Reviewer no 1

Page 14814 Line 5 “the” not needed between “of” ‘@®osols” Line 8 “the” not needed
between “analyze” and three” Line 24-25 “climatiopesses where our understanding is
insufficient”

Reply:
All corrections have been made according to thgestipns.

Page 14815 Line 1-2 “to continue in the future™olimates” Line 4 “chemistry of the high
Arctic are still very limited due to its remote &imn and the small number of sites where
measurements are made.”

Reply:
All corrections have been made according to thgesiipns.

Page 14815, Line 8 needs a few references for alaeasols.
Maybe Warren, Grenfell, or Perovich references?

Reply:

“Haywood and Boucher, 2000, Reviews of Geophysd' ‘@acobson, 2001, Nature”, has

been added as references on aerosol radiatiort efeéead of the suggested references, since
the paragraph does not refer to albedo effect &uklwarbon, but rather to direct aerosol
effect like scattering in the atmosphere.

Page 14815, Line 22 “known as “Arctic haze™”

Reply:
Correction has been made according to the suggestio

Page 14815, Line 28 “in high Arctic air” Referenees needed here, too How about some
snow references as well so the sentence readscétmations of aerosols in high Arctic air
(refs) and snow (refs) are at their highest dukatg winter and early spring when
anthropogenic pollution is most ein"C” ciently sparted from lower latitudes (e.g. Heidam,
et al. 2004).”

Reply

According to the suggestions we have inserted smmereferences and the sentence have
been changed to: “Concentrations of aerosols ih Aigtic air (Polissar et al., 2001) and
snow (Douglas and Sturm, 2004) are at their higtheshg late winter and early spring when
anthropogenic pollution is most efficiently trangjgal from lower latitudes (e.g. Heidam, et
al. 2004).

Page 14816 Line 2 “of the aerosols observed fromé& 5 “and” not needed after
“atmosphere”

Reply:
Corrections have been made according to the suggsst

Page 14816: Lines7- 8 “the composition of Arcticosels” Before “It is important” how



about “As a consequence, “

Reply:
Corrections have been made according to the suggest

Page 14816: Line 11 “inorganic anion componentg llif “transformations, and transport
patterns.” Line 19 “Nord for the first time” Lin€3-24 “the year, mainly during summer”

Reply:
Corrections have been made according to the suggsst

Page 14817 Line 2 “exposed to Eurasian air massasg from the northern and eastern
directions” Line 4 “after polar sunrise” Line 10 h&J needed at the end of “measurement
Line 19 “yet a comparison of wind”

Reply:
Corrections have been made according to the suggsst

Page 14819 Line 25 “are associated with this semtibn.”

Reply:
Correction has been made according to the suggestio

Page 14820 Line s 3-10 Is there a way to expregsfahis in terms of time or distance over
ice versus snow versus nilas ice versus frost fts&@his gets to the heart of the paper. If

you look at the papers a few years ago by KalesahkeSimpson there was some interest in
the “potential” location of frost flowers (ie newe in dynamic locations where exposed ocean
water was leading to frost flowers. This versusoide where a snow cover may impede
exchange. Can this paper address the trajectoregddferent types of ice?

Reply:

We have added the sea ice age and ice cover oh Bathat the trajectories show transport
over different type of ice. We have therefore edeldl Fig 8 (since this also showed the ice
cover). The data of the ice age is provided byJ#tedPropulsion Laboratory (JPL) and
Brigham Young University (BYU) and the method issndescribed in the paper on page
14820. On page 14820 in line 7 after Fig. 7) weehadded following text: “For spatial
reference the corresponding sea ice coverage arnmbtitinents are provided as background
maps, showing first year-ice (FYI) and multi-yeee (MY1). Both background maps are
retrieved from data provided by the Jet Propulsiaboratory (JPL) and Brigham Young
University (BYU). The data have been obtained ey$leaWinds instruments on board the
QUIkSCAT satellite. SeaWinds was an active micreaveadar scatterometer launched in June
1999 and operative until November 2009. Appareigihibness temperature for each
scatterometer pulse was modelled from the instrameise measurements, providing
information of open water and ice (JPL, 2006). @& quality is sufficient to distinguish
between first year-ice (FYI) and multi-year ice (MYSea ice classification and extraction of
the continents was carried out in ArcGIS (ESRI,P(iased on gridded polar-stereographic
Level 3 Sigma-0 QuikSCAT data over the Arctic Pokgion.”

The Fig 7 text now reads: “Air mass back trajee®ifrom the model HYSPLIT. The back
trajectories are calculated for arrival at 50 m 808 m.a.s.l. every 12 h. The trajectories are
shown for three typical cases: (a) west of Staltiond, (b) along the coast of North



Greenland and (c) north of Station Nord. For spagirence the corresponding sea ice
coverage and the continents are provided as baskdnmaps, showing first year-ice (FYI)
and multi-year ice (MY1).”

Due to these changes we have added Thomas Bedkedid/this analysis, as a co-author.

Page 14820: Lines 14-30 What about non-sea sé&ttedll know you ay not have the cations
to quantify this but do others or have others? Thalikely player in the sulfate world.

Reply: Na- and CI- are measured as weekly samplir®. Nord, however we will need a
higher sampling resolution for comparison to ouagdhecause the air mass will originate
from many different locations over the week. Aswrée in the text, we believe that the
coarser fraction of sulfate originates from seé salt the small fraction seems to be
associated with long range transportation.

Page 14821 Lines 22-26 Consider breaking thisarfew sentences as it is long and
rambling

Reply: The sentence:” It is likely that Cl- and NG@ve more local origins, since the size
distribution profiles differ from SO4- and are falim the larger fractions however splitting
the sampling period into three major episodes,aksize distribution profiles more
comparable for all the ions in air masses origngafrom west, with less exposure to sea ice.”
Is now changed to:

“The size distribution profiles of Cl- and NO3- #&if overall from SO4- and are generally
found in the large particle fraction. This indicateat Cl- and NO3- have more local origins.
However, splitting the sampling period into threajon episodes, reveals size distribution
profiles more comparable for all the ions in airsses originating from west, with less
exposure to FYI.”

Page 14822 Lines 4-5 | am not sure the Journal ataadhis but here and elsewhere the
study references should be presented in chronabgrider by year Line 17 no comma
needed Line 18 no comma needed after “distribution”

Reply:
This is corrected according to the suggestion.

Page 14822: Line 19 Again do you have any sense M®DIS or other imagery as to
whether there was in fact open water, then nites) frost flowers? Perhaps a map like the
one as Figure 8 but of the area immediately nea6thation could be used to show the ice
situation with time during sampling? Maybe four M@Dmages over the three week period
(maybe a little before the sampling started to @lewnore info) or something like that?

Reply: Figure 8 is taken out and the new Figurbais multi-year ice and first-year ice as
described earlier.

Page 14822: Line 24 “and Domine et al. (2004)” L&7e*On 20 March” or “on “March 20”
Line 28 Here and elsewhere it should be “sea id#i mo hyphen. | some places there is no
hyphen. Be consistent.

Reply:
This is now corrected according to suggestions.



Page 14823 Lines 1-8 | wonder if saltation of sragainst frost flowers could kick up or
break up the frost flower crystals? Also where fiamne frost flowers you have or recently
had a lot of brine. Winds or saltating grains oaed through the brine could be a source of
halides without the frost flowers playing a role fact, with time since the frost flowers form
the amount of brine goes down.

Reply: suggestion of surface brine is now addatieaext
Page 14824 Line 15 “on the sea ice are a potestiaice of Cl-*

Reply:
This is corrected according to suggestions

Figures 3. Use the same x-axis time/scale/fornradlfd-igures (ie 2, 3, and S1). Figure 2 has
the easiest to comprehend x-axis scale and label.

Reply: X-axis in the figures are now changed.

Figures 5 and 6. This may be an artifact of mytpribut the horizontal lines are not
consistently present across the Figure groupsthdines needed at all?

Reply: We have now removed the lines

Figure 8. This is hard to read or identify subéstiPerhap shave a second set of Figures from
the same two times but for a “zoomed” in view of #ea ice around Station Nord? This could
help identify ice types/frost flowers, open watc,.

Reply: Figure 8 is now taken out.

Reviewer no 2

Introduction: Please summarise what has been coedltrom earlier work (Heidam papers)
at this station. | know that sulfate and nitratéeast over several years have been reported in
these papers. In particular, please describe fhiealyconcentrations encountered in March
(so we can understand whether the values in tlrerdupaper are typical), and the context of
the seasonality observed in previous data, plusresights given in previous work about
sources. This will all serve to set the scenelie paper.

Reply:

We have inserted following summary of work at SordNin the introduction: “Studies at
Station Nord have reported SOx (SOx =S(BQ%) and total N@ (total NO; = NO5 particle

+ HNG; 4a9 With a typical Arctic haze pattern (Heidam et 4B99; Heidam et al., 2004,
Nguyen et al., 2012). Reported weekly concentratafrtotal NQ™ during a study period

from 1990-2001 range from a few ng’rto approximately 130 ng ftin March while

reported weekly mean concentrations of SOx foistirae period were up to 750 ng'm
(Heidam et al., 2004). A recent study by Nguyeale{2012) for the period from March 2008
- February 2010 has indicated the Siberian indestis the largest sources of total;N@d
SOx while Clwas mostly attributed to marine source. Some S@xalso attributed to long-



range transported anthropogenic pollution whereasesNQ" was associated with another
anthropogenic Zn source (Nguyen et al., 2012).”

Page 14817, lines 10-20 and Fig 2. | am not sureywsh include Fig 2, or such an extensive
discussion of wind speeds, as they are not ustdekilater analysis. | would recommend
removing Fig 2 and replacing it with a plot of tti@a (see under section 3).

Reply: We find that the wind speed is importanthia context of aerosol transport. Especially
it seems to be important for contribution from losaurces. Good meteorological
measurements are rare in high Arctic. We will tfemeelike to keep the figure. We have also
added the figure suggested under section 3, ahdembve the existing figure 8, so we will
end up having 8 figures in total.

Page 14818, line 13. Is this the detection limitdach stage (if so, please say so0)?

But | need to question how these detection limigsenreached. As an example, in the original
version of this paper, the SD of the blank forat#granalysis in the filter extracts was stated as
0.07 mg/L. With 6 mL of extraction water, that medhe standard deviation for analysis of a
filter is 0.42 ug. With a flow rate of 30 L/minut@,days gives 130 m"3 of sample. Therefore
one would calculate an uncertainty of at least.@Q0/130 = 3 ng/m"3 (9 ng/m"3 for 1 day
samples). And yet you give an SD 10 times lowen tiat. This requires some explanation
(similar for other anions), or else changes int#ixe.

Reply

This detection limit is for each stage, which isvnmointed out more clearly in the text.

There was a misleading sentence regarding uncsriaithe first submitted version of the
manuscript, which was then corrected and clarifetthe version published in ACPD.

As we tried to explain at that point, those numlmensld not be used to calculate limits of
detection.

The limits of detection presented here, were ddterdhas three times the standard deviation
of 8 analyses of a standard (concentration witBitirhes the expected limit of detection)
divided by the slope of the calibration curve.

Page 14819, lines 10-11, please clarify that tkeseentrations are the totals for each stage.
Reply: The concentrations are the totals for esatpes which will be clarified in the text.

Page 14819, line 13: please explain what theselatd deviations are. They are clearly not
the SD of an anion across the 9 samples (for €lirthan value is 266 and the SD is 151
ng/m~3). So what are they (indeed | can’'t undecstaow there can be a range of SDs for
each anion).

Reply: This is now specified in the text. See gy above.

Page 14819, same section. The paper needs a pha déta. | suggest a bar chart to replace
Fig 2, showing the dates of sampling, and for esschpling period, a bar showing the total
concentration, either broken down into each singeaas different colour steps on the bar, or
as fine fraction (< 1 um) and coarse (> 1 um) oilsir. Please also show with some symbols
which type of trajectory each sampling period reprgs. (Fig 3 (NOx) could easily be
incorporated into the same figure, though | domsist on that.) This will be much more



informative to the reader than the descriptiorhefdata and sampling periods, which is very
hard to retain in the reader’'s mind.

Reply: We have made a new figure, which is a bartcshowing the dates of sampling, and
for each sampling period, a bar showing the tatacentration, broken down into fine
fraction (< 1 um) and coarse (> 1 um).

Page 14820, line 21. Is Grube 2012 or submittexb (@l ref list please state to what journal
submitted)?

Reply: Grube et al., is submitted and this is ntates! in the ref. list.

Page 14820, line 21-24. This sentence needs remgpridis not sulfate that has a climate
effect but the aerosol containing sulfate.

Reply: The sentence has been changed and read?—8@ by far the dominating anion
during the collection period and is associated dlticles having a Dg of approximately
0.32 um. This size may have...... ”

Page 14821, line 24-27. | don’t understand this plthe sentence, please rewrite it another
way.

Reply: This sentence has now been changed. Seetoe@viewer #1.

Page 14822. While frost flowers could explain @ugé particles, also consider the possible
source from blowing snow (Yang, X., Pyle, J. A. &k, R. A.: Sea salt aerosol production
and bromine release: Role of snow on sea ice, Gsopes. Lett., 35, L16815,
doi:10.1029/200891034536, 2008.) Presumably yoweltata on blowing snow occurrence at
the station at least.

Reply: We have added this into the discussion aldéé Yang et al., 2008, as a reference.

Page 14823, line 5. While | agree the lab may patectly mimic the field, remember that a
similar result was found for some Arctic frost flesg (Obbard, R. W., Roscoe, H. K., Wolff,
E. W. and Atkinson, H.: Frost flower surface arad ahemistry as a function of salinity and
temperature, J. Geophys. Res., 114, D20305, d&D26/2009JD012481, 2009.)

Reply: This is added to the discussion and theeate is added.

Page 14823. For nitrate there is plenty of evidesisewhere that nitrate reacts with sea salt,
and may exchange with chloride, and therefore gnplantly in the size range of sea salt. For
the Antarctic this is discussed in e.g. (RankinMA.and Wolff, E. W.: A year-round record
of size-segregated aerosol composition at Halleyastica, J. Geophys. Res., 108, 4775,
doi:10.1029/2003JD003993, 2003.), and | am sunetimeist be some Arctic studies on this
as well. Please consider this.

Reply: We have not been able to find this typetofles in the high Arctic, however we have
added the findings of Rankin and Wolff to the dssiaon section. The findings of Rankin and
Wolff could explain the high concentration of NGBk the larger particles .



End of page 14823. While | have no doubt that spbatochemistry is an important source
of NOx, | don’t understand the point being madesh&he whole nitrate discussion is very
messy and needs rethinking.

Reply: The discussion on NOx has been changedsamolw described more detailed in the
text (see also last reply to review #3). We haws described the full reaction from NOx
over HNO3 to NO3- in the aerosol.

References: Heidam 2004 has some non standarcctdrarthat have come out wrong.
Reply: This has been corrected

Table 1: What is DG? (do you mean DL?).

Reply: This is corrected to DL

Figure 8, please add a star or mark for the lonadfche station.

Reply: The figure is removed

Reviewer no 3

p.14815: Lines 13 — 15: Sentence needs to be editeptammar.

Reply: This has now been edited

p. 14816, lines 3 — 7: Add more details to the dpson of the impact of increasing solar
radiation on photochemistry in the atmosphere (éognation of secondary aerosol such as
S04) and in the snowpack (e.g., production of Nikat tan lead to production of aerosol

NO3). This discussion will then lead into resultattare described later in the paper.

Reply: A description of the photochemistry in tm®w including a reference (Grannas) has
been added to the text.

P. 14816, line 19: change to “carried out at StaNord FOR THE first time”

Reply: This has been changed according to the stigge

p. 14817, lines 4 — 20: The wind speed data is ursdte discussion toward the end of the
paper. | think the figure shown in the supplementaaterial should be put into the paper

itself. Plus, the paper length is short enoughctmanmodate it.

Reply: We prefer to keep the wind data in the seim@ntary material, since one of the
reviewers suggest that we don’t show any wind data.

p. 14818, line 4: Was the laboratory at Greenlangere samples shipped somewhere?

Reply: The samples were shipped to Denmark. Thsvg stated in the text.



p. 14818, line 21: The SMPS size distributions &htwe shown averaged over the impactor
periods. As indicated later in the paper, these digtributions were converted to mass and
used to calculate total aerosol mass. It wouldaadceat deal to the paper to show the SMPS
number and derived mass size distributions in a@etace the anion mass size distributions
into context.

Reply: The mass calculated based on the SMPS alatiaef different impactor periods has
now been added to the text.

p. 14819, line 4: change to “the concentrationlOk (NO2 and NO) WERE estimated as: :

Reply: This has now been corrected

p. 14819, line 7: A time series of total (or subrmicand supermicron) concentrations of each
ion should be plotted and shown similar to the N@& NO data shown in Figure 3. Showing
these time series will aid when comparing to thedadata in Figure 2 and in making
connections between the measured aerosol NO3 arid@x and NO concentrations.

Reply: A figure describing this has been addedhéopaper (se response to reviewer #1)

p. 14819, line 24: change to “are associated WHibl dize fraction”.

Reply: This has now been corrected

p. 14820, lines 16 — 18: SO4 size distributionscarestant in terms of shape but not
magnitude.

Reply: This has been corrected according to thgestgn

p. 14820, lines25 — 27: Presumably the formatioB@# on coarse sea salt particles occurs
via oxidation of SO2. This process should be byid#scribed.

Reply: The process is briefly described and a esfeg is added

p. 14821, lines 3 — 4: The sentence starting withthe three analyzed anions: : :” is
redundant as this has already been stated.

Reply: The sentence has been changed so it rdddaver it is still accounting for the
highest mass.....”

p. 14822, lines 1 — 5: The process of chloride etegt from particles should be described in
more detail including what is know about the depm@ on particle size and how the process
involves NO3.

Reply: We have referred to several papers desgribi@ process, and to be brief we have
now added the gases (HNO3 and H2S0O4) reactingssalspray and explained how CI-
occurs on the smaller fraction.



p. 14822, lines 6 — 7: It is stated that “the fineede here (referring to Cl-) is found to be
associated with the long-range transported SO4’atWthe evidence for the association
between Cl and SO47? SO4 peaks at 0.32 um while&ldgpat a larger diameter (0.56 um).
This difference indicates they are not internaliyeal.

Reply: Looking over the data more careful we agnee the sentence have now been erased
p. 14822, line 9: | wouldn’t call these Cl “profgfe Stick with size distributions.

Reply: This is changed to size distribution

p. 14822, lines 16 — 19: explain the process ofraetionation of the aerosol size
distributions”.

Reply: This has now been rephrased and explainedr(@ant redistribution)
p. 14822, line 20: What is meant by “more varyiragfionation”?
Reply: We mean size distribution and this is nowtem instead

p. 14823, lines 26 — 27: This description of tHatrenship between NOXx in the snowpack
and NO3 in the aerosol should be expanded.

Reply: The description has now been expanded trideshow NOx can oxidize to HNO3,
which will be taken up by Sea salt particles depteCl-.



