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Abstract. The change in aerosol properties during the tran-the Arctic could be seen as possible early warning of global
sition from the more polluted spring to the clean summerclimate change. Nowadays climate models predict the largest
in the Arctic troposphere was studied. A six-year data setincrease of the annual mean temperature for the Arctic (Has-
of observations from NyAlesund on Svalbard, covering the sol, 2005).

months April through June, serve as the basis for the char- ynjike many other regions, there are very few local

acterisation Of th|S t|me pel‘iod. In addition four'day'back human_derived sources Of air po”ution in the Arctic in ad_
trajectories were used to describe air mass histories. The olyition to the metallurgical industry in the Russian Arctic.
served transition in aerosol properties from an accumulationTherefore, the transport of pollution including aerosols and
mode dominated distribution to an Aitken-mode dominatedits gaseous precursors from industrialized mid-latitude re-
distribution is discussed with respect to long-range transyjons in Europe, Asia, and North America is of great im-
port and influences from natural and anthropogenic sourceportance. It is suspected that interactions between solar ra-
of aerosols and pertinent trace gases. Our study shows thaation, high surface albedo, the aerosol particles and clouds
the air-mass transport is an important factor modulating themagnify the radiative impact of atmospheric aerosols in the
physical and chemical properties observed. However, the airarctic region (Quinn et al., 2002). Thus, for a given aerosol

mass transport cannot alone explain the annually repeategistribution, the specific optical impact is most likely in-
systematic and rather rapid change in aerosol properties, OGyeased in this high latitude region.

curring within a limited time window of approximately 10
days. With a simplified phenomenological model, which de- have mainly focused on the Arctic Haze phenomenon, i.e.

livers thtetﬂufltﬁat'fn %ot?]ri}ttl?rllfor rnew-lprﬁirurclerf]orrinatlmrr], wer layers with enhanced concentrations of aerosols and precur-
suggest that Ihe rapid Snhift In aerosol micropnysical propers gases in the Arctic troposphere, which is found during
ties between the Arctic spring and summer is mainly driven

by the i : | diation i C with t ; fIate winter and spring. This phenomenon was first noted
y the incoming solar radiation in concert with ransport ot ., .6 jiterature of Mitchell (1957). Several years later sci-
precursor gases and changes in condensational sink.

entists showed the seasonality to have a very strong annual
variation with higher loadings of anthropogenic components
during late winter and early spring compared to the sum-
1 Introduction mer months and that this perturbation of the Arctic atmo-

sphere was caused by anthropogenic sources at lower lat-

The Arctic’s vulnerable eco- and climate system has becom‘i’tudes, especially from the Eurasia continent (Rahn, 1981;
a focus of the international scientific community during the g5,rie 1986 Heintzenberg, 1989).

last several decades. Recent studies on the Arctic climate . .
showed that, due to its sensitivity to external perturbations Ground-based measurements from the Zeppelin station,
’ ‘Svalbard, and Point Barrow, USA showed that the aerosol

Correspondence toA.-C. Engvall loading undergoes a systematic change from spring to
(anki@misu.su.se) summer (Bodhaine et al., 1981; Bodhaine, 1989; Quinn et

Experiments conducted in the Arctic over the last 40 years
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al.,, 2002; Stdm et al.,, 2003). Results from these stud- operated by the National Institute for Polar Research (NPIR)
ies demonstrated that there is an increase of aged partsften show cloud tops around 2000 m altitude (Shiobara et
cles, i.e. accumulation-mode particles (particles larger tharal., 2003). We thus define this altitude as the border be-
100 nm) in winter and spring, which are associated with an-tween the BL and FT. The so-called level 1 of the MPL data
thropogenic sources and long-range transport. In summefavailable through the internet) shows the normalized relative
this mode is significantly smaller in terms of number den- backscatter signals and this data is solely used in the study
sity. Smaller sized aerosols, so-called Aitken-mode particlesto get a feeling for typical boundary layer heights based on
which range between about 20 and 100 nm, dominate the sizeloud tops. The 1000 m and 5000 m altitudes are then taken
distribution. At the same time the total particle number den-to represent airflow in the BL and FT, respectively. Note
sity increases. that the Arctic atmosphere may present several stable lay-
In this study we will give emphasis on titransition from ers, and surface inversions are often observed (Tjémstr
the more anthropogenic-influenced spring to clean summeR005). However, we are interested in the layering that con-
conditions. Transport patterns, trace gases, and aerosol miains “weather” (clouds and precipitation), which is why we
crophysics are investigated for the period April through Juneuse the altitude range indicated by the MPL.
for the years 2000-2005. It will be shown that the transition
from “spring-type” aerosol to “summer-type” aerosol occurs 2.2 Long-term measurements
almost at the same time from year to year (give or take a
few weeks). We have selected different observational data irf he long-term measurements from the Zeppelin station were
order to answer the question if this transition is mainly con-used to evaluate temporal variation of the spring-to-summer

trolled by changes in the transport of pollutants or if it is an transition in aerosol properties on a multi-annual basis. The
effect of local processes in the Arctic. Zeppelin station is located on Mount Zeppelin 474m above

sea level near the community of Nylesund, Svalbard.
Given the elevated location of the Zeppelin station, the effect

2 Air mass trajectories and long-term measurements of local particle sources such as sea spray and re-suspension

from the Zeppelin Station of dust from Nyf\lesund are strongly reduced. However, oc-
casionally the sea salt and dust can contribute significantly
2.1 Air mass trajectories to the total mass of the particles. Wind fields over Sval-

bard are complex, due to the topography and surface char-

The model TRAJKS (Stohl et al., 2001) three-dimensionalacteristics. Compared to ocean level observation, the effects
four-day-back trajectories provided by the Royal Nether-of local wind phenomenon, such as katabatic winds, are re-
lands Meteorological Institute (KNMI) were used to study duced at the Zeppelin station. Measurements of chemical
the link between air mass origin and the aerosol propertiesand physical properties at the Zeppelin station are included
The trajectories were calculated on daily basis at 12:00 UTGn the Cooperative Programme for Monitoring and Evalu-
in a regular grid centred at Nfdesund (79 N, 11.9 E) for ation of the Long-range Transmission of Air Pollutants in
the period of April through June during the years 2000-Europe (EMEP) and the Global Atmosphere Watch (GAW)
2005. The grid contains, besides the point of i\lyesund, program coordinated by the World Meteorological Organi-
four additional surrounding points in an almost symmetri- zation Qttp://www.wmo.in). Further information about the
cal grid with sides of about 100km. Two of the points instrumentation and database are summarized at the home-
are located over sea (78N, 14.5 E and 79.5N, 14.5 E pagehttp://www.emep.int
and the other two are located over land (?859.5 E and In this study we use aerosol data obtained at the station in-
79.5 N, 9.5 E). The objective of investigating this grid was cluding number density, size distributions and activity of the
to demonstrate how representative the trajectories to Nyradioactive component lead-218Pb). In addition we also
Alesund are for a larger area of interest and to see possitse sulfur dioxide (S& and carbon monoxide (CO) mea-
ble difference between sea and land areas. Results from thisurements to analyse the history and origin of the air masses.
study show that the flow pattern is essentially identical for Table 1 gives an overview of data availability for the time
all five chosen points. Thus for further calculations only the period of 2000 through 2005 from Zeppelin station used in
trajectories calculated for Njdesund (79N, 11.9 E) were  the present study. In general the data availability is typically
used. better than 90% complete each year, but some years are not

Garrett et al. (2002) study the aerosol around clouds in thecovered by all variables. Year 2002 has low data coverage
Arctic and found enhanced concentrations of Aitken nucleusfor aerosol microphysics and less than 50%9Pb data is
above the cloud tops. It is conceivable that there is a sourcavailable for year 2004.
of particles in the FT that are mixed down to the BL. We  The physical properties of the aerosols, such as the total
studied if there are any systematic differences in air transporparticle number density and the size distribution, are pro-
between the boundary layer (BL) and free troposphere (FT)ided by the Department of Applied Environmental Science
over the investigated period. The Micro Pulse Lidar (MPL) — Atmospheric science unit (ITM) at Stockholm University.
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Table 1. Available trace gas- and aerosol data used in this study.

Trace gas Unit Method used Time resolution of Source of Residence time Year and (available
to measure the measured data compound in atmosphere data) [%]

Sulphur dioxide ©ngS n3 Filter samples 1 day Anthropogenic, ~ 4 days 2000 (100)

SO, fossil fuels 2001 (100)
2002 (100)
2003 (100)
2004 (96)
2005 (99)

Carbon monoxide  ppb(v) Gas chromatography 1 day Biomass burningy1.5 month 2002 (100)
CcO CHgy oxidation, 2003 (95)
oxidation natural 2004 (98)
HC, anthropogenic
Lead-210?10pp uBgm=3  High volume aerosol Every third day Earths crust From a few days u2001 (100)
sampler to two months 2002 (100)
2003 (100)
2004 (43)
2005 (100)

Total particle (No) cm3 CPC TSI3010 1h - - 2000 (96)

number density, 2001 (91)

sizes>10nm 2002 (12)
2003 (88)
2004 (99)
2005 (76)

Size distribution cm3 DMA and 1lh - - 2000 (95)
size range CPC TS3760 2001 (93)
20-630 nm DMPS 2002 (17)
2003 (85)
2004 (97)
2005 (99)

Hourly data from the Zeppelin station includes total aerosol No dedicated cloud-detecting device is available at the
number density (Ab) for particles larger than 10 nm using a Zeppelin station. However, when the station is in cloud, it
Condensation Particle Counter (CPC) model TSI 3010. Thaes typically characterised by low accumulation-mode particle
size distribution covers the size range from 20 to 630 nm for(diameter larger than 100 nm) number density as the cloud-
year 2000 through 2005. These are carried out using a cusdrops scavenge aerosols from the air. Garrett et al. (2004)
tom build Differential Mobility Particle Sizer (DMPS) based observed efficient scavenging of accumulation-mode aerosol,
on a Hauke type Differential Mobility Analyzer (DMA) based on aircraft observations in low-level Arctic stratus
(Knutson and Whitby, 1975) coupled to a CPC model TSI clouds. As the MPL is placed a few kilometres from the
3010. This device uses a closed-loop sheath-air circulatiorZeppelin station, the direct link to the clouds at the Zeppelin
system described by Jokinen anéikék (1997). The aerosol station is not straightforward. Instead relative humidity (RH)
sample flow is 1L mint, while the sheath airflow is set to measurements from the Zeppelin station are more pertinent.
5.5Lmin"1. This yields a rather broad transfer function, but By collecting meteorological and particle data from the Zep-
improves counting statistics during periods of low aerosolpelin station (available for years 2002 to 2005) we compared
loading. When the total number density~4.00 cn1 3, the RH data with aerosol data, i.e. accumulation-mode number-
uncertainty arising from counting statistics in the size classeslensity. Due to periods with sub-zero temperatures, limi-
close to mode of the size distribution is less than 5% (onetations in the sensor, and that aerosol might be affected by
standard deviation). The mobility distribution measured by clouds above the station via precipitation the RH threshold
the DMA is inverted to a number distribution assuming a for cloud affected aerosol data is not exactly RH=100%. Cal-
Fuchs charge distribution (Wiedensohler, 1988). The finalculation of the medians for the accumulation-mode number-
data is given as hourly average. As the particle number condensities gave 60, 39, 35 and 30chfor RH values of 85,
centration ranges over several orders of magnitude the mear®), 92, and 95%, respectively. Given the decreasing rate of
are calculated as geometric means. change in number density as RH increases above 90% we
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Fig. 1. The total number density, 94, for April through June for

the years 2000-2005. Weekly running geometric mean (thick line)rig. 2. Monthly geometric mean (bold lines) and standard devia-

and plus minus one standard deviation (thin lines). tion (thin lines) of the size distributions for the years 2000—2005;
Black=April, red dashed=May, and blue dashed dotted=June.

subjectively choose 35 cm as a threshold for the cloud af-
fected aerosol. Note that our attempt is to reduce the direcveraged data. The temporal evolution afyNs presented
influence of clouds on our analysis not to categorically detectin Fig. 1. To emphasis major trends in data, a running mean
clouds. These low aerosol number-density data, which correusing a weekly window was applied. The months of April
sponds to about 22%, were disregarded from further analysisand May show a mode around 200 to 300¢rand only few
The Norwegian Institute for Air Research (NILU) per- occasions when aerosol number density exceeds 1008.cm
forms long-term measurements of sulfur dioxide ¢g@nd  June on the other hand shows a distribution that is skewed to-
carbon monoxide (CO). Daily SOgas concentrations are wards higher aerosol number densities reaching several thou-
measured with KOH-impregnated Whatman 40 filter, which sands per cubic centimetre.
is further analysed with ion chromatography. Gas chro-
matography with mercuric oxide reduction detection is used3.2 Particle size distribution
for CO measurements (Beine, 1998). ) ) ) ) o
The Finnish Meteorological Institute (FMI) provides data 10 illustrate major changes in aerosol size distribution we
of the activity concentration of lead-218-¢Pb) on aerosols. Present a multi-year composite of monthly mean size dis-
210pp concentrations are measured by collection with glributions fqr each of the three month_s from April through
hi-volume aerosol particle sampler onto glass fibre filtersJune, cf. Fig. 2. From these results it is clear that a shift
(Munktell MGA). The sampler is made of stainless steal. Theffom an accumulation-dominated to an Aitken-dominated
flow rate is about 120 fh~1 and is measured with a pres- distribution occurs over the period April through June. The
sure difference gauge over a throat. Three samples per wedRtegral number de_nsity for the different distributions does
were collected with filter changes on Mondays, Wednesday$'°t change3 dramatically and range from 200, through 250,
and Fridays. One out of the 25 filters is left unexposed and® 300¢nT™ for the consecutive months. When including
is used as a field blank sample. The measuremeft%hb smaII_er particles (I}%)_the c.hange in thglmtegral number
is carried out by alpha counting of the in-grown polonium- density from 203 cm® in April to 406 cn in June (cf. Ta-
210 (Mattsson et al., 1996; Paatero et al., 2003). AvailabilityP!€ 2) is more pronounced. Hence, a simple approximation
of data for each year (2001-2005) is 100% except for 2004°@n be drawn that around one quarter of the berosol is

when only 43% of data is available (cf. Table 1). smaller than 20 nm in June.
Based on the size range of the measurements and data

availability, we term particles between 22 and 90 nm Aitken-

3 The spring-to-summer aerosol transition mode particles and between 90 and 630 nm accumulation-
mode particles. The temporal evolutions of these two
3.1 Total number density modes are presented in Fig. 3a as weekly running geomet-

ric mean and standard deviation over the six-year period.
Due to a large range in the number densities, daily geometThe accumulation-mode number-density shows a general de-
ric means are calculated based on the hourly arithmeticallycrease over the time period. However, the trend is not so
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Table 2. Monthly mean and standard deviation (std) for atmospheric trace gas concentration and aerosol number density.

Month SG co 210pp CPC geometric
mean (std) mean (std) mean (std) mean (std range)
[1gSnT3]  [ppbv] [«Bam™3]  [em™3]

April 0.12 (0.16) 159 (15) 165 (134) 203 (99-416)

May 0.14 (0.28) 137 (14) 119 (72) 287 (122-672)

June 0.07 (0.04) 109 (16) 35 (27) 406 (126-1386)

Total 0.11 (0.19) 135 (25) 113 (107) 274 (108-698)

S

300

clear within the given data variability. In contrast, the Aitken- =
mode number-density shows more structure, in the way that
an increase from around day 150 is evident in both mean and

in variability, indicating increasing importance of the periods e}
with very high aerosol number densities.

Although primary aerosol sources such as sea spray exist
in the Arctic, the Aitken-mode particles are primarily a result
of secondary particle formation. Through condensation and
coagulation the newly formed particles grow into the Aitken
mode. These processes will affect the growth of the parti-
cles and their residence time in a certain size interval, hence
coagulation and condensation is a major source of variabil- =r
ity for the Aitken-mode particles (Williams et al., 2002). In . -
Fig. 3a the crossover from an accumulation- to an Aitken- > ® = = e = T wmow
dominated size-distribution occurred around day 140 to 150, ° ‘
which corresponds to the last part of May.

To explore this transition further we generated an al-
ternative figure where we make use of the ratio between
the two modes. In Fig. 3b a running mean of the ratio
N22-90)/N(9o-560 from all available data between 2000—
2005 is presented. Low numbers below 1 representing that
accumulation-mode particle dominates the size distribution %
and vice versa for values above 1. From Fig. 3b we see that *
the ratio around day 150 quickly exceeds and remains above
1.5. This indicates that once the change takes place the mag-
nitude of the change in the distribution also increases.

The change in shape of the aerosol size distribution can
also be viewed in terms of persistence. In Fig. 4a—b the ratio
of days for which the Aitken-mode number-density is larger o~ ——— L
than the accumulation-mode over a weekly window is pre- Day of vear
sented. We term this the Aerosol Transition Index (ATI).

The ATI provides a more distinct measure of when the at'Fig. 3. (aYUpper panel) Weekly moving average of the Aitken-

m_osphere has reached summgr conditions _|.e. dominance Wode particles (22—90 nm) (solid line) and the accumulation-mode
Altlfen—mode particles. From Fig. 4b we notice that the AT particles (90-630 nm) (bold dashed line) for the years 2000—2005.
varies greatly between the years. However, the common fea(b) (Lower panel) Weekly running mean of the ratio of parti-
ture for all years is that ATIl, more or less, remains above 0.5¢|e concentration between Aitken mode and accumulation mode,
during June. Furthermore, the ATI before day 150 reachesRaj ac=N20-90/Ngo—630 for the years 2000-2005.

values of up to about 0.9, but these events only last for a

few days. Therefore we chose a threshold value for the ATI

to be 0.4 lasting for at least 10 days as a criterion for when

summer conditions are reached for the specific year. Based The criterion ATI=0.4 is on one hand subjectively chosen.

on this criterion, summer conditions are reached around daysetting a value ATl between 0.3 and 0.5 does not, however,
145 plus minus one week for each year 2000-2005. really change the threshold for when “summer conditions”
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14 (Eneroth et al., 2003). Five-day back-trajectories were cal-
culated two times a day (00:00 and 12:00 UTC) and were
12- 8 divided into eight major transport patterns (clusters). Their

study showed the variability of the atmospheric circulation
1 8 on a synoptic scale, month-to-month and year-to-year. They
derived clear seasonal differences due to the difference in the
08f 8 strength of pressure gradients between the seasons. Longest
trajectories (equal to a fast transport from lower latitudes
06f 8 of the Atlantic and Eurasia continent) are found during the
winter season and shortest (equal to a slow transport) dur-
04f 8 ing summer season. Spring, defined as mid April to May, is
associated with stable weather conditions and low cyclonic
o2f 1 activity, which favour persistent airflow from the Arctic, and
slow transport from northern part of Russia, Scandinavia and
the Atlantic. The fast transport associated with storm tracks

llO 120 130 140 150 180 190

ratio

wo

Day of Year from the Atlantic is shown to be infrequent during this pe-

160 170
' — 5532 ‘ ‘ ‘ riod. The summer period (June, July and August), on the
09} — 2002 \ 1 other hand, is associated with weak pressure gradients. Dur-
sl — a0 i ing this period the transport from anthropogenic sources is

=

not as efficient as during winter and spring.

In this section we will extend their study and emphasis
1 on airflow patterns over a limited period of the year and fur-
thermore link air-mass transport, anthropogenic tracers and
aerosol properties. Our aim is to produce an overview of the
] temporal evolution of the air-mass transport to lilly&sund.

0.7

0.6

051

ratio

0.4

0.3
4.1.1 \Vectorized trajectories

021

i For this study we have calculated 546 four-day-back trajec-
tories for two altitude levels, 1000 and 5000 m, from April
% 100 10 120 13 140 150 160 170 180 190 through June for the years 2000 through 2005 (see details
Day of Year . . .

Sect. 2). A variable called “trajectory vector” was derived to

relate the large numbers of trajectories to the tracer data. For
Fig. 4. (a) (Upper panel) Weekly running mean and std of the €ach trajectory the radius of gyration was calculated. This
Aerosol Transition Index (ATI), defined by the ratio between the Summarizes all the intermediate time steps of the trajectory
frequencies of ratio®jt/acc>1 divided by the frequency of ratios  into one vector, with a direction and a magnitude. The di-
Rit jacc<1 for a period of one week, for the years 2000 through rection yields the main flow direction of the trajectory and
2005. (b) (Lower panel) same as (a) but weekly running mean the magnitude yields and indication of the speed with which
for each year of the Aerosol Transition Index (ATI), for each year the air travelled. From this trajectory vector we are further
2000-2005. able to calculate the north-south (N-S) and east-west (E-W)
contribution of the air-mass transport to Myesund. These
open up the possibility to reduce trajectory information into
smgle parameter and produce time series, which allow inves-
é|gat|on of the air-mass transport temporal evolution. Fur-
thermore, we use these time series of the trajectory vectors
to evaluate the hypothesis that the air-mass transport controls
the transition of the aerosol properties between spring and

4 Coupling between aerosol properties, anthropogenic SUmMmer.

0.

r
L
S

=

g -
r—

are true. The objective to introduce the ATl is to use it as
a tool for future analyses of the variables from the Zeppelin
station and give a measure for when summer conditions hol
true regarding the aerosols in the region.

tracers, air-mass transport, and aerosol microphysics ~ The coordinates are relative to Myesund 79N, 11.9 E
i.e. projection of the trajectory vector to the x-axis give us
4.1 Long-range transport the contribution in the E-W direction relative to longitude

11.9 and projection to the y-axis the contribution in the
The seasonal variation of the transport patterns to Ny-N-S direction of latitude 79N. A positive (negative) value
Alesund (79N, 11.9 E) in the form of air mass trajectory of the x- and y-axis represents air from the east (west) and
is summarised in climatology for the period 1991-2001 by north (south). Note that we, at an early stage, compared the
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Fig. 5. The vectorized trajectories arriving to altitude-level 1000 m plotted with time (day of the year) for each year 200@—2005axis
shows the normalized North-South (N-S) contribution for the air-mass transport.

four-day-back trajectories with ten-day-back trajectories andspent in the boundary layer during the last four days of its
they did not show significant difference with respect to our transport to NyAlesund. The different years are then av-
approach to the air mass origin used in the study. Thereforeraged for each day of the investigated time period and are
we continue to use four-day trajectories throughout the studyexpressed as fraction time to the total time-length of the tra-
jectory. In this context we define the BL to be altitudes below
4.1.2 Transport patterns 2000m. This altitude often represents the top of the low-
level clouds as seen by MPL at Mjesund. The exceptions
Combining the N-S and E-W component for each day givesare cases when the air arrives within a sector that belongs
us the horizontal information of the trajectory with respect to to the Arctic basin i.e. representing the area within the two
the direction and magnitude. Figure 5a—f presents the calcutangents with origins in the coordinates of D&yasund and
lated N-S contribution for each day that the trajectory arrivedtangents the north coast of Greenland and the northern coast
to level 1000 m (BL) for the time period from 2000 through of Siberia. Within this sector the BL height is defined as
2005 (similar research has been performed for level 5000 mi.000m. This difference in definition in BL takes into ac-
(FT), as it does not give any additional information it is not count the stable stratification over the pack ice, especially
shown here). From Figs. 5a—f there are no apparent trendguring the summer months (Nilsson, 1996).
that could link to and explain the transition in aerosol prop-
erties, i.e. corresponding rapid and repeating change from a The calculated fraction ranges from 0 to 1, where 1 rep-
more polluted origin in the spring to a more clean origin in resents a trajectory that spends all its time in the BL. The
the summer. temporal evolution of this fraction is depicted in Fig. 6. The
The short analysis above has essentially provided informaupper and lower panels represent trajectories arriving to Ny-
tion about the horizontal transport. To investigate the verti-Alesund at the altitude level 1000 and 5000 m, respective.
cal dimension we also calculated the time the trajectory hadNot surprisingly trajectories arriving at a lower altitude spend
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panel represents trajectory that arrive to the altitude level of 1000m 160
and lower panel trajectories that arrive to the altitude of 5000 m.

140

(PPb(V))

more time in the BL. Comparing the start and end of the pe- g ., ]
riod we notice a decreasing trend in ratio of high-level tra-
jectories spending time in the BL (lower panel). But these il
trends are not very strong and do not show the radical change

between day 140 and 150 that the aerosol properties do. 80

4.2 Anthropogenic tracers 6

| | | | | | | | |
90 100 110 120 130 140 150 160 170 180 190
Day of Year

In previous sections we have shown that transport alone
cannot explain the transition in aerosol properties observed
on annual basis. Here we will explore the possibility that Fig. 7. Weekly running mean (thick lines) and plus minus one stan-
the combination of various transport patterns and seasondlard deviation (thin lines) of the trace gases;9@) and CO(b)
changes in the anthropogenic sources strength can shed™gasured atthe Zeppelin station for the years 2000-2005 and 2002—
light on observed aerosol microphysics. The tracers used iff 20% 'éspectively.
this analysis serve as proxy for air-mass characteristics. They
are not necessarily intended to address long-range transpoO. SG shows a large intra-annual variability in data for
of small aerosol particles, but rather to indicate changes irthe period with episodes of high values in April and May and
the composition of the air with respect to aerosol precursorgather low concentration in June. The concentrations range
and pre-existing particles. To follow this hypothesis we usebetween a minimum value of 0.QS 3 (effective detec-
data of anthropogenic tracers @O and?1%Pb observed at  tion limit) to a 2.13ugS nT 2 and a median of 0.0gS T3,
the Zeppelin station and focused on their temporal variation.The monthly mean and standard deviation o,.S0Dow the

SO, is one of the major anthropogenic trace gases andnaximum to occur in May with 0.14(0.28)gSnT> and a
highly relevant to aerosol properties. Additional to the an-trend that decreases towards June with corresponding values
thropogenic source it also has a natural biogenic sourc®f 0.07(0.04ygS nv3 (cf. Table 2).
contributing to SQ@ in the atmosphere through oxidation  The high variability of S@ in April and May reflects the
of dimethyl sulphide (DMS) (Li and Barrie, 1993; Li et frequent fast transport from anthropogenic sources that take
al., 1993; Ferek et al., 1995). We also explored measureplace during springtime, whereas in June it is more asso-
ments of CO and1%Pb because in the Arctic the occur- ciated with lower background concentrations perturbed by
rence of these can be attributed exclusively to sources outeccasional higher values but not as high as April and May.
side of the Arctic. We will use them as major tracers for The source of DMS is anticipated to be at its largest in late
anthropogenic source regions (Paatero et al., 2003). Figsummer (August) according to study by (Ferek et al., 1995).
ure 7a and b shows the weekly running mean ob $@d They reported Arctic DMS concentration up to 300 ppt,
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while background concentrations stayed at a few tens of |
ppt. If the observed DMS concentrations were converted
to sulfur (S) at 100% efficiency it would give a background  ssoli|||| |+
level of approximately 0.04gS nT2 and the highest peak mit
would correspond to about QS 3. This maximum %001}
value is still well below the peaks observed in the springtime ool T
at the Zeppelin station. There is nothing in the,S€nd ] LI T
that would suggest that an increased biogenic source would £ || T
explain the observed sudden transition in aerosol proper- &
ties. For year 2005, SOshows a mean concentration of 1500
0.13xgS T3, which differs from other years where the
mean concentration is much lower (0,0gS nt3). Over all i
sample years we note that after day 14¢$@equently ex- ol ] I AL
ceeds 0.07.gS ni-3. The only characteristic that could relate 1| E
to the aerosol transition is the fewer occurrences of higher o0 15 1% 1% 10
SO, levels after day 140. However, this trend would tend to Day of Year
decrease the potential for new particle formation. “ ‘ ‘ b
CO in Fig. 7b follows a clear decreasing trend during Y\ \ B Loat 210 avrage L
the period. Carbon monoxide has a longer residence time [ " \: - i Ao Surfce i
(around 90 days) in the atmosphere compared to &3 R -
7 days), which explains much of different features between
Fig. 7a and b. The total mean and standard deviation of CO7_ |
concentration is 135(25) ppbv, which is about 9% lower com-
pared to yearly base mean presented by Beine (1999). Asides
from some small deviation around day 155, the trend in CO °
shows a rather smooth decrease over time. Variability is also
relatively constant over the period. As OH acts as a major |
sink for CO, the annual cycle of hydroxyl radicalQH) is
of major importance for the seasonal evolution of CO. OH is
produced by photochemical reactions and therefore depends % w0 w0 @ @ w0 w0 w0 1m0 1
on incoming solar radiation. Observations show that CO ac- pay of vear
cumulates in the Arctic troposphere during wintertime due

to transport processes and the fact that sink processes by O'F-|g_ 8. (a) (Upper panel) the activity concentration of lead-210 on

are not available. During sprin.g when the sun rises the S.i”kaerosols measured at the Zeppelin station 2001-2005. Weekly run-
processes for CO become active and the CO concentrationsing average and error bars representing one standard devidon.

start to decrease, with the minimum reached in summer (Di{Lower panel) the averaged lead-210 concentration plotted together

anovklokov and Yurganov, 1989). The steady state decreaseith the average accumulation-mode (90-630 nm) particles surface.

of CO mixing ratios, only slightly perturbed by local maxi-

mum, correlated with episodes of higher $@lso indicates

that dilution and mixing with clean air masses and photo-

chemical sink of CO dominates over the source in the formgymmer. In the present study th¥Pb activity concentra-

of long-range transport during April-June period. tion vary between 0 and 5528qm~3. The data presented
Lead-210 §1%Pb) originates almost exclusively from con- i Fig. §a agree well with the single-year study by Paatero et

tinents and as such it is a tracer of air masses having rathey| (2003); maximum values in April with a monthly mean

recent contact with landmasses. With its long lifetime (half- 3ng standard deviation of 165 and 188qm3, respec-

life 22 years) the atmospheric lifetime is mainly governed tively, and a much lower mean in June of 35(2Bq m~3.

by the lifetime of the aerosols (Paatero et al., 2003). Most

of the atmospherié1%Pb is attached to accumulation-mode  Lead-210 is one of the tracers investigated in this study

aerosols. Based on the activity ratic®fPb and its progeny; that shows a notable change in both the rate at which it de-

mean aerosol residence times can be estimated. In the presasreases and its variability. In particular the decrease in vari-

study we only investigate the temporal variation %fPb ability is very evident. It is worthy to note again tHafPb is

data itself. The annual variation of the activity concentra- associated with accumulation-mode particles and thus could

tion of 219Ph at the Zeppelin station was between 11 andbe a proxy of relative increase or decrease of the aerosol sur-

620.Bgm~2 for the year 2001 (Paatero et al., 2003). The face area, which are also dominated by accumulation-mode

maximum was observed in March-April and the minimum in aerosol (Fig. 8b).

210,
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b uBg m
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www.atmos-chem-phys.net/8/445/2008/ Atmos. Chem. Phys., 8446252008



454 A.-C. Engvall et al.: Spring-summer aerosols in the Arctic troposphere

600
North

500
0.5

N

00

-3

o

300

cm

-1200

4
|| Il

-1100

South
-1 1 1 1 1 0
100 110 120 130 140 150 160 170 180
ir A 4600
East April May June n
I -500
05F !
II Iy [ I | II ||| ' =
o™
0 o MolLing ! 3 alm b .|
]IIII"I- II l’III Illl [ IlII § 300 g
Iy 1200
-0.5 T oy
’ 4 -100
West o Y N /
-1 1 1 1 1 I\ 1 1 1 1 0
100 110 120 130 140 150 160 170 180
Day of Year

Fig. 9a. Vectorized trajectory for each day of 2001. Upper figure shows the N-S vs. the particle densities of the Aitken-mode particles
(dashed line) and accumulation-mode particles (solid line). Lower figure shows the corresponding E-W contribution for each day trajectory.

4.3 Coupling between the aerosols, anthropogenic tracers 21%Pb data has a lower data rate (one sample every third
and air-mass transport day) compared to particle data and Sdata (reason for the
non-continues line in Fig. 9¢). This makes it hard to make

. 0 . . .
In Sect. 3.2 we have demonstrated that the Aitken-mode parz_iccuracy comparisons 6*.F.’b and for |nd|v_|d_ua| values_ of
accumulation-mode densities and SO0As it is shown in

ticles show an increasing trend in number density from April = . :
to June and the accumulation-mode particles show a sIovx'/:'g' 8a, the average concentratior?!Pb decreased during

decreasing trend. With the obtained vectorized trajectorieétne pserlcl)d from ?prll :h;ou{crj]h Jl:fnetW|ftI't1hanNor(:ﬁ erf more
(cf. Sect. 4.1) we will in this section couple the horizontal an >. 1n an earlier study e efiect ot the fvorth American

: . continent on the airborn@%Pb in northern Finland was ob-
air-mass transport to the loading of the aerosols and the anz .
! ’ ng erved (Paatero and Hatakka, 2000). As mentioned before,

thropogenic tracers loading for each day. Investigations havé

. . 10
been performed for all years but we select one year, 2001the residence time foi'%Pb can vary from a few days up to

to illustrate our findings, as this year has the most completeél mpnth depending on how effective the scavenging of the
data set available (cf. Table 1). particles from the atmosphere are. Less efficient scaveng-

ing of the particles might be depicted in the maximum value
Figure 9a (upper panel) shows the N-S component to-.450,,Bqm=3 observed in April, compared to the median
gether with the daily average of the accumulation-mode5j e of 133:Bgm~3 for the entire period. Enhanced val-
(solid line) and Aitken-mode particles (dashed line) and theyes jater during the period, days 130-135, are concurrent with
lower panel the corresponding E-W component. Combin-gnnanced values of the density of accumulation-mode parti-

ing the information of these two graphs one can follow the ¢|eg (Fig. 11a) and SQ(Fig. 11b) and are coupled to north-
aerosol loading and the main direction of the air-mass transpasterly flow from northern part of Eurasia.

port. For example the accumulation-mode particles reach

values between 300 and 400tfnduring days 125 and The data presented show that the air-mass origin and trans-
132. The vectorized trajectories for these days show a N+port are important factors controlling the aerosol microphys-
E contribution. A further look at the specific trajectories ical properties, but against the expectations air-mass trans-
for these days shows that the air mass originate from thegoort alone cannot explain the spring-to-summer transition
northerly part of Russia, Siberia, and they are most likelyin aerosol properties at all. Moreover, it is very likely that
affected by anthropogenic sources, e.g. metal smelter at Nosther processes are of the same or higher importance and
rilsk (Virkkula et al., 1995). This is also supported by the this alternative scenario will be discussed in following sec-
SO, and?1%p data that show peaks of enhanced concentration. The variable showing most of a spring-to-summer tran-
tions cf. Fig. 9b—c. sition other than the aerosol38°Pb. On the other hand the
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Fig. 9b. Each day vectorized trajectory for 2001. Upper figure shows the N-S together wjtie@entration (line).
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Fig. 9c. Each day vectorized trajectory for 2001. Upper figure shows the N-S togethe:i"J\RIRh concentration (stars). Lower figure shows
the corresponding E-W contribution for each day trajectory.

lifetime of 219Pb in the atmosphere is intimately linked to lated: Can annual systematic changes in the source strength
aerosols through being attached to accumulation-mode partiand sink rate of the condensable species together give the
cles (cf. Fig. 8b). The accumulation-mode particles are typ-type of transition that the aerosol properties show?

ically where the largest surface area can be found and thus

the largest sink for condensable species. New particle for-

mation is a non-linear process that involves the competition

between the sink of condensable species and the source of

the same. Therefore, the alternative scenario can be formu-
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Fig. 10. Equilibrium vapour concentrationsj30, April through
June for the years 2000-2005. Based on incoming solar radiation
data, S@ and aerosol measurements from Nlesund, Svalbard.

4.4 Nucleation potential
4.4.1 Method

To explore the possible link between the observed spring-
summer transition in aerosol size distribution with respect
to aerosol nucleation potential we first assume that the new-
particle formation involves sulphuric acid §80,). The
equilibrium vapour concentration of430, is calculated for
each day based on daily average data, for which the source
rate and sink rate of $80y is balanced. Following Kul-
mala et al. (2005) the time dependent vapour concentration
of HoSOy, C, can be written as

dc
= _p-cs.c

T 1)
WhereQ is the source rate and CS is the condensational sink.
Equilibrium vapour concentration here refers to zero rate of
change and is equal #C/dt=0 and thus a balance of the
source and sink. The equilibrium vapour concentration of
H2SOy, C, is then given by

0
C=—— 2
CS. @
4.4.2 Source
The source rat@, is calculated by
k-OH- SOy, 3)
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Fig. 11. Number densities for three different ranges of particles
sizes;(a) Total number densities §§ based on measurements from

CPC, (b) Aitken based on measurements from the DMPS system

Where k is the reaction rate 102 (s™1) (Seinfeld and

and(c) smaller sizes 10—20 nm using thg\Nminus integral total

Pandis, 1998) and SOare observed daily averages ex- numberfrom the DMPS, plotted as a function of the calculated equi-

pressed as molecules per t The OH radical is not ob-

served and was parameterized from the global radiation 0b2005.

servationsS (Wm~2) http://www.awibremerhaven.de/MET/
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NyAlesund/fulltimeresquery.htipl To calculate OH concen- and a factor of 2 in June. Hence the equilibrium concen-

tration, S was simply scaled by a maximum value (387) of tration of bSO, vapour will decrease about a factor of two

the total data set for observed diffuse solar radiation and mulover the entire 3-month period, but the difference between

tiplied by 5x 10° according to Eq. (4). the months are not large enough to explain the transition ob-

& served in equilibrium concentration of,B0y. If anything,

&_ (4) the slightly higher CS in summer compared to spring would
387 tend to make the transition less pronounced. We therefore

As actual®OH concentrations are unknown to us, this scal- use the dry aerosol size, which makes it possible for us to

ing is entirely arbitrary and only serves to reproduce typicaluse a larger data set.

values for*OH concentrations frequently reported in the lit-

erature (Seinfeld and Pandis, 1998). 4.4.4 Result

4.4.3 Sink Following the above formulas the equilibriunp 80, con-
centration was calculated based on the average incoming ra-
The condensational sink is calculated based on observed sizfiation, SQ and CS for each day. In Fig. 10 these values
distributions following Kulmala et al. (2001), including the for the data set is plotted as function of day. The data ranges
correction factor for the transition between the molecular andfrom close to zero to around<11.08 molecules crm3with an
continuum regimes given by: increasing trend with time, even though the main part of data
0 falls between &10° and 3x10’ molecules cm®. We were
interested to find out whether there is any particular value of
CS=D / dpPu(dp)n(dp)ddy=2n D Z BudpiNi ) & 2hove where small particles are more Ii)I/<SIy to occur. To do
0 ' this we analysed the observed integral aerosol number densi-
Where D is the diffusion coefficientn(dp) is the particle  ties of various sizes versus C Fig. 11a—c. There are different
size distribution function andV; is the concentration of par- amounts of data in each scatter plot presented in Fig. 11a—c
ticles in the size sectioh For the transitional correction fac- due to reduction of the time resolution for individual instru-
tor for the mass flu,, we use the Fuchs-Sutugin expression ments. Note that data in Fig. 11a and b are entirely indepen-
(Fuchs and Sutugin, 1971). dent, whereas in Fig. 11c the accumulation mode part of the

To derive the condensational sink, CS s the hourly  size distribution enters both variables.
averaged size-distributions for particles larger than 90 nm All three scatter plots present a systematic trend with more
(accumulation-mode particles) were used. The reason for refrequent high number densities as C increases. However,
stricting the condensational sink only to the accumulation-it is difficult to distinguish a very clear critical value for C
mode particles is that Aitken particles are a result of rela-that would indicate a nucleation threshold. Based on the
tively recent particle production, whereas the accumulationthree scatter plots it appears that a value of C above approxi-
mode particles were most likely already present and availabl@nately 3<10° molecules cm? separates C values with gen-
as a sink at the time the new particles were formed. CS wagrally low number densities and C values associated with the
calculated from the hourly average of particle data. We ex-highest number densities.
clude days with less than 10 data points (hourly averages). Note that we work with daily averages given by measured
It should also be noted that CS is calculated based on drglata from NyAlesund. Newly formed particles may take
aerosol due to the measurement set-up (cf. Sect. 2.2). several hours, up to a day, to reach a size of 10 nm (detectable

Typically, the Arctic summer boundary layer is often very size for the instrument) due to the low concentration of con-
humid. We have evaluated the relative humidity (RH) datadensable material in the Arctic. Hence, the observed condi-
from the Zeppelin station to investigate the hygroscopic ef-tions when there are high number-densities of aerosols in Ny-
fect on aerosols and CS. The influence of RH will affect the Alesund are not necessarily identical to the conditions exist-
calculated condensation sink that is used to estimate the equing where the particle formation actually took place. To give
librium concentration of sulphuric acid. The relevant issuethe reader a feeling for the spatial scale of our approach we
here is if including RH makes CS change with time differ- might think of how far an air parcel is transported in one day.
ently than by not including RH. Given a mean wind speed of 5 misthis distance is equiv-

RH data are available only for years 2002 to 2005 andalent to more than 400 km transport during one day. This
hence not for the entire data set. We consider hygroscopitneans that processes taking place 400 km fromAlysund
growth for an HSO4-aerosol, following the approximation affect our daily averages.
by Kopke et al. (1997). The result shows that the hygro- The present study is not aimed at a detailed analysis of
scopic growth affects the aerosol with almost the same magthe nucleation process, but rather to characterize the condi-
nitude over the entire period. Comparing CS for these twotions related to the observed changes in aerosol characteris-
conditions, with or without including hygroscopic growth, tics. By necessity the analysis of the data becomes schematic
show a CS increase with a factor 1.8 in April, 1.7 in May in many aspects, as there are many processes that interplay.
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0% —— rium threshold is reached often we expect that formation of

particles occur readily during that time. The higher the value
of this threshold, the more vigorous we expect the particle
formation to be.

We explore three different values of theo$0D, equi-
librium concentration threshold: 04.0"; 0.9x10’; and
1.1x 10" moleculescm? (see Fig. 12a). From comparing
the different ratios it is clear that changing the threshold from
0.6x10’ to 1.1x 10’ molecules cm® has the largest impact
on the evolution of the ratios in the middle of the time pe-
riod, where the reduction in the ratio is twice as large as at
both ends of the time period. Thus, the difference between
= T the ratios in April and May compared with June are accen-
e tuated. This is most evident for the highest threshold value;

‘ ‘ Dol ‘ ‘ ‘ there the ratio increases from low values to about 0.2 over
— o06E7 the first two months and then quickly increases to above 0.4
7 in about a week’s time.
] A small amount of data (about 6%) is clearly affected by
rapid transport from anthropogenic sources evident in the
very high SQ concentrations for the time period. These high
. SO, concentrations would yield enhanced values of equilib-
rium HSO4. As we only consider the aerosol size distri-
bution up to 630 nm (due to the limitation of the measur-
] ing equipment) in calculating CS, it is possible that a sig-
nificant contribution to CS from larger particles is missed
during strong pollution events. This would result in an un-
derestimation of C, whereas nucleation events are typically
‘ ‘ ‘ ‘ ‘ quenched in polluted air due to large aerosol surface area.
v e etvear e To test the influence of these events on our results we re-
peated the ratio calculation after screening data wherg SO
exceed 0.6:10" molecules per cm® (see Fig. 12b). This
Fig. 12. () Fraction for when a certain criteria, |imit was chosen by investigating data for when Sn-
0.6x 10’ molecules Cm?g(so"d) 30-9’<107 moleculescm®  conration reached high values that were probably influenced
I(i?:)%ikr]r??/;pizf cgrit?wtgtcitencsu'oijgg oégL?rtt(%o)l)Szrfnetgi (z)qggt by anthropogenic sources. Excluding the pollution events
4 ' generates no large changes between Fig. 12a and b. But ex-
excluded for polluted events. - . . o
cluding these outliers makes the transition from low ratios in
the beginning of the period to higher ratios in June somewhat

and therefore we omit details in favour of trends. The resultsfore day 115. Between day 115 and day 145 the fraction of
here will therefore only illustrate the trend in data found in time the threshold is exceeded increase to 20%. Only 10 days

the Arctic region and will not describe the nucleation pro- later this fraction is more than doubled and from about day
cesses in detail. 155 the fraction hovers around 50%. Hence in late May and

beginning of June the occurrence of the potential conditions
4.45 Trace gases influence on observed aerosol loading for particle formation increases dramatically.

= - 0.9E7
0.8H " 11E7

Ratio

Ratio

Whether or not the critical value is below or above

3x10° moleculescm?® we can see the potential effect of 5 Discussion

such a threshold on the size distribution over time. We may

think of it as a nucleation potential. Moreover, it is not only Transport patterns and source strengths of anthropogenic
of interest if the conditions meet the threshold, but also totracers change over the year with the net effect that the Arc-
what extent C may exceed above this values, as seen frortic atmosphere in the late winter and spring period is the

Fig. 11a. We illustrate this by making a weekly moving av- most polluted and that summer is the cleanest period of
erage of the ratio between the number of data points exceedhe year. Over the time period from spring to summer, the

ing a certain threshold, divided by the total number of dataaerosol characteristics change from being dominated by the
points for the time window over all six years. If the equilib- accumulation-mode to being primarily of the Aitken-mode
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variety. Our observations and analysis show that this transi- o
tion is not typically a gradual change but occur over a rather
short period in late May/early June each year, and takes
around 10 days. Intrigued by the temporal persistence of
the transition we systematically investigated pertinent trac- _
ers and transport patterns over the period April-June during '&l
a six-year period (2000-2005).

If the transition from spring- to summer-aerosol could be
explained by transport alone, we would expect that the main
transport pattern should change from one regime to another
i.e. a change from anthropogenic sources at lower latitudes
to biogenic sources from the north, which in present study is
not the case. Although seasonal changes in the flow pattern
exist (Eneroth et al., 2003; Stohl, 2006) our analysis could

not reveal any systematic pattern that could help explain the ¢ w0 w0 20 % 10 50 160 10 180 100
ay of Year

rapid transition observed for the aerosol properties. e ;
The levels of DMS may be largest in the latter part of the
summer (Ferek et al., 1995), but the overall concentrations
of SO, decrease over the investigated time period. Therefore
there may be a debate about what process actually formed the
SO, molecule; anthropogenic versus natural, and a biogenic  zso-
source, via its sulphur cycle, cannot explain the transition. .
The fact that the S@values are at their lowest during the £ *°[
period with most active particle production is perhaps unex-
pected. Shaw (1989) discussed patrticle formation in clean
areas and suggested that one viable pathway is the cleaning i
of pre-existing aerosol area through precipitating clouds.

The temporal evolution of the condensational sink, CS, de-
picted as a weekly running mean in Fig. 13a indeed shows | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
persistently low values from about day 150 and onwards. The ~ * @ "0 20 20 e o 170w
temporal characteristics of CS in many ways resemble those
presented by1%Pb in Fig. 8a. As a matter of fact, the cor-
relation between these two variables is better than 0.92. A&ig. 13. (a)Running weekly mean and standard deviation of the
the?19Pb is associated with accumulation-mode particles thisderived condensations sink (CS) (derived from Eq. (5)), based on
close relation can be understood. We note that whéf@ag  DMPS data from the Zeppelin station for the years 2000-2(8)5.
continues to decrease during the period of investigation, Cg\verage solar radiation at Nitesund for the years 2000-2005.
appears to recover at the end. A8Pb is a tracer for con-
tinental air masses, this deviation between the two variables

would be consistent with a rebuilding of the aerosol surface p complicating aspect with respect to the discussion above
area that takes place within the Arctic basin or over oceangpgt scavenging of Sy clouds is that, if one studies the
further south. Given the typically low wind speeds in the temporal evolution of S@over the last part of June, it ap-
Arctic summer atmosphere (Heintzenberg et al., 1991, Enpears as if S@increases (Fig. 7a). It is not obvious how
eroth et al., 2003; Stohl, 2006), the decreasé'fiPb and g fit this behaviour with the observation 8t%Pb and CS
increase in CS are most likely a result of secondary aerosojpove. On the one hand it may be indicative of an increasing
formation taking place within the Arctic. marine source of S associated with the summer-time bio-
At the same time as clouds remove pre-existing aerosological activity in the ocean through oxidation of DMS and
surface area and pave the way for new particle nucleationsubsequent formation to $S0OOn the other hand this increase
clouds also scavenge S@hrough liquid oxidation and pro- may be a greater influence from anthropogenic sources dur-
duce particulate sulphate on already existing particles. Thisng parts of the summer as reported by (Heintzenberg, 1989).
removal of SQ will in turn reduce the potential for subse- In the latter case the scavenging of accumulation-mode par-
quent nucleation of new particles. The fact that the monthlyticles must be efficient while letting some fraction of SO
mean SQ concentration is about half in June of what it is survive the cloud passage or passages. Nevertheless, the
in April and May (cf. Table 2) is consistent with scavenging question about the origin of SOn the summer Arctic, an-
and reduced anthropogenic sources. thropogenic versus natural is an interesting one in relation

Condensation sink
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to aerosol-cloud interactions and climate forcing, and needsised four-day-back trajectories and long-term observations
further investigation. of aerosols and trace gases from the Zeppelin station, Sval-
The third leg in this simple method to determine the nu-bard. We have described the difference between the peri-
cleation potential is solar radiation, which in turn is a proxy ods of spring and summer, the transition between them, and
for OH in the atmosphere. A close relationship betweenwe have attempted to link the observations to the large-scale
the yearly cycle of particle number density and incoming circulation and influences from natural and anthropogenic
solar radiation at NyAlesund, which supports the impor- sources of aerosols and gases. We have investigated the hy-
tance of photochemical reactions has been shown linStr pothesis that air-mass transport to the Arctic controls the sys-

et al. (2003). At about mid-March the sun returns to the Sval-tematic change in the physical properties of aerosols (i.e.
bard region and the summer solstice occur about three weeksom being dominated by accumulation-mode in spring to
into June. Hence, the spring-to-summer period presents feing Aitken-mode dominated in summer) that are observed
dramatic increase in the amount of radiation that reaches Nyat the Zeppelin station. To summarise this work, we ended
Alesund. Therefore, the decrease in the precursor gas SQup with four main conclusions:

due to changes in transport patterns is more than compen-
sated for by the combined effect of an increased radiation
flux and decreased condensational sink.

This is illustrated by using some simple numbers. ;SO
decrease by about a factor of 2 between the beginning and
end of the time period (cf. Table 2). The condensational
sink decreases over the same time by about a factor of 2
(cf. Fig. 13a). However, the weekly median radiation in-
creases by about a factor of 5 (Fig. 13b). Hence, the tempo-
ral evolution of CS and S@largely compensate each other
and the nucleation potential is mainly driven by the radia-
tion. The net effect is that the nucleation potential reaches
some critical value at about the same time each year.

Particle nucleation is highly non-linear and some critical
super-saturation of condensable vapour must be reached be-

fore new particles will form. Below this value nucleation 3.

does not readily occur. For instance, the more this critical
value is exceeded, the larger the chance is that the newly
formed particles will grow to sizes that can be detected by
the instruments at the Zeppelin station. Based on the tempo-
ral evolution of the Aitken mode in Fig. 3a and the aerosol
transition index in Fig. 4a and b we believe that this critical
value is typically meet every year around day 145 plus or mi-
nus a week. Hence we believe that photochemical reactions
govern much of the aerosol dynamics in the Arctic.

The whole picture is further complicated by the fact that
remote sensing data shows similar sudden change in aerosol
properties, which indicates the whole troposphere to be in-
volved in a similar transition. Remote sensing within the
Stratospheric Aerosol and Gas Experiment (SAGE) Il and 11l
suggests a change between spring and summer for the opticﬂ
properties of the Arctic aerosol in the upper free troposphere
above 4 km altitude (Treffeisen et al., 2006). Whether samg
processes in the BL control this remains to be investigated.

1.

Using air mass back-trajectories we have shown that
transport alone cannot explain the repeating rapid tran-
sition from spring-type to summer-type aerosol ob-
served in the Arctic troposphere.

2. Blocking the advection of the polluted air masses from

south into the Arctic is important contributor to trans-
port, but it should be seen more as a necessary prerequi-
site rather than the main process controlling the spring-
summer transition in aerosol properties. The reduction
of the anthropogenic contribution (using CO as tracer)
during the investigated period presents a rather smooth
trend and cannot alone explain the sudden change in
aerosol properties.

With a simplified model, which delivers the nucleation
potential for new-particle formation in the form of equi-
librium vapour concentration of ¥50, we suggest that
the aerosol microphysical properties are the result of
a delicate balance between incoming solar radiation,
transport, and condensational sink processes.

4. The temporal evolution of the condensational sink and

SO, concentrations indicate that, to a large degree, they
compensate each other and the nucleation potential is
mainly driven by solar radiation. The strong seasonality
of the solar angle in the Arctic results in the nucleation
potential reaching some critical value about the same
time each year. This is consistent with a repeating pat-
tern of aerosol transition between spring and summer.

this time, it is not clear how and to what extent pro-

cesses in the boundary layer and the free troposphere are
nterlinked.
nomenon, airborne in-situ measurements covering the whole

In order to get better insight into this phe-

tropospheric column are necessary.

6 Summary and conclusions
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