Author’s Response to Reviewers

Dear Prof. Kerminen,

Please find enclosed our detailed answers to both of the reviewers. Any significant
changes made are also highlighted in the new manuscript version following the reviewer
replies.

We thank you for excellent collaboration and we hope you find our answers satisfactory.



Our answers to Anonymous Referee #1

We greatly thank referee for their comments and wish to acknowledge the excellent and
very detailed work done for reviewing our manuscript which helped us to improve it and
clarify the results. We modified the manuscript according to the suggestions as detailed
below and we hope that referee finds our revisions satisfactory.

MAJOR COMMENTS

I. First of all, the clustering of DMPS data seems counter-intuitive. First data are
clustered, then a combination of factors is proposed why the clustering produces the
observed results. Why not use those factors (season, air mass origin, wildfires, etc) as
parameters to sort the size distribution data? While clustering can be a useful tool (eg for
trajectories), its advantages over a more intuitive approach seem unclear in this case. Why
group data around a mathematical concept when actual, physical parameters are readily
available? Unfortunately, the clustering itself is hardly described at all in the manuscript;
it is thus hard to assess the (presumably existing) deeper motivations for this approach.
Also the clustering results produce more questions than answers. While data points inside
a cluster should be rather similar, the numbers in tables 1 and 2 suggest that inner-cluster
variability with regards to N is as large or at times even larger than inter-cluster
variability. Of course this is a result of normalizing the data, BUT: the reader cannot
assess variability with regards to size distribution shape as this information is not given
(figure 3). And this would be the point of all the normalizing, right? Especially terrible is
the number of cases in some clusters in tables 4 and 5. When some clusters have 8000
cases and others merely 8 the discussion of differences between clusters doesn’t seem all
that relevant. I find it highly doubtful if those are clusters in the actual meaning of the
word at all. They seem merely singular cases which don’t represent much else than
themselves. Finally, four (4) different clusterings of the same data that are not based on
actual physical characteristics seem a not-too-great idea when it comes to manuscript



readability. Just compare "the normalized number cluster 6" to "the spring-time
continental aerosol under cloudy conditions"; only one of those has some tangible
meaning. In any case, the manuscript attempts to characterize the clusters in those terms -
why then not start with them in the first place? I would very much prefer the manuscript
without the whole cluster business. I know this would mean substantial changes but I’'m
really not a fan. And considering the above issues it might be the easiest solution.

OUR ANSWER: The idea of clustering was to present the variability in size distributions
in Tiksi and to find different type of size distributions to see if those are related with any
physical parameters: e.g. if a distribution of strong nucleation mode is more frequent in
marine in comparison to continental air mass, and to what type of weather parameters
certain modes are usually connected. Making this analysis starting from physical
parameters as referee suggests, i.e. plotting distributions for a range of weather
parameters, or for a range of air mass origin, for us seems more to create a big mess,
instead of creating something useful. Since most of the data present quite homogeneous
bi-modal distributions, it’s likely that those would be dominating the analysis. So in this
matter, we don’t agree with the referee. We do agree that the observations could be more
equally distributed into different clusters, but again, if the data are quite homogeneous
with some ‘events’ only changing the distribution shape, then for us this is a result as
well.

We also agree with referee that clustering got way too much emphasis in the manuscript.
For this reason, we cut most of this analysis out, and made only one tiny clustering
experiment with five (5) clusters found. Additional parameter of aerosol black carbon
concentration was added to explain these clusters. And eventually, we used these clusters
to pin-point the size distributions connected with different events, further analysed later in
the manuscript (i.e. fire events, inversions, secondary particle formation). We hope that
referee finds our solution is improving the manuscript quality.



II. Given that the manuscript is not terribly huge, I wonder why new particle formation is
kinda completely ignored. The abstract promises "valuable information on [...] sources of
Arctic aerosols." Surely NPF is a source?

OUR ANSWER: We agree. Our original idea was to focus on size distributions and only
present the different sources, not to thoroughly analyse them in one manuscript. But by
cutting out some of the cluster analysis, we could add a chapter making a complete
analysis of new particle formation including event frequencies, and particle formation and
growth rates. This is actually a very interesting addition to the manuscript, also to our
view.

III. Wildfires. Given that they raise pollution levels to almost Chinese levels (page C6050
18125) I wonder why the manuscript doesn’t include a proper investigation dedicated to
them.

OUR ANSWER: Thank you for this suggestion, which is good indeed. However, we find
that this could be a topic of future manuscripts since making this analysis in fact needs a
lot more additional data (gases, satellite products), and is absolutely out of the scope of
this manuscript. Here, we just wish to present that these wildfires have potential to affect
size distributions also in the Arctic, but not yet to make a complete analysis to give
quantitative numbers of their effect. We hope that referee understands this choice. To
improve the manuscript in this respect, we however separated those wildfire cases which
clearly came out in clustering analysis, using them as examples of the impacts of wildfires
(e.g. in Fig. 10 in revised manuscript, Fig. 7 in previous). Now the impact of those
isolated wildfire cases for particle mass and CCN numbers are analysed separately. We
hope that this further emphasizes the point we’re making.

IV. The supplementary information is technically extremely poor. Unzipping produces
(among other things) an eps file of gargantuan proportions (100+ MB). And the captions



are somewhere else. Just make it a nice and easy pdf file with all the information in one
place.

OUR ANSWER: Yes, we apologize for this. Now the supplementary is all presented in
one pdf.

DETAILED COMMENTS

1. The abstract has all those numbers, it thus also needs information on the DMPS
size range.

REPLY: This was added.

2. Is arctic haze an aerosol source? I would rather call it a phenomenon.
REPLY: Yes, we agree, this is corrected.

3. 18110/11: "biogenic emissions in summer which affects the smaller, nucleation and
Aitken mode particles." - should maybe be: "biogenic emissions in summer which affect
the nucleation and Aitken mode particle concentrations." or so

REPLY: Yes, modified. The sentence is now: “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.”

4. 18110/14: "significant” - how significant? 50%? 100?

REPLY: This was clarified with an additional sentence: “increase of both the particle
mass and the CCN number with temperature was found higher than in any previous study
done over the boreal forests region.”



5. 18110/17: "nearby" -> "local"
REPLY: Corrected.

6. 18113/16: "theoretical diffusional losses during the particle transport are taken into
account in the data inversion." - while i agree that this is somewhat trivial and doesn’t
need equations and such, at least a reference would be nice.

REPLY: Reference to Hinds, 1999 was added and a mention that the losses for laminar
flow were calculated.

7. 18114/2: "charge of the regular maintenance done weekly" - what is this regular
maintenance?

REPLY: This is basically just adding butanol to CPC and checking that flow rates are ok
and concentrations seem reasonable.

8. 18114/4: "quality checked weekly" - what is this quality check?
REPLY: This is a visual inspection of inverted data and all measurement parameters (T,
RH, pressure, flows, etc.).

9. section 2.2.1: the nominal cut-off of the 3772 is 10 nm if memory serves correctly. how
do you measure down to 7 nm? sure, most readers can guess. but it should still be
mentioned.

REPLY: Yes, the temperature difference between saturator and condenser was modified
to 23C to reach a cut-off of size of 7 nm. This was verified in calibrations using silver
nanoparticles. This explanation was added in manuscript text.

10. 18115/1-5: so how do the data differ? i suppose you have some overlap where data
from both locations are available.

REPLY: We compared the winds for these two locations and added some text on the
results of the comparison: To study the homogeneity of wind observations at station and



cabin sites, we excluded calm cases (wind speeds less than 1 m/s) 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 0.934) and 79 %
(correlation coefficient 0.972) lower in summer and winter, respectively. Wind directions
were within 30 degree in 93 % and 87 % of the cases in summer and winter, respectively.

11. 18115/14: "additional 36%" - 36% of 74% or 36 %-points?
REPLY: 36% of 74%

12. 18117/about the APS: you focus on a comparison of counting efficiency. how do you
know that APS sizing is reliable? and if it isn’t, what sort of error does this introduce?
REPLY: By experience, the APS was calibrated and the flows were regularly checked.
We believe the APS is accurate in measuring the aerodynamic size of the particles,
however, for different atmospheric compositions it’s generally known that the detection
efficiency in lowest channels can be poor.

13. 18119/4: "median values extending from 3 to Sms-1." - what exactly does this mean?
daily medians? weekly? monthly? i also wonder if the std.dev wouldn’t be a better metric
to describe how stable wind speeds have been.

REPLY: Stable here refers to the lowest quartiles as presented in Fig. 2. Median is the
median of all the observations.

14. 18119/5: "sudden onset" - i don’t see anything sudden in the figure. and really, why
would there be?
REPLY: Agree, wording was changed removing “sudden onset”.

15. 18119/6: "RH decreases" - this all refers to RH_water, right? or is the picture the same
for RH_ice?



REPLY: Yes, it’s RH with respect to water, and we do understand that with respect to ice
would change the picture completely.

16. 18119/12: "median wind speeds" - median what? daily? weekly? monthly?
REPLY: Median of all the observations, which were taken in half an hour averages.

17. 18119/26: "each size distribution were normalized with its maximum concentration"
- what does that mean? i.e. what is the max. concentration? the bin with the highest
concentration? is that really the best way to bring out differences in size distribution
shape? why not use total N instead?

REPLY: Yes, it’s the bin with maximum. But in revised manuscript normalized size
distributions are no longer presented or used.

18. 18120/3: what’s the "peak mode"? i mean, it is quite intuitive but i don’t think it’s
actually a thing. if it is, as i assume, the mode with the highest concentration, than one
should probably say that the highest concentrations are found in the aitken mode which
has a diameter of xx nm. or whatever.

REPLY: Agree. Term ‘peak mode’ is no longer used in revised manuscript.

19. 18120/first paragraph: the paragraph really doesn’t say anything about nucleation?
simply looking at the numbers, one would think that those clusters represent different
times after nucleation with 3 being the freshest and 1 the oldest. or is there a reason
not to think that way?

REPLY: Yes, agree. But again, this analysis was completely removed from revised
manuscript.

20. 18120/2nd paragraph: these lines just state the minimum information from the
figure. some interpretation would be nice.
REPLY: This part was removed.



21. all 18120: in addition to medians, i always find it nice to know something about the
range within a data set. which means that quartiles would make a suitable piece of
information. probably also in other sections.

REPLY: Agree on this in principle, but too many numbers (medians with ranges) would
have made the already complicated chapter even more difficult to read, in our point of
view.

22. 18121/first paragraph: lacks a statement of what is typical for continental and marine
clusters. of course, referring to the major remarks in the beginning, this is a backwards
approach. to me, it would be much more intuitive to start by clustering the trajectories and
then separate the aerosol data by trajectory cluster.

REPLY: Here it was meant, the percentages of marine vs. continental air were suggesting
the most marine out of those clusters found.

23. 18121/last paragraph: these four modes are standard textbook fare. i am not quite sure
what you mean by saying you "identified" them.
REPLY: This paragraph was removed.

24. 18122/2: "Total particle number concentrations (Fig. 4a and Table 3) show two annual
maxima in March and in July." - really? i don’t see it. the attribute i would use for the data
in figure 4a is non-descript or something along those lines. to say there is an annual cycle
in Ntot seems like an over-statement

REPLY: The figures are now larger, hope the annual cycle becomes more clear. Also
looking at table 1 can help.

25. 18122/3: "A similar interannual cycle is seen for each particle mode separately" -
while the previous comment may be a matter of taste, this isn’t. Nnuc has neither regular
march nor july maximum. one is shifted to february half of the time, the other one



sometimes happens in june. and to call these tiny differences cycle is too optimistic.
similar things could be said about the other modes. the thing of course is that the figure is
an unfortunate choice if cycles are to be presented. log-scale diminishes the differences
one would like to see (and which the table says exist). also, if it’s a cycle we want to see,
why not make a figure that actually shows a 1-yr-cycle instead of the full time series? i
would ditch figure 4 AND the table and make a new figure with the data that is now in the
table.

REPLY: I hope this becomes more clear now with enlarged figures. The idea of the figure
is not to repeat the information in table 1. The typical annual cycle can be seen using both
the figure and the table. The idea of the figure is to present that, as typical to the
atmosphere, there are always some year-to-year variability, but the text wishes to explain
the general variability (as for those using global models would appreciate to know the
overall features and not values for any particular year). In our view, the inter-annual
variability is rather similar for all the four years, with maximums in spring and summer,
minimum in late autumn.

26. 18123/8ff: once again, i fail to see the benefits of this cluster business. what
information do we gain from this detour?

REPLY: This analysis was kept here, but separating only 5 clusters. The idea is, by
starting from differences in size distributions to see if they actually can be connected with
differences in environmental conditions. As explained in the beginning, doing this
analysis vice-versa would not give the same information.

27. 18125/11f: 1 have said this before but i want to point it out again: mass concentrations
of 65 just show how silly clustering can become. "cluster" 4 is not a cluster but a single
event that produces shanghai-level pollution in siberia. it is no doubt a very interesting
event (that would deserve a bit more attention in the manuscript) but it’s not a cluster in
very much the same way that one person is not a group.



REPLY: Agree, but in this analysis, it presents one special case of size distribution that is
not similar to ‘typical’ conditions, yet, very interesting observation.

28.18126/17: "y = 0.014x +0.12" - units?
REPLY: Units were added. The text is now stating ‘y represents the aerosol mass [ug/m3]
and x the time [s] spent over the continent’.

29. 18127/25: "In addition to natural vegetation sources, another temperature dependent
aerosol source in summer Siberia are the intense fire events, as already discussed in Sect.
3.3." - yes! but where is the proper analysis? why not identify all trajectories that came
through wildfire and then have a closer look? it would also be beneficial to exclude them
from the current analysis to determine how much of the temperature dependence is
actually related to BVOC:s.

REPLY: We now analysed further those five BB cases that were found using clustering
analysis. A more detail and quantitative analysis of fires is left for future manuscripts
since this is out of the scope of this paper. Here the main idea is to present that there are
some fire events which do affect both particle mass and CCN numbers in the Arctic.

30. 18128/1: "the maximum average CCN100 concentration" - average over what?
REPLY: Average of all the CCN100 concentrations in each of the temperature ranges
shown in the figure of CCN vs. T (Fig. 11 in revised manuscript, Fig. 8 in previous).

31. 18128/3: "only 13 cases were available" - which would make it all the more important
to determine which of those are wildfire-related.

REPLY: Impact of strong fires to CCN was analysed previous figure (Fig. 10 / Fig. 7)
where it can be seen that fires affected mainly CCN at lower T. However, only 5 fire
events were isolated for this analysis. This will be a topic of future papers to develop
methodology to better identify also weaker fires and to elucidate their impact for particle
properties.



32. 18128/section 3.4.2: it would be nice to see a little investigation (a case study if
nothing else) how these pollution events develop.

REPLY: Agree. However, the manuscript is already fairly large and we feel in this
context it’s sufficient to mention this phenomena exists and affect the concentrations.
We’re not sure if presenting a developing pollution event in Arctic is of particular use but
will add this if it’s found necessary.

33. 18129/7: "interannual" - i guess it should be iNNerannual. iNTerannual variability
(fig. 4) is not that large.
REPLY: Yes, thank you. Corrected.

34. figure 1: the map is terribly small. the photos, on the other hand, are not that essential.
REPLY: We enlarged the underlying topography map and added a more general map in
supplementary material.

35. figure 3: as said before, it is unclear how the data for the figure were normalized.
REPLY: Figure 3 was removed completely.

36. figure 4: too messy, too small, labels hardly readable.
REPLY: These were divided into 2 separate figures, hope they are more readable now.

37. figure 6: the temperature information should also be in the figure, not only in the
caption.
REPLY: Added.

38. figure 7: fit quality information for 7a is missing. also: how did you determine that
linear and quadratic fit are the only options? why not try an exponential fit? this figure



and the fit would probably benefit from an exclusion of wildfire-related episodes. the
same is true for figure 8

REPLY: Fit quality information added. Quadratic fit removed and fire episodes isolated
and presented separately.

39. figure 9: this is not terribly important, could move to supplement. a figure that
describes a haze event could be nice though (as said above).

REPLY: This was moved to supplement. Haze event is difficult to present in one figure,
we feel the text and tables (with annual cycles) above presents those events relatively
well.

40. supplement: make a single pdf.
REPLY: Yes, done.



Our answers to Anonymous Referee #2

We are very grateful for referee for their work and excellent comments which helped us
improving the manuscript. Our detailed answers are indicated below, and we hope the
referee finds these satisfactory.

COMMENT: The dataset is a very fruitful and very important to the community. The
science behind it is well worth the scope of ACP, and the introduction is appropriate.
However, this paper as it stands needs severe major revision in order to go to ACP. At this
stage, the paper does not tell a story and the data analysis (and particularly the
presentation of the results) is poor.

OUR ANSWER: We thank the referee for acknowledging the importance of our data set,
as well, we share the opinion that the manuscript would benefit of further analysis, which
we will try to address with the modifications explained below. We wish the referee will
find our revised manuscript more suited for publication in ACP.

COMMENT: Goals: in the introduction it mentions accessing nucleation events, biogenic
emissions and wild fires, but in the results very few data are presented on this regards. It
took me an hour to understand what table 1 and table 2 are. There are a number of
clustering analysis, and I am not sure which one is which. I suggest making a table or
explaining well what the statistical analysis are. When presenting clusters results, perhaps
using subscripts and mentioning if they are smps,aps,volume, number or whatever data
and analysis are presented and discussed.

OUR ANSWER: Thank you for this comment. In the revised manuscript, we cut most of
the cluster analysis out, and made only one tiny clustering experiment with five (5)
clusters found. We hope this makes the paper easier to read and follow. Additional
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parameter of aerosol black carbon concentration was added to explain these clusters. And
eventually, we used these clusters to pin-point the size distributions connected with
different events, further analysed later in the manuscript (i.e. fire events, inversions,
secondary particle formation). By cutting out some of the cluster analysis, we could add a
chapter making a complete analysis of new particle formation including event
frequencies, and particle formation and growth rates. This is actually a very interesting
addition to the manuscript, also to our view, and we hope it answers the referee concern
about more analysis needed for sources. For biogenic emissions, we find that there was
quite a number of analysis on this topic already, but added some analysis on fire events.
However, rather we see that this could be a topic of future manuscripts since making this
analysis in fact needs a lot more additional data (gases, satellite products), and is thereby
out of the scope of this manuscript. Here, we just wish to present that these wildfires have
potential to affect size distributions also in the Arctic, but not yet to make a complete
analysis to give quantitative numbers of their effect. We hope that referee understands this
choice. To improve the manuscript in this respect, we however separated those wildfire
cases which clearly came out in clustering analysis, using them as examples of the
impacts of wildfires (e.g. in Fig. 10 in revised manuscript, Fig. 7 in previous). Now the
impact of those isolated wildfire cases for particle mass and CCN numbers are analysed
separately. We hope that this further emphasizes the point we’re making.

COMMENT: section 2.2 It is written many other parameters are available, but only
mainly meteo are used to describe the clusters - and it is easier to make mistakes when
using only these. Are gases not available? Later in the paper BC data appears, surely it is
needed to calculate average BC concentrations to see what clusters are related to natural
or non natural emissions. Diurnal profiles of clusters are also missing.

OUR ANSWER: BC was added as an explanatory factor in the new cluster analysis.
Gases, such as SO2 or CO were not available for this study (measurements of these



started / will start later). As explained in our previous answer, in revised manuscript we
wished minimized the cluster analysis to serve one purpose only: to pin-point the size
distributions connected with different events, further analysed later in the manuscript (i.e.
fire events, inversions, secondary particle formation). For this reason, also diurnal or
seasonal profiles were not presented, however, some indications could be found in
average radiation and temperature values calculated for each cluster. If referee finds this
still relevant for the manuscript, we would be happy to extend this to analysis.

COMMENT: section 3.2, using bullets points would help the reader to follow this
complicated categories. I suggest expanding this analysis with additional aerosol data if
available, cause at this stage the analysis is poor and there are many different cluster
analysis difficult to follow.

OUR ANSWER: This section was modified completely, most of cluster analysis was
deleted and BC was added as an additional parameter. We hope referee finds our choice
acceptable.

COMMENT: In summary, whilst the dataset is very useful, the data analysis and the
presentation is not up to standards of ACP. I suggest making major revisions and clearly
present the different clustering analysis.

OUR ANSWER: Thank you once again for this and other comments, which we found
very helpful. We agree largely with suggested changes, and hope that we could make the
revised manuscript in better quality and more fluent and interesting for the reader and the
field of science.
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Abstract

Four years of continuous aerosol number size distribution measurements from an Arctic
Climate Observatory in Tiksi Russia are analyzed.

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 g 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.

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.

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
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 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, 2011};/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 fulfill 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.

Iode UOISSTOSI(]

e d UOISSIDSI(]

ITod

Iode UOISSIOSI(]

Iaode UOISSIOSI(]



20

25

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 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 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. 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.

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

TodeJ uOISSNOSI(]

TodeJ UOISSNOSI(]



10

20

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.

11
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‘city 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 Varrid 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, |1989j;
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.
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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.l 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).

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 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.

Additionally, Tiksi data suggests rather
exponential than linear dependence, which might be a secondary effect of the observed
temperature dependence of the continental air masses. The most continental air masses
also possessed the warmest temperatures, therefore it is likely that they originate further
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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 CCNyqpg.

In Tiksi, the CCN1qo concentration also increased as a function of temperature (Fig.[10p).
While the average CCN1gp 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 CCN1gg 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 (T')

CCNloo == ozexp(BT) (2)

they obtained 3 values varying between 0.029 and 0.085. Data from Tiksi plotted for a simi-
lar temperature range > 5°C, shows even a higher temperature dependence with 3 value of

0.126 (Fig[T0p).

This confirms a major biological contribution to Tiksi aerosol populations during summer
and suggests a strong temperature feedback for aerosols in Arctic Siberia. Possible rea-
sons for the deviating temperature dependencies observed for the five different sites include
differences in the relative importance of other (anthropogenic) sources as well as the differ-
ent 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 con-
sequently different aerosol yields (e.qg., [Griffin et al., [1999). In addition to natural vegetation
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sources, another temperature dependent aerosol source in summer Siberia are the intense
fire events which based on (Fig[10p) appear to increase the CCN1oo numbers occassionally.

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 CCNjgg 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 CCNjpo 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 CCN1gg 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.

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-
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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~2 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.

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.
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Biogenic and biomass burning related sources increase particle number, but also the
mass and the concentrations of cloud condensation 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.

The total mass concentration has a distinct maximum in February—March of 1.72-2.38
1g m—3 and two minimums in June of 0.42 ug m—3 and in September—October of 0.36-0.57
pg 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

Discussion Paper

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 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

(i.e. data belonging to mass clusters indicative of biomass burning are not used; for refer-
ence, see Figure [Bp). Colors inside circles indicate the average temperature for each point. Dashed
grey and black line show the linear fits (R,=0.67) to data points along with the fitting equations
obtained. b) Average CCNjgo concentration calculated from all data (blue squares) and from data
plotted as a function of outdoor air temperature
with a exponential fits to the data (R»=0.97 for all data;

present the standard deviation.
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Figure 11. a) Average CCNygg 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 CCNyg
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.
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Month ‘ N(OMPS/APS)  Nro (Nro)  Nyu (Nnu)  Nar(Nar)  Nac (Nac)  Neo (Neo)  Mro (Mro)  Mco (Mgoy—

[cases] [em—3] lem~3] fem 3] lem ™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) 2

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) —
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) :1

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)
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[

Cluster nro N T RH Rad Ws Cont BC
(cases) [ecm~3] [°C] [%] Wm™2] [ms™1] [%] [ngm™I]

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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O
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

2 184+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 0.6 +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 2.3+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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Month | GR+STD(GR) | FR; =STD(FR7) | GRarp £STD(GRALL) | FRAaLr =STD(FRALL)

[nm hfl] [L:m73 571] [nm h71] [cm*3 5*1]
1 - - 1.1 4£0.0(1.1) 0.02 4 0.00 (0.02)
2 - - 1.9 + 1.1 (2.6) 0.02 4 0.01 (0.03)
3 1.5+ 0.3(1.4) 0.40 + 0.32 (0.22) 1.2+ 0.7 (1.0) 0.25 + 0.24 (0.19)
4 32+ 1.1(2.6) 0.46 + 0.25 (0.35) 1.9+ 1.3(2.0) 0.41 £ 0.54 (0.26)
5 3.31+0.8(3.4) 0.90 =£ 0.50 (0.89) 1.7£15(1.1) 0.21 + 0.42 (0.01)
6 3.8+ 1.6(3.9 0.19 £ 0.11 (0.17) 244+20(1.7) 0.06 £ 0.08 (0.03)
7 48 127(3.9) 0.30 £ 0.24 (0.19) 3.6 +25(3.1) 0.14 £ 0.18 (0.09)
8 3.6 +1.8(3.1) 0.19 £ 0.13(0.18) 26117 (2.4) 0.11 + 0.17 (0.05)
9 4.0 4 1.6 (4.5 0.10 £ 0.07 (0.09) 1.6 £15(1.1) 0.04 £ 0.05 (0.01)
10 3.6 + 0.0 (3.6) 0.06 = 0.00 (0.06) 1.0 + 1.0 (0.8) 0.03 = 0.04 (0.01)
11 - - 0.8 + 0.4 (1.0) 0.01 £ 0.01 (0.01)
12 - - 0.1 +0.2(0.0) 0.01 £ 0.00 (0.01)
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