. Aerosol number size dis-
tribution 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 Aero-
dynamic Particle Sizer (APS model 3321, TSI Inc., USA). For further description of the
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instruments, see section Time resolution of DMPS measurements is set to 10 min
and APS to 5 min.

Both of the instruments are attached to a stainless steel inlet tube with O.D.=16 mm and
I.D.=12 mm. The tube is fixed just above the instrument rack and extending 2 m above the
roof of the building (i.e. 6.5 m above the ground level). The APS inlet is direct from the roof,
with a total length of 2.5 m. The DMPS inlet length is 4-5 m, and the theoretical diffusional
losses for laminar tube flow during the particle transport are taken into account in the data
inversion (Hinds), [1999).

The inlet tube is equipped with an inlet head of a fixed cut-off size of 10 um (BGlI Inc,
USA). The head also protects the instruments from snow, rain and soil contaminants. Flow
through the inlet is kept at a constant 1 m3 h—! with an additional compensating flow, reg-
ulated depending on the total flow of all instruments. For example, when aethalometer with
a flow-rate of 5 LPM was added on line with the DMPS and APS in August 2010, the com-
pensating flow was reduced from 10 to 5 LPM. 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 pressure
sensors allow the control of instruments and data over the span of the year. The 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 weekly.

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.
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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 condensation
particle counter (CPC model 3772, TSI Inc., USA) as a particle detector, with the adjusted
temperature difference between the CPC saturator and condenser of 23 °C and calibrated
to a cut-off size of 7 nm using silver nanoparticles. DMPS sheath flows are controlled by
a blower (Ametek, USA) and regulated with a PID-controller. Aerosol flow rate of 1 LPM
and sheath flow rate of 6 LPM are used. The size range of DMPS measurements was
extended up to 800 nm in May 15, 2012. Further extension of the measurement size range
down to 3 nm was done in July 3, 2013, when the original CPC model 3772 was replaced
with a CPC model 3776 (TSI Inc., USA) . 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 9 LPM, 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 and black carbon

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-1 sonic
anemometer is used for wind and turbulence observations. Up to July 2013, we used aux-
iliary meteorological data measured at the micrometeorological flux cabin located 250 m to
the south from station building. Beginning on July 9, 2013 auxiliary data are from the station.
In this new location, wind is observed at a 10 m tower instead of the earlier 3 m flux mea-
surement mast. To study the homogeneity of wind observations at station and cabin sites,
we excluded calm cases (wind speeds less than 1 m s~ 1), the same way as was done for
the other analysis here. Compared to the wind speed observations at station, wind speed
at the cabin was on the average 71 % (correlation coefficient 0.93) and 79 % (correlation
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coefficient 0.97) lower in summer and winter, respectively. Wind directions were within 30°
in 93 % and 87 % of the cases in summer and winter, respectively.

Black carbon at the station was measured with an aethalometer (Magee Scientific, model
AE31). The instrument has seven wavelengths of which 880 nm is used to determine the
black carbon (BC) mass, assuming a mass absorption cross-section of 16.6 m? g~1. The
wavelength of 880 nm was chosen since longer wavelength are less influenced by the pres-
ence of brown carbon which is not investigated in detail here (Andreae and Gelencér, 2006
Kirchstetter and Thatcher,|2012). The equivalent BC mass concentrations of the aethalome-
ter was used as such although there exists several different correction schemes for the data

2.3 Data analysis

All the data are measured and presented in UTC time. The solar midday in Tiksi is around
13:30 local time (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 instrument
related failures, some of the data were lost in particular during the first two winters (Fig.
S2, 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 293
K 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 account the theoretical
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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 inver-
sion related failures. This data is here referred as all the data available. As a second 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 m s~!. 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 (3 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 minutes of the overlapping DMPS
measurements was used in comparison. A least-square-fit of DMPS versus 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 parti-
cle mobility (equals geometric, assuming a shape factor of one) sizes. The aerodynamic
diameters of particles (D,) are related to mobility diameters

£o CC(DP)
Dyp=Dqg,|— ) (1)

P Pp Cc(Da)
where py is the density of D,, in this case the unit density of a sphere (1 g cm~3), and

pp is the density of D,,. The square-root of the ratio of the slip correction terms (C.) can be
9
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approximated as unity here, since the underestimation due to this is very minor at the size
range of question, D,, > 500 nm.

To combine our observations we still need to approximate the particle density p,. As a
first approximation, we used a value of 1.5 g cm~—3, 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, Jan 16, 2013 — Nov 26, 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 concen-
tration) were removed from both the DMPS and APS data, leaving 66% of the overlapping
data available for the analysis. The density correction to APS changed the lowest measured
diameter size from 500 nm to 410 nm.

The APS showed lower concentrations at the size range where the instruments overlap
(Fig. S3, supplement). It is likely that the APS under-counts the particles at its lowest chan-
nels, while the DMPS correspondingly suffers from larger statistical errors 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 nm to 658 nm (lower and upper size limit). A scatter of
these data yet resulted in a slope of 1.79 (R?=0.56), the APS underestimating the particle
concentration (Fig. S4, supplement). The slope appeared to be slightly steeper in warm
months (July—August), possibly indicating a decrease 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 1.5 g cm~3.

10
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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 m a.s.l. for Tiksi were cal-
culated using a HYSPLIT 4 model (Draxler et al.l [1997]; Draxler and Hess| [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 3h calculating 120h 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 five (5) mutu-
ally different, but internally similar groups. K-means clustering algorithm, previously denoted
as an efficient and well qualified method for clustering particle size distributions (Beddows
et al.,[2009), was used for minimizing the within cluster variance (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 cluster centroid positions for the iterative algo-
rithm were chosen randomly, which however, based on several consecutive runs did not
affect final cluster composition significantly.

2.3.6 Analysis of new particle formation and growth

The four years of DMPS measurements were analysed for new particle formation events
and their characteristics. Days with new particle formation (NPF) were identified from the
data using the methodology as developed by Dal Maso et al.| (2005). According to the
methodology, any days showing particles below 25 nm size range with growth of this nucle-
ation mode are classified as event days. The days with uninterrupted growth starting at the
smallest measurable size of 7 nm where is possible to calculate the NPF related statistics
are further classified as event class I. In contrast, class Il events present more concentra-
11
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tion fluctuations and thereby, the particle growth rates or formation rates are not possible
to calculate. Days of no growth or growth of the larger Aitken mode particles are classified
as undefined days. Days with no particles at nucleation mode sizes are those of non-event
days. Additionally, days with missing or bad data are defined as unclassified.

For class | events, also particle growth rates and formation rates were calculated using
the exact same method as in/Asmi et al.[(2011), for analyzing the NPF in northern Finland.
Particle growth rates (nm h—!) were calculated following the growing mode peak diameter
and the particle formation rates (at 7 nm size) by following the increase of nucleation mode
number concentration with time with a user input of mode maximum diameter. In compari-
son to the analysis presented by Kulmala et al.| (2001), also extra-modal coagulation losses
were taken into account, i.e. losses of nucleation mode particles to bigger particle sizes.
The particle atmospheric diameters were calculated using hygroscopicity parameterisation
for boreal forest conditions as presented by |Laakso et al.| (2004).

3 Results
3.1 Seasonal cycles of meteorological variables

Meteorological conditions (Fig.[2) in Tiksi display large annual variability that is controlled by
alternating periods of polar night (Nov 19 — Jan 24) and the midnight sun (Jun 11 — Aug 03).
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 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 humidity, and most stable wind speeds with me-
dian values extending from 3 to 5 m s~!. A shift occurred in October with decreased solar
insolation resulting 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 conti-
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nental 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 m s~ ! indicating stormy
weather conditions. January through March was the calmest period of the year with median
wind speeds between 1 and 3 m s~1. 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 Roshydromet 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 where
February—May and October—November when the monthly average precipitation was <20
mm.

3.2 Temporal variability of aerosol numbers and mass

Total particle number concentrations (Fig. [3|and Table[) show two annual maxima in March
and in July. For further details on this annual cycle, the particle size distributions were
further divided into four characteristic modes: nucleation (7—25 nm), Aitken (25-100 nm),
accumulation (100-500 nm) and coarse (>410 nm from APS, when available), and annual
cycle of each of these modes was analysed separately. It can be seen that for the nucleation
and Aitken mode particles the July maxima in number 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.[4]and Table[T). This indicates the significant influence
of Arctic haze, which primarily increases the larger particle number and mass concentration
suggesting impacts via indirect aerosol effects and atmospheric visibility. Similar behavior
can also be seen in seasonal cycles of size distributions where the Aitken mode is the most
dominant only during June—August and a strong accumulation mode is observed in spring
months (Fig. S5, supplement).

Compared to aerosol number size distributions measured in northern Finland at the Pal-
las and Varri6 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,
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compared to measurements in higher latitude Arctic sites at Barrow and Zeppelin the num-
ber 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.
Concentration increased again with the increasing seasonal solar radiation indicating a pho-
tochemically 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 (Bodhainel (1989 [Tunved et al., 2013) but similar to what is observed at a conti-
nental 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 concentra-
tions decrease. A second nucleation mode maximum follows in summer, likely attributable
to vegetation related biogenic sources.

3.3 Aerosol size distributions clusters

In addition to the seasonal cycles of aerosol size distribution modes, a number of factors
could potentially produce specific type of number or mass size distributions. To elucidate
any specific size distribution types, and to study the impact of different environmental con-
ditions on modal characteristics of aerosol size distributions, we used cluster analysis as
described in section For this, the quality controlled DMPS data (diameter range from
7 to 500 nm) were clustered into five mutually dissimilar groups using the methodology ex-
plained in section A median of 1.5 hour distributions were used in order to catch the
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typical features corresponding to different air mass types (3h time resolution) as well as to
variable meteorological parameters (0.5h time resolution).

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 50-70
and 200 nm, respectively (Fig. Bp). Cluster 1 has the highest number concentration with
elevated concentrations especially in Aitken mode. An increase of an Aitken mode aerosols
indicates the proximity of local sources in addition to long-range transport represented by
the accumulation mode. Looking at the meteorological parameters in Table [2]it can be seen
that this type of size distributions occur during cold winter days and they coincide with el-
evated black carbon (BC) concentrations, thereby indicating strong inversions inversions
trapping local pollutants originating in combustion sources. Winds are calm and air masses
mainly continental, as during most of the winter. However, size distributions representative
of cluster 1 are rare, and only 70 cases were identified in our analysis. Cluster number
2, which also presents elevated number concentrations, but clearly less severe pollution
episodes, instead are more common and present also on other seasons. In summer, aged
biomass burning aerosols could be included in this cluster type. This is also the cluster
of most continental influences. The remaining clusters numbers 3-5 present more clean
air masses with no local influences, as seen from their lower BC concentrations. Cluster
number 3 is the most common cluster type observed, and it has both continental and ma-
rine influences, and the lowest average number concentration (301 + 243 cm~3) of all the
clusters. Cluster 4 is very specific to strong cases of secondary particle formation as seen
by its high number concentration especially in nucleation mode. Interestingly, this cluster
type contains mostly marine influences, and is connected with high solar radiation, as in-
dicative of photochemical processes. 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). Compared to the other clean cluster
types 5 and 3, cluster 4 has also the lowest values of RH. Increasing RH and decreas-
ing radiation could be linked with cloudiness inhibiting nucleation (Sogacheva et al., |2008;
Hamed et al., [2011). Interestingly, nucleation seemed also less likely with increasing wind
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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. As sec-
ondary aerosols are aged, the particle number concentrations decrease and move towards
larger sizes, which appears to be represented in the remaining cluster number 5. Secondary
particle formation as a source of aerosols in Tiksi will be further analysed in the following
section.

Similar clustering analysis was done for mass size distributions, with assumed particle
density of 1.5 g cm™3 (Figs. [5b and Table . APS data were not used in clustering due to
poor data coverage, however, the results for coarse mode (when available) are presented.

Two first mass clusters, numbers 1 and 2, present cases of extremely high mass con-
centrations with averages of 52.1 and 18.4 ug m~3 (from DMPS only) respectively, and
also elevated BC with concentrations up to 2 g m—3. These clusters are characterized by
strong continental influences, and high average temperatures, indicating that they occur in
summer continental air flows. Cluster 1 occurred only on July 9 and 11, 2012 and represent
strong case of long-range transport of biomass burning (BB) aerosols from southern the
Yakutian region, as indicated by MODIS active fire records combined with back-trajectory
calculations. Further, the days inside of cluster 2 are: July 26, 2012, August 1-2, 2012,
September 25-26, 2012, and August 12—13, 2013. For all 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 19 m~3. Cluster 3 has also elevated mass concentrations and similar average BC to mass
ratios than clusters 1 and 2. Cluster 3 occurs both in early spring and in summer and shows
an average mass concentration of 5.8 g m—3. This is less than the concentrations char-
acterizing the biomass burning episodes, yet clearly higher than concentrations typical to
Tiksi. Average temperature for cluster 3 is high (6.5 °C), values of global radiation are the
highest and RH is the lowest of all the clusters. It seems therefore 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
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biogenic precursors is dependent on light providing the atmospheric oxidizing capacity, the
conditions of high radiation and low RH (indicating low cloudiness) are favorable for this pro-
cess (Hamed et al., 2011). If continental clusters typically have high mass concentrations,
cluster 4 has the lowest mass concentration and is representative of very clean marine air.
It occurs year-round but is the most prevalent during summer and autumn. The last cluster
number 5 is mixed between continental and marine influence. Mass concentration is clearly
increased as compared with cluster 4 but the most interestingly, ratio of black carbon is
about twice as high as in any other cluster. Cluster 5 is mainly observed in early spring and
is therefore likely to best represent the cases of Arctic haze and long-range transported
aerosol influences.

3.4 Secondary particle formation in Tiksi

Secondary particle formation was also identified as an important source of aerosol in Tiksi,
with one example of an event observed plotted in Figure S6, supplement. In section
we have seen that nucleation mode concentrations were elevated particularly during spring
and summer, which already gives indications of the seasonal variability of particle formation.
This process was further studied using the methodology described in section |2.3.6

Firstly, based on|Dal Maso et al.| (2005), we classified the measurement days into event,
non-event and undefined cases, to study the frequency of the particle formation in different
seasons. Monthly fraction of each of these classes is presented in Figure [6| and shows
that secondary patrticle formation in Tiksi is most frequent in early spring (March) and in
summer (June—August). In March a particle formation event is observed on nearly half
of the days and in summer on 30—40 % of the days. Events get less frequent towards
autumn, similar to what is seen on other Arctic site Pallas, in northern Finland (Asmi et al.,
2011). Also seasonal cycle of event frequency resembles that observed in Pallas, however,
particle formation is seen almost twice as frequent in Tiksi in comparison to Pallas site
(Asmi et al.,2011). Compared to another typical boreal forest site in southern Finland, the
event frequencies in Tiksi are comparable but differ slightly in seasonal cycle (Dal Maso
et al., [2005). Similar detailed analysis of secondary particle formation has not been done
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for any other Arctic sites. However, based on aerosol modal variability, events at the Arctic
Zeppelin station appear to follow seasonal pattern similar to Tiksi and Pallas (Tunved et al.,
2013).

Even if events in Tiksi were frequent, class 1 events starting at 7 nm size and showing
a well defined growing mode, were rare. For this reason the particle formation and growth
rate parameters were also calculated for as many class 2 events as was feasible (remaining
were classified as class 3, see Fig. [6). The inter-annual cycle of particle formation and
growth rates were clear (Fig. 7| and Table . Growth rate maximum (3.6 nm h—1) was in
July and minimum (0.1 nm h~1) in December. Average growth rates of over 2 nm h—! were
only seen in summer months: June to August, suggesting an important role of biogenic
emissions as well as photochemistry for compounds responsible for the growth. This is
similar to what has been observed on other boreal forest sites (e.g., | Tunved et al., 2003}
Dal Maso et al.,|2005|; |/Asmi et al., 2011). However, compared to other measurement sites
closer to forested areas, particle growth rates in Tiksi were lower, and especially in autumn
and winter, many examples of extremely low growth rate were observed. Nucleation mode
particles with very limited growth have also been observed during polar night in Antarctica
(Jarvinen et al., 2013 |Weller et al., 2015).

Particle formation rates, instead, were peaking in early spring, with maximum value of
0.25 cm~3 s1 observed in March. During winter, in the lack of photochemistry, particle
formation rates were extremely small, being only around 0.01 cm~3 s~1. This annual cycle
is in line with previous observations (e.g., |IDal Maso et al., [2005; Asmi et al., 2011) and
suggests that the same precursor compounds that lead to the formation of Arctic haze (i.e.
S02) also contribute to the regional-scale NPF events during spring.

Comparing class 1 and class 2 formation and growth parameters, the class 1 events are
stronger and also present higher particle growth rates (Table [4). For class 2 events the
presented formation rates are the lower estimates while a new mode did not always appear
at the lowest measurable 7 nm size. The seasonal cycle however is similar to both event
classes.

18

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

TodeJ uOISSNOSI(]

TodeJ UOISSNOSI(]



20

25

Finally, the origin of air masses on event days and non-event days was studied (Fig. [8).
Indeed, it appears that on non-event days continental air flows are typical, while on event
days such a tendency is not detected. On event days, coastal and marine air masses seem
to be slightly more common, as compared with non-event or undefined days. But the origin
alone seem not to divide the days that clearly it would provide a plausible explanation for
particle formation. Neither it gives a clear indication of the origin of the secondary particles,
weather they are continental, coastal or marine.

3.5 Continental biogenic sources driving the cloud condensation nuclei concentra-
tions in summer

Similar to previous observations in the boreal forest zone (Tunved et al., 2006; Asmi et al.,
2011}, Vaananen et al. 2013), observations at Tiksi indicate increasing submicron aerosol
particle mass with increasing time over continent (Fig. [9). The increase is larger by an
order of magnitude when temperature exceeds 0 °C, although at temperatures <0 °C some
increase in aerosol mass can be still observed with longer time over continent (Fig.[9p). This
is expected considering the strong temperature dependency of biogenic VOC emissions
(e.g.,|Guenther et al., [2006).

Another temperature dependent feature affecting aerosols in Tiksi are the frequent Siberian
fires (BB events). Results of the clustering analysis were used to assist in separating the
four BB event cases observed in summer 2012 and the one BB event case in summer 2013,
to isolate their impact in overall result. Aerosol mass and number concentration addition with
and without inclusion of these events was analyzed separately.

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 [ug m~3] and x the time [h] spent over the continent
and April-September DMPS data for sizes < 450 nm were used for fitting. 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.[10R), indicates a similar or even higher, mass increase
over the Siberian continental region in comparison to Nordic boreal forest. Exclusion of
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BB events decreased the slope from 0.018 to 0.016, yet it must be kept in mind that only
the impact of the strongest five events was studied here. Additionally, Tiksi data suggests
rather exponential than linear dependence between aerosol mass and time over continent;
Exponential fit results in improvement of R, value from 0.84 to 0.93 (and from 0.88 to 0.94
for no-BB cases). This might be a secondary effect of the observed temperature depen-
dence of the continental air masses. The most continental air masses also possessed the
warmest temperatures, therefore it is likely that they originate further from the south, with
denser vegetation as well as higher VOC emission rates (Guenther et al., [2006).

As a direct consequence of secondary aerosol formation, the number of the largest parti-
cles that are capable of acting as cloud condensation nuclei (CCN), tends to increase. This
has been shown for several sites that were characterized by relatively clean and cold envi-
ronments 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 CCNyqp.

In Tiksi, the CCN1gg concentration also increased as a function of temperature (Fig. ).
While the average CCN1go concentration remained below 200 cm—3 throughout 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 CCNgg as a function of temperature
with exponential fits for two Finnish, one Canadian and one Russian Siberian sites. When
CCNjgo was fitted as a function of temperature (7T')

CCNloo = aexp(BT) (2)

they obtained (3 values varying between 0.029 and 0.085. Data from Tiksi plotted for a sim-
ilar temperature range > 5°C, shows even a higher temperature dependence with 5 value
of 0.126 °C~1 (Fig). Again, exclusion of BB events did not change the 3 value signifi-
cantly, yet the data follow better the exponential fitting line when strong BB events are not
included. This confirms a major biological contribution to Tiksi aerosol populations during
summer and suggests a strong temperature feedback for aerosols in Arctic Siberia. Possible

20

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

TodeJ uOISSNOSI(]

TodeJ UOISSNOSI(]



20

25

reasons for the deviating temperature dependencies observed for the five different sites in-
clude 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 (Ruuskanen et al., [2007) leading to different oxidation chemistry and
consequently different aerosol yields (e.g., [Griffin et al., [1999). In addition to natural vege-
tation sources, another temperature dependent aerosol source in summer Siberia are the
intense fire events which based on (Fig[10p) appear to increase the CCN1go numbers oc-
cassionally.

In context of the entire Tiksi annual temperature range, the maximum average CCNjgg
concentration of 1130 cm~3 was observed at temperatures >30 °C (Fig). However,
these extreme hot days are rare in Tiksi and only 13 cases were available for calculations.
The average CCN;gg concentrations were lower in marine in comparison to continental air
masses. The increase of CCNygp 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 marine air masses is some-
what obscured by the lack of warm Arctic marine air.

The CCNjgo concentrations can be compared with the total aerosol number concen-
trations to indicate changes in aerosol number size distributions. Ratio of these numbers
stayed around 0.5 during most of the year in both of the air mass types (Figure [T1p). How-
ever, 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 CCN1gp to number ratio showed an incre-
mental decrease as a function of temperature in the range of 0—15 °C, which was followed
by a strong increase of CCNjpg with temperature. In a global perspective this result can
be compared with those of |/Andreae| (2009) indicating that the CCN and particle number
concentrations and their ratios in Tiksi are well representative for either remote marine or
continental site, depending on the air mass origin.
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3.6 Accumulation of pollutants on calm and cold winter 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 closeto 1 m
s~! (a threshold for data quality checks) resulting in increasing number concentrations (Fig.
S7, supplement). This was particularly true for Aitken mode particles, indicating an influence
from local or regional pollution sources, but CCN;gg 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 and removed from the analysis,
or rather as more regional pollution occurring over vast areas in northern Siberia. At wind
speeds > 2 m s~ 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 seasonal variability in terms of particle size, num-
ber and mass distributions. The monthly median total aerosol number concentration in Tiksi
ranges from 184 cm~3 in November to 724 cm~—3 in July with a local maximum in March of
481 cm~3. 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.

Detailed analysis of secondary particle formation events in Tiksi during 2010-2014 showed
that this process takes place on nearly 50 % of the days in March and on 30—40 % of
the days during summer (June—August). Some sporadic events are also observed during
dark winter months, providing evidence that the formation of secondary particles can take
place even in the lack of photo-chemistry. Particle formation rates are the highest in spring
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(March—May) while the growth rates are the highest in summer (June-August). This sug-
gests that there are effectively two types of particle formation events: 1) the high formation
rate events in early spring, originating in the oxidation of anthropogenic emissions accumu-
lated over winter, where the source is essentially the same as for the Arctic haze, and 2)
the summertime high growth rate events, which are likely driven by BVOC oxidation in the
presence of low-sink.

The influence of the vast, vegetated Siberian regions on aerosol characteristics is the
most evident in summer when the number concentration reaches a maximum. This is re-
lated to secondary particle formation and growth by biogenic organic compounds, and to
some extent also on biomass burning. By using a cluster analysis, five strong fire events
were isolated showing that biomass burning can have an impact all the way north in the
Arctic. Biogenic and biomass burning related sources increase particle number, but also
the mass and the concentrations of cloud condensation nuclei (CCN), thereby being impor-
tant 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.

The total mass concentration has a distinct maximum in February—March of 1.72-2.38
pg m—3 and two minimums in June of 0.42 g m~3 and in September—October of 0.36-0.57
pug m~3. 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 sec-
ond mass maximum is lower in amplitude and mainly results from increased accumulation
mode aerosol mass distributions rather than coarse mode aerosol mass distributions. Ad-
ditionally, during calm and cold winter periods, severe pollution episodes can occur due to
local inversions leading to an accumulation of particles close to the surface.

The results presented here highlight some of the important mechanisms that control
Russian Arctic aerosol size distributions and sets the stage for quantitative future studies
on source identification.
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Figure 1. Location of the Tiksi measurement station. a) Topographic map insert (United States 9
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. @,
-
=
-

"United States Geological Survey, Global Multi-resolution Terrain Elevation Data 2010, available
at http://earthexplorer.usgs.gov/, last access: 6 May 2015.
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Figure 2. Summary of the meteorological conditions during the measurements. The panels 1—4
(from top to down) depict temperature, relative humidity (RH), global radiation and wind speed, de-
picted 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 120h) 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.
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Figure 4. Temporal variability of aerosol total (7-500 nm) and coarse mode (> 410 nm) mass
concentration, from top to bottom correspondingly. Red bars show quartiles for each month of data
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available and whiskers the extremes. Black bars are calculated equally but excluding data measured

when wind speed was < 2 m s~ 1. Dotted black lines mark the change of a year.
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Figure 5. Average particle a) number and b) mass size distributions for different clusters (nro:s 1—
5). Crosses mark the most common cluster type found, in both a) and b). In b) the APS mass size
distributions (at >410 nm sizes) belonging to each of the clusters are also presented for times when

available.
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Figure 6. Classification of particle formation events into classes: 1 (strong event), 2 (weaker event
but calculation of growth rate (GR) and formation rate (FR) possible), 3 (weak event, not possible to
calculate GR and FR), undefined and non-event day. Fractions of different type of events are shown
monthly for the whole period of measurements of about four years. More details on classification is

found at|Dal Maso et al.| (2005).
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Figure 7. Monthly averages of particle growth rates (green) and formation rates (blue) for all class
1 and class 2 events. Note: particle formation rates were calculated for the lowest observed particle
size, which was not however in all cases the lowest measurable size of 7 nm.
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a) b) c)

no nucleation nucleation undefined

Figure 8. Back trajectories for air masses in non-event days (a), at the start of the NPF events
(b), and at 11am local time in undefined days (c). Figures a), b), and c) consist of 551, 259 and
244 individual trajectories, respectively. The trajectories were calculated using HYSPLIT 4 (Draxler
and Hess, [1998) with an arrival height of 500 meters above ground level calculated 120 hours
backwards in time. The color coding of the figure represents the number of trajectories that have
passed over a geodesic hexagon on the map. Each trajectory coordinate was associated with a
specific hexagon according to the minimum distance of a trajectory coordinate to the centroid of
the grid cell. Trajectories residing over a grid cell is calculated once in order to circumvent weighing
due to residence time over grid cells. The color coding of the figure is logarithmic with red depicting
frequently passed grid cells while the cooler colors represents infrequent trajectory overpasses.

39

1ode uorssnosyq | 1odeq uotssnosyq | 1ode g UOISSNOSI(T

Iode UOISSNOSI(]



a) 4q? b) 10
244 206 345 329 258 227 198 246 198 9% [F94 477 342368 327 314 393 450 522 2864]
T
r 1
' 1
. T
1 1
10' . e 10’ -
- - : ot — L 1 !
? . T Tyt ? 1 T
1
= T T : ! : = : [ !
@ LI I | @
G i1 S R EE
]
© ' .! L : 5 1 : '
3 e [T T 3 v ! o : !
© ... ! : 1o : @ 1o : : 1 : : ! :
- L R R A A
10 L : : I 10 F, : : T : 4t
b : n .I.: ! : v ! : Vot
R
1 1 o i1
peoo s
L T>0°C St "': T<0°C
107 0 105 00

. 2 A 1
Timzesover csxgntine%? [%] 10 T|mesover c?c?nnnen?[%]

Figure 9. Aerosol total mass (< 500 nm) versus percentage of time the air mass spent over conti-
nental areas over the last 120 hours. 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 tem-
peratures >0 °C and in right panel (b) those in temperatures <0 °C. Boxes show the quartiles 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 10. a) Average aerosol total mass (< 500 nm) as a function of air mass time spent over land.
Circles with grey borders present all data and circles with black borders data without significant
BB influence (i.e. data belonging to mass clusters indicative of biomass burning are not used; for
reference, see Figure [Bp). Colors inside circles indicate the average temperature for each point.
Dashed grey and black line show the linear fits (R,=0.84 for all data; R,=0.88 for no BB) to data
points along with the fitting equations obtained. b) Average CCN;oo concentration calculated from
all data (blue squares) and from data without significant BB influence (purple diamonds), plotted as
a function of outdoor air temperature with a exponential fits to the data (R,=0.97 for all data; R,=0.98
for no BB). Bars around averages present the standard deviation.
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Figure 11. a) Average CCNyg9 concentration as a function of measurement temperature. Different
bars present cases calculated using all data (dark grey), continental data (green) and marine data
(blue). The numbers on top of each bar show the amount of DMPS data available for each total,
continental and marine cases, from top to down, which is equal also for figure b). b) Average CCNjg
to CN ratio as a function of measurement temperature. Different bars present cases calculated using
all data (dark grey), continental data (green) and marine data (blue).
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Table 1. Average and median number and mass concentrations for different months. First column
indicate the month and second column (N) the amount of data used in averaging for DMPS and APS
instruments. The foIIowmg columns present monthly average (NTO, Nnu, Nar, Nac, Noo, Mro,
MCO) and median (NTO, NNU, NAI, NAC, NCO, MTO, MCO) values calculated for total (7—500
nm), nucleation mode (7—25 nm), Aitken mode (25—-100 nm), accumulation mode (100-500 nm) and
coarse mode (> 410 nm) number and for DMPS and APS total mass, respectively.

| 1odeq uorssnosiq

1odeJ uoISSNOSI(T

Month ‘ N(OMPS/APS)  Nro (Nro)  Nyu (Nnu)  Nar(Nar)  Nac (Nac)  Neo (Neo)  Mro (Mro)  Mco (Mgoy—

[cases] [em—3] lem 3] lem ™3] fem ™3] [em—3] lugm™3] lugm=3]

1 4534/1734 469 (200) 36 (10) 297 (69) 139 (112) 5.3 (5.0) 1.38 (1.24) 1.60 (1.07) @
2 4070/1680 639 (329) 83 (27) 370 (119) 222 (182) 7.4 (6.3) 2.03 (1.72) 1.72(1.64) &£
3 4825/2472 762 (481) 146 (19) 358 (140) 276 (267) 5.0 (4.8) 2.60 (2.38) 1.69 (1.36)
4 7470/7512 725 (396) 130 (14) 341 (123) 258 (222) 4.3 (4.0) 2.18 (1.89) 1.74(1.31) 2
5 9903/6028 529 (222) 89 (12) 259 (69) 185 (113) 3.5(1.8) 1.59 (0.96) 1.18(0.70) =-
6 7776/4656 620 (327) 142 (26) 338 (147) 144 (71) 1.2(0.7) 0.95 (0.42) 0.34(0.24) =
7 10701/9267 970 (724) 172 (35) 567 (343) 241 (102) 1.0 (0.4) 1.94 (0.60) 1.01 (0.32) g
8 11570/9572 590 (383) 111 (19) 322 (161) 160 (90) 4.3(1.1) 1.41 (0.56) 1.15(0.48) o
9 12651/6606 324 (222) 61 (18) 160 (98) 105 (60) 1.0(0.7) 0.83 (0.36) 0.74 (0.46) "=
10 11950/7627 302 (227) 64 (21) 150 (98) 90 (76) 1.5(1.1) 0.70 (0.57) 1.39 (0.45) _2
1 8534/9910 280 (184) 38 (15) 143 (68) 106 (98) 4.0 (3.1) 1.04 (0.94) 1.70 (O 83) .
12 2891/0 415 (253) 71 (23) 220 (84) 126 (116) - 1.35 (1.33)

w)

=
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Table 2. Total particle number concentration (N), temperature (T), RH, solar radiation (Rad), wind
speed (Ws), percentage over continental areas (Cont), and black carbon mass concentration (un-
corrected) (BC) for different size distribution clusters (numbers 1-5, referring to Fig. [Ba). 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.

TodeJ UOISSNOSI(]

Cluster nro N T RH Rad Ws Cont BC
(cases) [ecm~3] [°C] [%] Wm™2] [ms™] [%] [ngm™3]
1 5967 + 2237 -18.2 69 136 2.1 75 360
(70) 5272 -25.6 67 16 1.4 84 327
2 2490 + 749 -3.7 67 181 2.8 77 214
(536) 2360 8.9 67 80 1.8 86 145
3 301 + 243 -59 80 106 5.0 63 127
(10187) 240 -3.4 81 22 4.3 69 44
4 4941 2699 5.6 70 402 2.7 51 123
(84) 4214 25 71 410 2.5 43 86
5 1193 + 443 0.6 73 171 3.5 70 119
(1758) 1104 66 76 88 2.9 75 46
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Table 3. Total particle mass concentration from DMPS data (M), from APS data (M 4 ps), temperature
(T), RH, solar radiation (Rad), wind speed (Ws), percentage over continental areas (Cont), and black
carbon mass concentration (uncorrected) (BC) for different size distribution clusters (numbers 1-5,
referring to Fig. [Bb). 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.
Cluster nro M Maps T RH Rad Ws Cont BC
(cases/APS) | [ugm™3  [ugm™3] [°C] [%] Wm™?] [ms '] [%] [ngm]
1 52.1 £ 10.7 - 17.0 81 14 4.4 95 1674
(11/0) 47.4 - 17.6 84 10 4.8 100 1551
2 1844+40 784+06 15.1 76 136 3.5 93 734
(43/16) 19.2 7.8 17.0 85 68 3.2 100 745
3 58+1.7 1.7+1.3 6.5 70 176 4.8 93 207
(676/269) 5.3 1.4 7.8 74 100 4.4 100 135
4 06+04 08+14 -3.8 81 115 4.6 55 75
(8438/3001) 0.5 0.4 -05 82 30 4.0 50 21
5 23+0.7 16+21 -106 74 122 4.8 81 233
(3467/1009) 2.1 1.1 95 74 20 3.7 98 132
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Table 4. Secondary particle growth rates and formation rates in different months. First column in-
dicate the month. Second column (GR) and third column (FR7) show the particle growth rate and
formation rate parameters calculated for class1 events only. Forth column (GR 4 1) and fifth column
(FRAarL) present the growth rate and formation rate parameters calculated for all the events (class2
included). Values in each column present the monthly averages with standard deviations followed

by the medians in parenthesis.

Month | GR+STD(GR) | FRy7 4 STD(FRy)

GRapr £STD(GRALL)

FRaorp +STD(FRALL)

[t:m*3 5*1]

[nm hfl] [L:m73 sfl]
1 — -
2 - —_
3 154+ 0.3(1.4) 0.40 + 0.32 (0.22)
4 32+ 1.1(2.6) 0.46 £ 0.25 (0.35)
5 3.31+0.8(3.4) 0.90 =£ 0.50 (0.89)
6 3.8+ 1.6(3.9 0.19 + 0.11 (0.17)
7 4.8 +£27(3.9) 0.30 £ 0.24 (0.19)
8 3.6 1.8 (3.1) 0.19 £ 0.13(0.18)
9 4.0+ 1.6 (4.5 0.10 £ 0.07 (0.09)
10 3.6 £ 0.0 (3.6) 0.06 + 0.00 (0.06)
11 - -
12 - -

0.02 = 0.00 (0.02)
0.02 + 0.01 (0.03)
0.25 =+ 0.24 (0.19)
0.41 + 0.54 (0.26)
0.21 = 0.42 (0.01)
0.06 + 0.08 (0.03)
0.14 + 0.18 (0.09)
0.11 + 0.17 (0.05)
0.04 + 0.05 (0.01)
0.03 + 0.04 (0.01)
0.01 =+ 0.01 (0.01)
0.01 =+ 0.00 (0.01)
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