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Abstract. Unique measurements of vertical size-resolvedfore long-range transport plumes are unlikely to directly in-

aerosol particle concentrations, trace gas concentrations arftlence low-level stratiform cloud formation. Nonetheless,

meteorological data were obtained during the Arctic Sum-such plumes can influence the radiative balance of the plane-

mer Cloud Ocean Study (ASCO@ww.ascos.gg an Inter-  tary boundary layer (PBL) by influencing formation and evo-

national Polar Year project aimed at establishing the pro-ution of higher clouds, as well as through precipitation trans-

cesses responsible for formation and evolution of low-levelport of particles downwards. New particle formation was oc-

clouds over the high Arctic summer pack ice. The experimentcasionally observed, particularly in the near-surface layer.

was conducted from on board the Swedish icebre@kian We hypothesize that the origin of these ultrafine particles

and provided both ship- and helicopter-based measurementsould be in biological processes, both primary and secondary,

This study focuses on the vertical helicopter profiles and on-within the open leads between the pack ice and/or along the

board measurements obtained during a three-week perioIZ. In general, local sources, in combination with upstream

when Odenwas anchored to a drifting ice floe, and sheds boundary-layer transport of precursor gases from the MIZ,

light on the characteristics of Arctic aerosol particles andare considered to constitute the origin of cloud condensation

their distribution throughout the lower atmosphere. nuclei (CCN) particles and thus be of importance for the for-
Distinct differences in aerosol particle characteristics mation of interior Arctic low-level clouds during summer,

within defined atmospheric layers are identified. Within and subsequently, through cloud influences, for the melting

the lowermost couple hundred metres, transport from theand freezing of sea ice.

marginal ice zone (MIZ), condensational growth and cloud

processing develop the aerosol population. During two of

the four representative periods defined in this study, such in-

fluence is shown. At altitudes above about 1 km, long-rangel  Introduction

transport occurs frequently. However, only infrequently does

large-scale subsidence descend such air masses to becorh@e Earth has experienced a statistically significant warm-

entrained into the mixed layer in the high Arctic, and there-ing over the past century, mainly as a result of the an-
thropogenic greenhouse effect (IPCC, 2007). The Arctic is
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a region particularly susceptible to climate change and has Meanwhile, field-study-based analysis of aerosol—cloud
warmed at a rate more than twice that of the global aver-interactions in the high Arctic has been severely hampered
age since the mid-1960s (Jeffries and Richter-Menge, 2012y difficulties in conducting in situ measurements in a re-
General Circulation Models (GCMs) project that this trend mote and hostile environment. A further complication is the
will continue over the course of the 21st century (Holland frequently occurring vertical stratification of aerosol and gas
and Bitz, 2003; ACIA, 2005). Furthermore, summer sea iceconcentrations (Bigg et al., 1996, 2001). The formation of
extent is decreasing rapidly (Lindsay, 2009), with model sim-aerosol layers is governed by several factors, such as atmo-
ulations projecting that the summer Arctic may become es-spheric mixing and air mass origin over the Arctic, as well
sentially ice-free by or even before the mid-21st centuryas the sources of the precursor gases and aerosol particles
(Holland et al., 2006). Meanwhile, climate models face manythemselves. A number of hypotheses regarding the sources
issues when projecting Arctic climate; there is a large scatteof the high Arctic summer aerosol have been put forward
between model simulations, larger than for any other regiorand a brief overview follows.
on Earth (Raisanen, 2001; ACIA, 2005; Serreze and Francis, Whilst the regional, and specifically the inner-Arctic,
2006). This is likely due to inaccurate descriptions of manylower troposphere is widely considered to be one of the
of the physical feedbacks and processes within the Arctic cli-cleanest in the world in summer (Bigg et al., 1996; Heintzen-
mate system (Prenni et al., 2007). Clouds, and related climatberg et al., 2006), long-range transport of pollution plumes
feedbacks, are a major cause of uncertainty in climate moddkeads to episodic increases in aerosol concentrations at al-
projections (Soden and Held, 2006; IPCC, 2007). Clouds arditudes above the planetary boundary layer (PBL). Accord-
also considered to be one of the most important factors foiing to Pacyna and Oehme (1988), transport of organic pol-
the surface energy balance in the Arctic (Intrieri et al., 2002).lutants, such as hexachlorocyclohexane, hexachlorobenzene,
Clouds both reflect incoming solar radiation and enhancepentachlorobenzene andchlordane — mainly from the for-
the downward longwave flux by emitting infrared radiation mer Soviet Union, but also from North America and Eu-
(Ramanathan et al., 1989; Curry et al., 1993; Zhang et al.rope — could be responsible for observed plumes. It has
1996). As one of the primary determinants of the surfacealso been suggested that boreal forest fires, occurring pre-
energy balance (Curry and Ebert, 1992; Curry et al., 1993dominantly in the summer (Stohl, 2006; Stohl et al., 2006)
Mauritsen et al., 2011; Sedlar et al., 2011) they influencecontribute to the pollution plumes at an altitude of several
the freezing, melting and thickness of the perennial sea ickilometres (Shipham et al., 1992; Koch and Hansen, 2005;
(Maykut and Untersteiner, 1971; Kay and Gettelman, 2009).Stohl et al., 2006). In spring, the widespread use of pes-
The shortwave reflectivity and longwave emissivity of clouds ticides in Asia, Europe and North America would explain
are affected by the number concentration of aerosol particleghe elevated concentrations of organic compounds measured
which, via their role as cloud condensation nuclei (CCN), by Pacyna and Oehme (1988) at a number of Arctic island
facilitate the formation of liquid cloud droplets and deter- stations. In contrast to the long-range transport sources de-
mine cloud optical and microphysical properties (Curry et al.,scribed above, Hegg et al. (1995) found that in situ parti-
2000; Garrett and Zhao, 2006; Mauritsen et al., 2011), suckcle production is likely to be taking place aloft. This view
as albedo, life-time and optical depth. was also shared by Garrett et al. (2002) who suggested that
The limited impact of anthropogenic and continental homogeneous-bimolecular nucleation of sulphuric acid and
sources and the resulting low particle concentrations in thavater vapour may be responsible for the high concentrations
summertime Arctic (Bigg et al., 1996; Covert et al., 1996; of 20—300 nm diameter particles, which they frequently de-
Leck and Persson, 1996b; Nilsson and Leck, 2002; Heintzentected within several hundred metres above low-level stratus
berg et al.,, 2006; Heintzenberg and Leck, 2012), alongclouds. Wiedensohler et al. (1996) presented statistical evi-
with the semi-permanent ice cover, contribute to a complexdence to suggest that in situ particle production observed in
relationship between aerosol particles, low-level stratiformthe PBL over the Arctic pack ice area probably originated
clouds, radiation and surface albedo (Leck and Bigg, 2007 from higher altitudes. Hence it was speculated that the free
Sedlar et al., 2011; Heintzenberg and Leck, 2012). The highroposphere was a possible origin of newly formed particles
albedo of sea ice and snow, in combination with low insola-in the Arctic. Subsequently, Leck and Bigg (1999) used the
tion, results in low clouds having a warming effect at the sur- PBL structure and the vertical distribution of particles during
face during most of the year (Walsh and Chapman, 1998; Infniucleation events to show that, if the newly formed particles
trieri et al., 2002), in contrast to the net global cooling effect did come from above, they had to come from a level less
(Schneider, 1972; Ramanathan et al., 1989). Furthermore, thihan 140 m above the surface, and not from the free tropo-
semi-permanent ice cover together with the low particle con-sphere. Particles with sizes below 50 nm in diameter during
centrations results in a high sensitivity of the climate system;four Arctic icebreaker expeditions, in the summers of 1991
even small changes in either have a strong impact on the er(Leck et al., 1996), 1996 (Leck et al., 2001), 2001 (Leck
ergy balance and summer ice-melt (Leck and Bigg, 2007;et al., 2004; Tjernstrom et al., 2004) and 2008 (Paatero et al.,
Mauritsen et al., 2011; Heintzenberg and Leck, 2012). 2009; Tjernstrom et al., 2013), have been shown to be pro-
duced by in situ fine-particle sources over the high Arctic
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pack ice and possibly have their origin in the open water be- The variety of local and long-range transport aerosol
tween ice floes (Leck and Bigg, 1999, 2010; Heintzenbergsources impacting different atmospheric vertical layers
et al., 2006; Heintzenberg and Leck, 2012). clearly suggests that predictions of cloud properties based on

Due to the usually low concentrations of aerosol particlessurface aerosol concentration measurements are both highly
over the inner Arctic pack ice area in summer, naturalcomplex and uncertain and are critically dependent on the
surface particle sources have been emphasized as beidmpundary layer evolution and atmospheric mixing between
much more important than transport from continental the surface and aloft. Consequently, in order to better under-
sources (Leck and Persson, 1996b; Leck and Bigg, 1999stand low-level stratiform cloud formation over the pack ice
2005a, 2010; Bigg and Leck, 2001b; Kerminen and Leck,in summer, emphasis should be placed on vertical profiling
2001; Leck et al.,, 2002; Chang et al., 2011). One suchof the atmosphere. Such an approach provides valuable infor-
local source over the central Arctic Ocean is dimethyl mation on the importance of the respective aerosol sources as
sulphide (DMS), which, via photochemical oxidation and CCN precursors, and on the mechanisms via which aerosol
subsequent condensation on pre-existing particles, formgarticles are transported vertically and entrained within low-
methanesulfonate (&$0;) and non-sea-salt sulphate level stratiform clouds.

(nss s@—) (Heintzenberg and Leck, 1994; Leck and Inthis context, the vertical profiles of size-resolved aerosol
Persson, 1996a, b; Quinn et al., 2007). DMS is a gas ofarticles and meteorological data, obtained with a helicopter
phytoplankton origin, and its production and breakdown induring the Arctic Summer Cloud Ocean Study (ASCOS)
the water column must be regarded as a result of complexwww.ascos.sgin 2008 and presented in this paper, con-
physiological and ecological interactions, as demonstratedtitute a unique and important data set. It should be noted
in Leck et al. (1990). Its concentration in water and air that there are a number of existing publications on vertical
has a high seasonal variability, peaking during the summe@€rosol measurements over the Arctic using aircraft (e.g. Ya-
months as a result of heightened biological productivity, manouchi et al., 2005; Engvall et al., 2008), as well as un-
with the highest concentrations being found in open watermanned aerial systems (Bates et al., 2013). However, these

at the ice margin (Leck and Persson, 1996a, b). The imstudies have predominantly taken place at lower latitudes
portance of this precursor gas may increase as climatéhan the ASCOS study, where additional atmospheric mecha-

warming over the Arctic proceeds; an in- nismsand processes are of importance. Only two other cam-
crease in summer concentrations of MSA paigns have conducted similar (albeit less comprehensive)
and nss Sﬁf (12% and 8%yr!, respectively) has al- measurements of the vertical stratification of aerosol, and gas

ready been measured, based on an analysis of 1976-20@®ase DMS, over the high Arctic north of 8the Arctic
data from Barrow, Alaska (Quinn et al., 2009). Ocean Experiment 1996 (AOE-96) (Bigg et al., 2001; Leck
Organic particulate matter found in the summer Arctic et al., 2001) and the Arctic Ocean Experiment 2001 (AOE-
could be created via several pathways. Fu et al. (2009) dis2001) (Lundén et al., 2010), with the latter also including
covered that oxidation of biogenic volatile organic com- acetonitrile measurements.The present study focuses on 38
pounds, such as isoprene, contributed to the aerosol pop@f the vertical helicopter profiles, obtained during a three-
lation in the Canadian high Arctic. Another mechanism —Wweek period while the Swedish icebreakédenwas an-
which has been considered based on observations of partFhored to a drifting ice floe within the high Arctic pack ice
cle growth at Summit, Greenland — is the release, and subsérea. The helicopter aerosol profiles are analysed in conjunc-
quent condensation, of organics from the snowpack (Ziembdion with meteorological data and onboard particle measure-
et al., 2010). Recent results have clearly demonstrated thanents, with simultaneous profiling of DMS and acetonitrile
biogenic microcolloids shown to be polymer gels (Chin et al., (used as tracers for air that has been in contact with sea and
1998; Orellana et al., 2007), produced by phytoplankton andiomass burning, respectively), with the aim of establishing
sea ice algae biological secretions, could constitute an imthe characteristics of Arctic aerosol particles and their dis-
portant source of CCN in the pristine high Arctic summer tribution throughout the lower atmosphere. In particular, the
(Orellana et al., 2011). These results verify past studies of th&ertical stratification of aerosol particles and its dependence,
summer aerosol—cloud relationship over the Arctic pack iceor lack thereof, on local sources, aerosol processing, trans-
(Bigg and Leck, 2001a, 2008; Leck et al., 2002; Bigg et al., port pathways and atmospheric mixing are presented.
2004; Leck and Bigg, 2005a, b, 2010). The polymer micro-
gels are emitted directly from open leads via bubble bursting
(Norris et al., 2011) and are made up of heat-resistant, highly2 Geographical setting, instrumentation and methods
surface-active and highly hydrated (99 % water) polysac-
charide molecules spontaneously forming three-dimensionak.1  The Arctic Summer Cloud Ocean Study 2008

networks inter-bridged by divalent ions (&dMg?*), to expedition
which other organic compounds, such as proteins and lipids,
are readily bound (Decho, 1990). The data analysed in this study and presented in this paper

were obtained during ASCOS in 2008, an Arctic cruise on
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Fig. 2. The ASCOS 2008 expedition helicopter with instrument and
air inlet locations.

Fig. 1. Odenicebreaker track (pink) with the ice-drift path enlarged
in the insert marked red. The circle indicates the start of the ice-
drift. The observed ice edge on 12 August 2008 is given by the thin
blue line.

cles. Each of the CPCs measured the integral number con-
centration of particles with a diameter over a certain thresh-
old. Details of the operating principles can be found in Her-

board the Swedish icebreak@den carried out as part of Mann and Wiedensohler (2001). The two CPCs used were
the International Polar Year (IPY) 2007—2008. The expedi-the TSI model 3025 Ultrafine Condensation Particle Counter
tion was highly interdisciplinary, with a plethora of measure- (UCPC) and the TSI model 7610 CPC. The UCPC detected

ments being conducted in the fields of marine biology, atmo-Particles larger than 3nm in diameter, whilst the CPC de-
spheric chemistry, oceanography and meteorology. The oveft€cteéd particles larger than 14 nm in diameter. The upper de-
riding aim of the expedition was improving our understand- tection limit of the CPCs in the system was approximately
ing of low-level stratiform cloud formation and evolution in 3Hm. In order to verify the functioning of the CPCs, CPC
summer over the central Arctic Ocean (north of)8on or-  concentrations megsured whilst _the hellpopter was on deck
der to clarify processes between the surface, cloud layers an§feré compared with those obtained using the twin differ-
free atmosphere. One particular focus was placed on the corntial mobility particle sizer (TDMPS) on boafdden The
nections between marine microbiological productivity (as it Counts agreed to withia-20 %.
is most active during this period), CCN and cloud formation. The Compact Lightweight Aerosol Spectrometer Probe
The expedition departed from Longyearbyen, Svalbard ol CLASP) optical particle counter (OPC), developed at the
2 August 2008 (day of year, DoY, 215; note the leap year),Umversny _of Leeds, is theoretically able to determme_the.
and headed north for the pack ice of the central Arctic Ocearfoncentration of aerosols between 300nm and 30 pm in di-
(see Fig. 1). On 12 August (DoY 228)denwas anchored ameter. However, qlue to the mle_t and subsequent tubing
to a large ice floe, slightly north of 8N, and proceeded to losses in our experiment, few part|cle_s larger than the 50 %
drift with the ice floe for the following three weeks (referred Cut-off diameter of 9.5um reach the instruments. The tem-
to henceforth as the ice drift), until midnight between 1 and Poral resolution of the instrument is 10 Hz, making it well
2 September (DoY 245-246). For further cruise details seduited for aircraft sampling. In-depth information about the

Paatero et al. (2009) and Tjernstrém et al. (2013). workings of the CLASP is given by Hill et al. (2008).
The CLASP OPC and the CPCs were placed on board the

2.2 Instrumentation helicopter in the left back seat, on a common instrumenta-
tion rack (Fig. 2).

2.2.1 Helicopter-based particle counters By employing two CPCs with different threshold diam-

eters and subtracting the integral number concentration of
Two condensation particle counters (CPCs) placed on boarthe CPC from that of the UCPC, the number concentration
the helicopter (Fig. 2) were employed in parallel in order to of particles in the diameter size range 3-14 nm, (approxi-
measure the concentration of submicrometre aerosol partimately representing the ultrafine particle concentration) was
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obtained. Particles in this size range will be referred to aswould result in undercounting of the total particle number.
D3_14. By subtracting the integral number concentration of The data have not been corrected to account for this possibil-
the OPC instrument from that of the CPC, the number con-ity.

centration of particles in the diameter size range 14-300 nm, From the ship, the helicopter was flown perpendicular to
henceforth referred to a®14 300, Was obtained. Whilst the wind direction, and turned slightly upwind before the re-
this size range encompasses both Aitken-mode and smallaurn flight. This method was chosen in order to ensure sam-
accumulation-mode particles, by number it mainly representspling of unpolluted air, as well as not to disturb the measure-
the Aitken mode (due to the generally much higher numbements on board the ship.

concentrations of smaller particles). Finally, the number con-

centration of particles larger than 300 nm, representing largeR.2.2 Helicopter-based gas-phase DMS and acetonitrile
accumulation-mode particles, was measured by the OPC and

these particles will be referred to &s.300. A custom-built, portable air-sampling unit was installed in

The aerosol particle number concentration data from boththe helicopter for eight flights for off-line volatile organic
the CPC and OPC counters has been adjusted for standambmpound (VOC) analysis. The heated VOC inlet (1/4
temperature (6C) and pressure (1013.25 hPa), as defined bySilcoste€?; Restek Corporation, Bellefonte, PA, USA) was
NIST (the National Institute of Standards and Technology), mounted to the aerosol inlet, protruding 1 m from the front of
and has been provided at a frequency of 1 Hz. Furthermorethe helicopter (Fig. 2). A pump (KNF Neuberger, Balterswil,
the following corrections were applied to the instrumentation Switzerland) continuously drew ambient air through a mani-
data: first, adjustments were made to the UCPC data in ordefold, to which eight SilcoCah air monitoring canisters (6 L
to account for changes in the amount of air pumped by thevolume; Restek Corporation, Bellefonte, PA, USA) were
instrument with altitude. This was necessary as the air flow isconnected via shut-off valves. A pressure gauge recorded the
controlled by a pressure sensor, with the pressure drop ovesressure in the manifold.

a capillary kept constant over time. Therefore, the volume Before each flight, all SilcoCans were preconditioned at
flow rate increases with height (as density decreases), leading0°C by evacuation, refilled with VOC-free air, and finally
to excessively high concentrations being recorded at greategvacuated to a pressure below 2 mbar before the sampling
altitudes (almost linearly up to 6 % error at 3500 m). Second,unit was strapped into the helicopter. Air samples were col-
both the UCPC and CPC concentrations were corrected folected at different heights at the discretion of the flight sci-
actual flow readings done at intervals between the flights. Airentist by manually closing the pump valve and opening an
flow in the CPC was controlled using a critical orifice, with individual SilcoCan. The filling took about 30s (height-

a constant volume flow when the temperature of the orificedependent) during which the helicopter was flown at a con-
and air stream remains constant, which was approximatelgtant elevation. After sampling, the SilcoCan was shut off
the case (potential errors are relatively low at 3% for a 10 Kand the pump valve was re-opened to keep the inlet purged
difference in temperature). with ambient air.

Data collected from the CLASP instrument have been cor- After each flight, the portable air sampling unit was imme-
rected for losses through the sample tubing based on tubindiately taken to the VOC laboratory on board the icebreaker
length, as well as the number and angle of bends (tubing diOden The SilcoCans were heated to8Dand connected to
mensions as described in Sect. 2.2.4). To adjust the data fahe ship-based high resolution proton transfer reaction time
variations in relative humidity (RH) during sampling, the fol- of flight mass spectrometer (PTR-TOF-MS) by a heated Sil-
lowing steps were taken: the outside temperature and RH €osteel coated inlet capillary. The PTR-TOF-MS sampled the
as measured by a PTU300 sensor (see Sect. 2.2.3) — wepsnserved air for about 30 min for each individual canister.
taken as the starting conditions of the sampled air. The RHThe long sampling time allowed for a limit of detection in
at the entrance of the CLASP unit was then calculated (genthe low ppt(v) range for most VOCs. All SilcoCans were typ-
erally around 20 %), based on the starting conditions and arcally analysed within 12 h after the end of the flight.
assumed cabin temperature of°ZD) and the data were then Dynamic dilution of a~ 1 ppm(v) calibration gas stan-
corrected to an RH of 0% (dry size). dard (Apel-Riemer Inc., USA), containing acetonitrile, ace-

However, neither the CPC nor the OPC data have beetione and 14 other VOCs (but not DMS) was used for inter-
corrected for losses due to inlet transmission efficiency de-mittent sensitivity calibrations of the PTR-TOF-MS. The ac-
pending on variations in flight speed and orientation. Fur-curacy of the calibrations using the gas standard VOCs in
thermore, counting errors could occur due to changes in theombination with the dilution setup is estimated to be 13 %
sample temperature during transmission through the sampler better. For DMS, a liquid calibration unit (LCU) was used
lines. As the sample is transferred from the colder ambienfor cross-calibration with acetone. For the LCU, there is ad-
environment to the warmer helicopter interior, evaporationditional inaccuracy due to the mixing of acetone and DMS in
of volatile particle constituents could take place, resultinga Hamiltorf syringe. The accuracy of the DMS calibration is
in a decrease in the size of the particles, possibly to belowestimated to be better than 20 %. Details about the PTR-TOF-
the lower detection limit of the instruments; such a processMS technology and performance are described elsewhere
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(e.g. Jordan et al., 2009; Graus et al., 2010). The applied dataer diameter 12 mm) on the floor of the cabin connected the
reduction and peak identification methods are described bynlet to the instrumentation rack (see Fig. 2). TwS &&nds
Graus et al. (2010) and Mdller et al. (2010). were used in order to reach the rack. The total inlet length
(into the OPC) was 3.05m. The total flow in the inlet tub-
2.2.3 Helicopter-based meteorological measurements ing was 10 Lmint. The CPCs were installed above the OPC
(0.25 and 0.55m for the UCPC and the CPC, respectively),
Meteorological measurements recorded during profile flightswith a tee (one 90bend) from the main inlet line and a sec-
included atmospheric pressure (hPa), air temperafi€® ( ond 90 bend in the line for each CPC. Precisely after take-
and relative humidity (%). Within the cabin, a Vaisala off (and away from local pollution), the particle concentra-
Combined Pressure, Temperature and Humidity Transmittions were compared to those measured by instrumentation
ter (PTU300) was mounted on the instrument rack whichonboardOden During flights in clean air (for example, mea-
also housed the logging laptop and aerosol counter instrusured total particles < 1 cnd) it was verified that no signifi-
ments (Fig. 2). The PTU300 temperature and humidity sencant downwash of particles from the helicopter rotor reached
sor was mounted within an open cylindrical PVC housing the inlet.
near the front of the helicopter, acting to minimise sensor
heating by solar radiation as well as providing open ven-2.2.5 Ship-based aerosol physical characterization
tilation for airflow across the sensor. Three thermocouples resolved over size
were also mounted equidistantly within the PVC cyclinder
for additional temperature measurements; these three sensoffie ambient aerosol was sampled via ajgfihlet mast
showed good agreement (with very little intra-variance) andsetup on a laboratory container on the fourth deckddén
were thus averaged for temperature profile analysis. The theat about 25 m above sea level. Size distributions of particles
mocouple wires were wrapped in an aluminium heat shieldwith mid-diameters from 3 nm to 800 nm were continuously
extending from the sensor location back to the helicoptermonitored using the TDMPS. Further details of the fghh-
cabin, to minimize solar heating. A fourth thermocouple waslet and the TDMPS system can be found in Heintzenberg and
mounted near the aerosol inlet to measure the ambient tem-eck (2012).
perature of air entering the inlet. Analysis of these temper-
atures showed a warm bias on the order of 0%;1indi- 2.2.6 Meteorological observations
cating solar heating of the thermocouple; therefore tempera-
tures from the fourth thermocouple were dismissed from theGeneral meteorology was observed both by two weather sta-
analysis of thermodynamic profiles. The PTU300's pressurdions on boardOdenand from a micrometeorological site
sensor was connected to the helicopter’s static pressure porieployed on the ice; the measurements included air and sur-
Heights were calculated using the pressure and temperatufface temperatures, wind speeds and visibility. In addition, ra-
measurements following the hypsometric equation. diosoundings of pressure, temperature, humidity and wind
All meteorological variables were logged at 2—3 Hz, from speed through the entire troposphere were launched at six-
which 1 Hz measurements were produced to coincide withhourly intervals from the helipad @den
the temporal sampling of aerosol measurements. Sensor Remote sensing instruments placed on bdadgnwere
accuracy specifications from the PTU300 are reported asised to infer cloud micro- and macrophysical parameters, in-
4+0.15hPa£1.7 % (for 90-100% RH range) antd0.3°C cluding cloud base and top height, as well as the atmospheric
for pressure, relative humidity and temperature, respectivelytemperature profile. Several cloud ceilometers provided
The thermocouple temperature accuracy was specified asloud base information, while the cloud top data was ob-
+0.5°C. Corrections to meteorological variables based ontained from the 35GHz K-band MilliMeter Cloud Radar
helicopter flight speed were deemed unnecessary, as the sgMMCR), based on a vertical-pointing, single-polarization
ence flights were flown at airspeeds with which the sam-Doppler technique. The vertical resolution of the MMCR is
pling frequency was determined adequate to capture thermo45 m, whilst its vertical coverage stretches from 100 m to
dynamic fluctuations in the lower atmosphere. 15kmag.l. (Moran et al., 1998). Finally, a 60 GHz passive
scanning radiometer located on the right-hand side of the
2.2.4 Configuration of the helicopter aerosol sampling ship (over the ice pack) was employed to measure the tem-
inlet perature profile of the atmosphere up to 1.2km, thus pro-
viding information about the height of the main inversion
The instrumentation rack in the helicopter was installed inbase (observations obtained for 98 % of the ice drift period;
the port side back passenger seat. The rack contained thd. Tjernstrém, personal communication, 2012). The resolu-
CPCs, OPC, PTU300, the logging computer and the airflontion of the scanning radiometer is approximately 15-300 m,
pump. An isokinetic inlet extended 1 m in front of the he- degrading upwards, whilst its root mean square (rms) accu-
licopter cabin with a sampling true air speed of 19Ths  racy is better than 9C up to a height of ca. 800 m (Westwater
maintained manually by the pilot. Stainless steel tubing (in-et al., 1999). Due to the decline in resolution and accuracy at

Atmos. Chem. Phys., 13, 124032431 2013 www.atmos-chem-phys.net/13/12405/2013/



P. Kupiszewski et al.: Vertical profiling of aerosol particles and trace gases 12411

greater altitudes, retrieving inversions above 500gi.abe-
comes increasingly difficult. The retrieval algorithm requires
a “first-guess” profile; here interpolated profiles from the six-
hourly soundings are applied. This implies that with increas-
ing altitude above~ 800 m, the observations gradually lose
information beyond that of radiosonde interpolation. Both
the MMCR and scanning radiometer were designed by the
Earth System Research Laboratory (ESRL) of the National
Oceanic and Atmospheric Administration (NOAA) in Boul-
der, Colorado.

Temperature (°C)

2.3 Air mass trajectories and time spent over the pack
ice

In order to establish the origin of inflowing air masses, three-
dimensional 5- and 10-day backward air parcel trajectories
were calculated. The receptor point was set at 100 m alti-
tude (for period-based analysis) or at the altitude of the ob-
served plume when investigating specific long-range trans-
port events. The Hybrid Single Particle Lagrangian Inte-
grated Trajectory Model (HYSPLIT) (Draxler and Rolph,
2011; Rolph, 2011) was used for the trajectory calculations
based on data from the Global Data Assimilation System
(GDAS) of the National Weather Service’s National Center
for Environmental Prediction (NCEP). Vertical motion in the ‘
trajectory runs was calculated using the model’s vertical ve- i i ‘ iy
locity fields. B UMGRR oLl i O
Back trajectories have several sources of uncertainty; the ~ =2> 227 229 231 23?"I'i2n'?§ (%307\()239 241243 245 247
spatial and temporal resolution of the gridded meteorological

data that is used and the fact the stochastic motions such akig. 3. (a) Time series of several different temperatuf€] ob-

for example, turbulence in the PBL, cannot be recovered byservations: air temperature on boddden(gray dots); snow sur-
the backwards calculations. This uncertainty generally growdace temperatures at 10 different locations (black dots); mean, plus
with the length of the trajectory, but may also be smaller orand minus 2 standard deviations (black, blue and red) of the ten

larqer for different episodes. For example. transport Withinsnow surface temperature observations; and air temperature 20 cm
9 P ' PI€, P over the surface (cyanjb) Time—height cross-section of radar re-

a single air mass is likely more reliable, while transport in flectivity [dBZe]; from the MMCR cloud radar deployed on board

the vicinity of strong gradients, such as frontal zones, canye jcebreakebden Being primarily sensitive to hydrometeor size,
create bifurcations and should be considered with care.  the deepest red colours represent large ice crystals in, for example,

The time spent over the pack ice by the air mass since lasénow or cirrus clouds, while blue and green shading is representa-
contact with open sea, referred to as days over ice (DOl)tive of cloud droplets and rain or drizzle. The plots show roughly
was calculated for the purposes of ASCOS as in Nilssonthe time period of the ice drift; the vertical dashed lines indicate the
(1996). This calculation uses the HYSPLIT back trajectoriestime regimes discussed in Sect. 3, while the shaded areas indicate
in combination with maps of sea-ice distribution. The latter the specific periods discussed in this paper.
were created based on data from the National Snow and Ice
Data Center (NSIDC), Boulder, United States, obtained by
the AMSR-E sensor on board the Aqua satellite, and the fi-budget, cloud radiative forcing and the transition from sum-
nal analysis was conducted at the University of Bremen. mer melt to autumn freeze up.

Figure 3 illustrates the more general conditions during
the ice drift, using several different temperature observations
3 Observations of meteorological conditions during the  (Fig. 3a) and the reflectivity from the MMCR deployed on
ice drift Oden(dBZ; Fig. 3b). Cloud radar reflectivity is primarily
sensitive to hydrometeor size, so generally the warmest (red)
The general meteorological conditions encountered duringolours indicate falling snow, while clouds or liquid precipi-
ASCOS, and in particular those during the ice drift phase,tation are indicated by the cooler (blue and green) shades.
are summarized in Tjernstrom et al. (2012), while Sedlar The general conditions were divided into four distinct
et al. (2011) describes the evolution of the surface energyegimes by Sedlar et al. (2011) (Fig. 3, dashed black lines).

Altitude (km)
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Fig. 4. Air mass trajectory probability source contribution function calculated for 100 m altifajlperiod 1,(b) period 2,(c) period 3 and
(d) period 4.

During the first of the main regimes defined by Sedlarimmediately dropped to below10°C (Fig. 3a), initiating
et al. (2011), atmospheric conditions were highly variablethe fourth regime. Any remaining open water froze, and the
in association with passing synoptic-scale weather systemsgutumn freeze-up was established whereby temperatures re-
large vertical structures in the radar reflectivity shown in mained below the freezing point of the ocean (Sedlar et al.,
Fig. 3b indicate deep frontal clouds and their corresponding2011). Clouds were again dominated by patchy fog and stra-
precipitation. Typical for melt-season conditions (Fig. 3a), tus clouds with no upper level clouds; the near-surface tem-
the near-surface temperature remained close°t® é€xcept  perature fluctuated betweermd and—12°C in response to
for during a few brief periods. This regime ended aroundcloudy and clear episodes (Sedlar et al., 2011). Finally, near-
DoY 233 and was followed by a shorter regime with signifi- surface wind speeds were relatively low{6ms1 70 % of
cantly less clouds and lower temperatures. Temperatures fethe time; Tjernstrém et al., 2012).
to —6°C while the clouds were predominantly fog and low  Definitions of study periods within each of the regimes.
clouds; the high cloud layer in the radar image was in factThe air mass origin and transport over the pack ice, computed
an optically thin cirrus layer composed of relatively large ice from backward air trajectories for a receptor point of 100 m,
crystals. show large variability. Clustering of the trajectories (Fig. 4)
Following this, the third regime was dominated by a higher allows for identification of periods with similar air sources.
surface pressure that lasted about a week, with a persistefased on the different meteorological regimes discussed in
layer of stratocumulus clouds and very little high clouds Sedlar et al. (2011), in combination with the trajectory clus-
(Fig. 3b). Except at the very beginning, when a weatherters, four periods with common meteorology and prevailing
system passed, near-surface temperatures were now senaiir-mass origin are selected for in-depth analysis of verti-
stationary around-2°C, near the freezing temperature for cal aerosol profiles. Such an approach is necessary in or-
saline ocean water<1.8°C with a normal salinity of 35 der to address the large variations in meteorological con-
parts per thousand, Barry et al., 1993), but with a pronouncedlitions, including inversion base height, cloud height and
diurnal cycle. Finally, on 31 August (DoY 245), the posi- atmospheric turbulence, as well as the changing origin of
tive (warming) radiative forcing from the clouds vanished asthe air mass itself. The four shorter periods selected in this
the stratocumulus dissipated (Fig. 3b), and the temperaturstudy, shown by the shaded areas in Fig. 3, have been named
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ern Greenland. However, as the trajectories never touch open
sea before arriving at the position of the icebreaker, no DOI
could be estimated. Air mass trajectories for the third period
(Fig. 4c) show prevailing flow from the direction of the Beau-
fort Sea. The DOI of the air mass during the 3rd period was
6.7 days. During the fourth period, air mass flow was largely
from over the pack ice (Fig. 4d) with a DOI of 8.2 days and
from the direction of the Laptev and East Siberian seas to-
wards the end of the period but still with no contact with

-5 0 5 0 15 20 25 open sea.

Equivalent potential temperature { °C) Figures 5 and 6 illustrate some of the meteorological con-
ditions for the periods studied in detail in this paper. Fig-
ure 5a shows the median and 25- to 75-percentile intervals
of the profiles of the equivalent potential temperatuf@e,
while Fig. 5b shows the same for the relative humidity with
respect to ice, RH both taken from six-hourly radiosound-
ings. Figure 5c shows profiles of the median cloud fraction.
Figure 6a—d shows time—height cross-sections of temperature

(°C) for each of the periods from the scanning microwave ra-
i diometer; the start times of individual helicopter flights are
0 20 40 80 80 100 120 marked by diamonds on the time axis.

Relative humidity (wrt ice, %)

3.0 |l Period 1
Il Period 2
I Period 3
Bl Period 4

Altitude (km)

Altitude (km)

I Period 1
Il Period 2

;Period 1:
—Period 2
Period 3 4 \fertical aerosol and gas-phase profile characteristics

—— Period 4

4.1 General vertical structure characteristics during
the ice drift

Altitude (km)
=

The summer Arctic PBL is typically a well mixed shallow
layer at the surface, capped by a temperature inversion. The
inversion may at times be strong, such as when there is sub-
80 100 stantial advection of warmer air from lower latitudes, while
the free troposphere is stably stratified. This structure is in
Fig. 5. Top two graphs show the median (thin dotted line) and the contrast to that of more southerly latitudes, where deep con-
25- to 75-percentile intervals (shading) f@) the equivalent po-  vection could enhance mixing across the whole troposphere.
tential temperature an(®) relative humidity with respect to ice for  The PBL vertical structure during the ice drift, was char-
the four periods discussed in this par{e},shows the median cloud  acterized by a generally shallow wind-shear driven surface
fraction as a functipn of height. Not_e the logarithmic vertical axis pg|_ topped by a cloudy layer, which generates turbulence
and the higher top in the cloud fraction panel. by buoyancy from longwave radiative cloud-top cooling.
Depending on the relative strength of the two mixing pro-
cesses, and the altitude to the cloud base, this system some-

the melt (period 1: 05:00 15 August-14:00UTC 16 Au- times appears as one single shallow and well-mixed PBL,
gust, DoY 228.208-229.583), the cold spell (period 2: 03:00With depths usually below~300m, and sometimes sepa-
21 August-02:00 UTC 23 August, DoY 234.125-236.083), ates into two decoupled turbulent layers, one associated with
the preconditioning (period 3: 01:00 27 August—11:00 UTC the surface and one with the cloud layer (Tjernstrém, 2007;
30 August, DoY 240.042-243.458) and the freeze-up (pe_Shupe et al., 2013). In the latter case, the layers are sepa-
riod 4: 15:00 31 August-04:00UTC 2 September, DoY rated either by a weak inversion or sometimes just by a near-
244.632-246.167), and are characterized in greater detail ifeutrally stratified layer, and can be quite deep, up fokm
Sect. 4.

During the first period, the air mass reaching 10Qgxia T

i . . . Ry

at the position of the |cebr§aker originated in the G_reenlandas® — T(p/1000® , T is the temperaturey is the pressureRy
Barents and Kara .Seas'(Fl.g. 4@). Based on the air Mass r@ndc, are the gas constant and heat capacity of dry air, respectively,
jectories and sea ice distribution, the DOI of the air mass. is the latent heat of vaporization agds the specific humidity.

was relatively short (ca. 1.2 days). The trajectory clusters foNote that in the definition oBe for unsaturated conditions, the tem-
the 2nd period (Fig. 4b) showed air mass origin from north- perature T) is evaluated at the lifting condensation level.

0 20

40 8!
Cloud fraction (%)

loe=0+ Lp(;q where® is the potential temperature defined
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or more (Tjernstrém et al., 2012). Consequently, the strati-diffusion to cloud particles and an efficient coagulation sink
fication of the PBL is dominated by moist adiabatic strati- (Wallace and Hobbs, 2006), an important point to make is
fication (Fig. 5b), but closer to the surface it is sometimesthat theDs_14 particles must represent in situ local produc-
more stably stratified (Tjernstrém, 2005); this is when thetion.
mixing from cloud-top cooling does not reach the surface- Meanwhile, mediarD14_300 particle concentrations were
based PBL. This neutral stability is also visible in the poten-between 50 and 85 cnd within the lower 500 m of the at-
tial temperature probability profile from the ASCOS 2008 mosphere, increasing in number to over 100érand ris-
expedition, with near-constant potential temperature belowing occasionally to ca. 200 cmd within the free troposphere
approximately 500 m altitude (periods 1, 3 in Fig. 5a). (Fig. 7, middle panel). Concentrations in both thg 14
Low clouds dominated the generally cloudy conditions and D14-300 Size ranges varied tremendously, by as much
during the ice drift (Sedlar et al., 2011), with cloud basesas five orders of magnitude. The variability was highest in
often below 100 m (Fig. 5c). The presence of fog was alsothe lowermost 100 m, decreasing by 1-2 orders of magni-
common. Cloud tops varied from several hundred metres tdude at higher altitudesD-. 309 particle concentrations were
~ 1 km, with cloud thickness very rarely exceeding 1 km, ex- ca. 1 cnt2 within 1 kmag.l. (Fig. 7, right panel), increasing
cept for in frontal clouds associated with weather systemsby several factors, and sometimes by as much as an order
Visibility was bimodal; <1 km and >20 km under even very of magnitude, at certain heights within the free troposphere.
low clouds (in the absence of snow fall) (Tjernstrom et al., This distribution pattern was different to that bg_14 par-
2012). Contributing to these conditions was an essentiallyticles — with variability and increased concentrations mainly
unlimited source of water vapour, which was made availablealoft, within the free troposphere, as opposed to the high vari-
due to open leads, melt ponds and snow, as well as synoptiability and episodically high concentrations Pg_14 par-
advection associated with intermittent frontal passages. Agicles observed within the lowermost 100 m. Based on air
a consequence, RH was consistently close to 100 % — withmass trajectory analysis, the higher concentrations in the
respect to (wrt) water when the temperature was close tdree troposphere are believed to be a result of long-range air
zero, and with respect to ice when the temperature was belowansport from Siberia and the Canadian Arctic Archipelago,
(in fact very often> 100 %wrt ice, see Fig. 5b). Addition- explaining the difference in vertical distribution relative to
ally, specific humidity often increased with height over the D3_14 particles, which are considered to be produced lo-
PBL-capping inversion. This is a condition that rarely occurscally from a surface source. Additionally, strong gradients
elsewhere but is frequent in the Arctic (Sedlar et al., 2012)in D- 309 concentrations tend to coincide with the geomet-
and implies that entrainment across the inversion is a moisfic boundaries of the typical lower troposphere cloud layers

ture source for the boundary layer rather than a sink. observed during ASCOS. Since helicopter flights generally
were limited to the clear, sub-cloud layers, these profiles sug-
4.2 General aerosol characteristics over the ice drift gest that cloud processing may exhibit a dominant control on

the larger aerosol particles.

The general structure of the vertical aerosol number concen-
tration profiles based on data compiled from 38 helicopter4.3 General gas phase DMS and acetonitrile
flights conducted during the ice drift period can be summa- characteristics over the ice drift period
rized as follows: mediarD3_14 aerosol particle concentra-
tions were highest near the surface (Fig. 7, left panel), grow-Measurements of DMS (derived from phytoplankton in the
ing from ca. 30 cm? at the near-surface, to a maximum of upper ocean) and acetonitrile (a specific tracer for biomass
ca. 70cnT? at a little over 60 may.l. Median concentration  burning) concentrations, taken during eight helicopter flights,
declines sharply over the next ca. 100 m and remains constarshowed differing behaviour of the two gas-phase constituents
with height to approximately 700 m@l. It then increases with altitude. DMS concentrations (Fig. 8, left panel) showed
gradually up to 3000 m altitude, with a large variability be- large variability in the near-surface layer, with observations
tween ca. 2300 m and 2900 m. However, it should be notedetween 2 and 123 p@H within the lowermost 200 m. The
that due to the limited number of flights at these altitudesmedian (mean) value within this layer was 7 (34)(ipt
(seven flights at altitudes over 2000 m), the statistics are lesBetween 200 and 1000 ntdl., the median concentration
likely to be representative of the whole population, and theincreased to 11 ppt); however, the mean decreased to
features observed become less significant at higher altitude®22 pp{v). Above 1000 may.l., both median and mean con-

Whilst D3_14 particle concentrations were mostly low, centrations decreased, to 4 pptand 5 pptv) respectively,
with minimum concentrations of a couple particlesdirex-  with almost all measurements below 10@pt Meanwhile,
tremely high concentrations were episodically observed, paracetonitrile concentrations showed somewhat less variabil-
ticularly within the near-surface layer, with maximum con- ity than DMS within the lowermost 200 m, but greater scat-
centrations on the order of 36m3. As ultrafine particles ter in observations aloft (Fig. 8, right panel). Acetonitrile
have a very short residence time (less than one day for partieoncentrations increased with altitude with a median (mean)
cles with diameters smaller than 10 nm), resulting from rapidof 72 (68) pptv) below 200 m, 89 (81) pgt) between 200
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Fig. 8. Vertical dimethyl sulphide (DMS) and acetonitrile concentration profiles taken during eight flights carried out during the ice drift
period of the ASCOS 2008 expedition. Blue and green points show DMS and acetonitrile concentrations respectively; error bars show the
95 % confidence interval.

and 1000 m and 104 (105) gp} above 1000 m. Consider- ble 300-800 m interval indicates this larger variability aloft,
ing the long atmospheric lifetime of acetonitrile (0.45 yr ac- while below 200 m the median profiles show guasi-constant
cording to Hamm and Warneck, 1990) and the large differ-values with height. This is indicative of nearly well-mixed
ence in concentrations observed between the layers closesbnditions. RH was high, near 100 %, up to 1 knugd., and

to the surface and the free troposphere, the central Arcti®e had the largest values of the periods; large variability in
Ocean appears to be a sink area for acetonitrile. The highRH; aloft (> 1 km, 20-100 %) is indicative of the formation,
acetonitrile concentrations in the free troposphere can be eXayering and dispersal of higher clouds. The profile of the
plained by biomass burning advected via long-range plumenedian cloud fraction in Fig. 5c, evaluated from the cloud
transport from lower latitudes (Warneke et al., 2009, 2010).radar, shows near 100 % cloudiness below 200—-300 m, but
The vertical trends of DMS were consistent with the packalso considerable cloud fractions through much of the tropo-
ice model study by Lundén et al. (2010) in that the observa-sphere, with a minimum at 30 % around 1-2 km but a sub-
tions in Fig. 8 typically showed highest concentrations nearstantial cloud fraction aloft. Of all periods discussed in this
the surface and decreased exponentially with height. Maxpaper, this is the period with the largest vertical extent of
ima of DMS(g) above the local boundary layer were presentcloud cover. During the helicopter flights, cloud base was vi-
in about 3% of the modelled profiles. These maxima weresually observed at 180 m20 m) on 15 August (DoY 228)

found in association with frontal zones. and at 125 m£25m) on 16 August (DoY 229). This was in
good agreement with the ceilometer measurements, accord-
4.4 Period 1: melt, 15-16 August (DoY 228-229) ing to which the cloud base was at 206 m and 118 m during

the flights on 15 August (DoY 228) and 16 August (DoY
Helicopter flight period 1 is embedded in the first of the 229) respectively. The cloud top of the lowermost cloud layer
regimes discussed in Sect. 3.1. Thus, it commenced durvas reached on 15 August (13:16 UTC) at 270 m, observed
ing the end of the melt season in a period characterised byisually and confirmed by RH decreasing from a constant
large variability and high synoptic activity, with frequent Value of 100% in cloud to 97.7 % above cloud top.
fog and drizzle, along with persistent low-level stratiform Helicopter aerosol profiles from the melt period (Fig. 9a)
cloud cover, generally located within the PBL (Figs. 3b, show raised concentrations @.3pp particles within the
5¢). The boundary layer depth was variabie200-500 m) lowermost 100 ma.l. On 15 (16) August, concentrations
and a pulse of warm air aloft associated with the passing oPelow 100m were ca. 7cni (4cm ), declining to ca.
a weak high-pressure ridge between the two frontal system@ ¢m 2 (Lcm-3) within the lowermost cloud layer. The

marked the start and end of this period. The broadening offtumber size distribution of particles obtained using the
the 25-75 percentile intervals (Fig. 5a, b) in the slightly sta- TDMPS on board>denshows a strong bimodal distribution
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(Fig. 10a), with the Aitken- and accumulation-mode particlescided quite well with the visually identified cloud base. The
separated by a Hoppel minimum (Hoppel et al., 1994). decreases can be explained by cloud processing@f3oo

The observed bimodal nhumber size distribution on boardand D- 300 particles within the cloud layer. First, particle
ship is characteristic of cloud-processed marine air massescavenging (and the possible subsequent wet deposition)
(Hoppel et al., 1994) and suggests an aerosol source frorteads to a net decrease in the number concentration. Sec-
the marginal ice zone (MIZ) and/or open water south thereof.ond, as particle activation takes place, droplets may grow to
This is coherent with both the air mass trajectory cluster,sizes too large to be sampled by the helicopter inlet (9.5 um
which shows air predominantly from the Greenland Seacut-off). As a result, particles within droplets large enough
reaching the 100 m level at the position@flenduring this  to be lost via settling or impaction in the inlet tubing will
period (Fig. 4a), as well as with the short air mass transit timenot be detected. In the case bBfi4_300 particles, the mea-
over ice (1.2 days). Positive matrix factorization (PMF) of sured number concentrations include both Aitken-mode and
the mass spectrum obtained using an aerosol mass spectrosmaller accumulation-mode particles. Generally the Aitken-
eter (AMS) also supports the marine air mass hypothesismode particles are not activated as efficiently in-cloud, there-
with a high marine biogenic factor during this period (Chang fore the measured number concentrations of Aitken-mode
etal., 2011). The increased concentration®ofgg particles  particles should be affected to a much smaller extent by the
within the near-surface layer (Fig. 9a) are then likely to havecloud layer. Consequently, the relative decrease in the num-
been a result of the following process, described in a numbeber of D14_300 particles (from ca. 200 cii? to ca. 130 cm®)
of previous studies (Leck and Bigg, 2005b, 2007): precursotis lower than that of thed-. 30 Size range (from ca. 7 cnd
gases such as DMS oxidation products, transported withirto ca. 2 cn3), which is made up entirely of accumulation-
the boundary layer from the MIZ, could have condensedmode or larger particles.
on smaller, Aitken-mode particles present over the pack ice Above the cloud, during the flight of 15 Augudb. 300
(Kerminen and Leck, 2001; Heintzenberg et al., 2006), grow-particles increased in number. This could be due to evapo-
ing them to CCN sizes and allowing them to be activated intoration of droplets and release of the cloud-processed parti-
cloud droplets. Activated particles could then be grown viacles above the cloud top. However, the numbeDaf,_300
in-cloud aqueous-phase oxidation of gases such as sulphyrarticles did not increase. A possible reason is coalescence
dioxide (SQ), resulting in release of larger particles follow- of droplets as a result of turbulent processes, leading to
ing droplet evaporation (Hoppel et al., 1994). a monomodal cloud droplet distribution and an increase in

A further mechanism which may have contributed to thethe particulate matter contained within the droplets. Upon
higher near-surfac®- 399 concentrations is direct primary droplet evaporation, the particles released would then be pre-
emissions. This would involve the release of accumulation-dominantly larger accumulation-mode particles.
mode particles from the MIZ or open leads via bubble burst-
ing. It is important to note that the aerosol source flux over4.5 Period 2: cold spell, 21-23 August (DoY 234-236)
the open sea has been found to be an order of magnitude
stronger than that from open leads, based on measuremernitielicopter flight period 2 is embedded in the second regime
using the eddy-covariance flux method (Nilsson et al., 2001)discussed in Sect. 3.1, and the time—height cross-section of
However, based on statistics of modal aerosol number contemperature (Fig. 6b) reveals a much shallower PBL than that
centrations of data from all foubdenbased expeditions, of the previous period; it is quite shallow initially, only 100—
Heintzenberg and Leck (2012) discussed the selective “fil-150 m, but deepens somewhat around DoY 235.5 as a low
ter” effects of scavenging of aerosol particles in fog and low cloud layer appears and deepens from 100 to 25@ma
clouds in air entering the pack ice from the MIZ. This sink (Sedlar et al., 2011). A weak pulse of warm air passes aloft,
region in the MIZ, within <2 DOI, for particles in the sub- but on the whole, the vertical structure remains reasonably
micron size range (Nilsson and Leck, 2002) was confirmed.consistent throughout the period. While the very lowest layer,
This suggests that in conditions in which the air has been irbelow 100 m, is well-mixed (quasi-consta®g, Fig. 5a), the
very recent contact with the MiZ/open water, primary parti- temperature profile shows the colder low-level air and a sta-
cles are likely to contribute to the aerosol number and CCNbly stratified layer — an inversion — up te250 mag.l.; the
population observed over the pack ice. These conditions wittpercentile interval is large, indicating some variability in this
a relatively large aerosol flux over the MIZ/open water rela- layer, while conditions aloft have very little variation and the
tive to open leads also further explains why upstream boundstatic stability is more typical of the free troposphere.
ary layer transport from the MIZ results in raised concentra- Interestingly, RH remained high and quasi-constant
tions of D.3gg particles as seen in Fig. 9a, representing airthrough a much deeper layer than the well-mixed thermal
with about one day since last contact with open sea. layer, up to 200 ma.l. and well into the inversion (Fig. 5b).

Decreases in the number concentrations of both_3g0 This implies that the absolute moisture must have increased
and D.3p0 particles with altitude can be seen, starting at with height through a deep layer. Also note that;Riés of-
a height of approximately 140 nal. on 15 August and ap- ten >100 % and that clouds, when present, contained super-
proximately 100 may.l. on 16 August (Fig. 9a), and coin- cooled liquid droplets. The cloud fraction (Fig. 5¢) was high
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Fig. 9a. Vertical profiles of aerosol particle number concentration and temperature during ASCOS 2008 expedition helicopter flights, Period
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near the surface but decreased rapidly with altitude, excepbndary cloud layer develops in response to the mechanical
for the semi-transparent cirrus layer 6—7 kgnl discussed  mixing of the PBL and moistening from evaporation and/or
earlier (Sect. 3.1). Most of the clouds were in the form of sublimation of precipitation from the original, but now upper,
fog or very low stratus with the exception of the upper cirrus cloud layer. This case indicates the delicate balance between
layer. mesoscale forcing and cloud-driven mixing and diabatic pro-
Profiles from both flights conducted during the cold spell cesses occurring in the lower Arctic troposphere where the
show strong increases in th®i4 300 mode concentrations mixing generated by surface- and cloud-induced turbulence
at ca. 1000-1500 mal., with raised DMS concentrations together become no longer sufficient to keep the whole layer
and a local acetonitrile minimum measured during the flightmixed. Statistical profiles in Fig. 5a and b also reflect this
on 22 August (Fig. 9b). A further characteristic feature is structure. Below 100 mg.l., the variability in temperature
a plume of D 300 particles between 1300 and 2000 mb is small; it then increases with altitude to about 800 m and
during the flight on 22 August (no profile is available in then decreases again up through the very stable interface to
this size range for the 21 August flight due to instrumen-the free troposphere. The main cause for the increased vari-
tal issues). Meanwhile, the particle number size distribu-ability in the 200-800 m layer were the changes in altitude of
tion as measured by the TDMPS instrument on board shighe original single cloud layer and the formation of the sec-
shows a single Aitken mode in aerosol number concentratiorondary inversion — which becomes further enhanced by the
(Fig. 10b). The single Aitken- modal distribution suggests anformation of a low-level cloud layer near 200 nga. The RH
aerosol population sourced in the free troposphere (Coversupports this analysis; RHncreases with height from the
et al., 1996; Heintzenberg et al., 2004). This is also sup-surface to~200m, then decreases in a laye200-400 m
ported by analysis of lead-210 content from on bo@cten but increases again from 400 m to almost 1 km and then falls
lead-210 is a tracer for land contact that has been employedapidly to~ 40 % in the free troposphere (Fig. 5b); thus also
successfully in previous studies (Paatero et al., 2010; Chanbere the moist layer is deeper than the mixed layer. In the
etal., 2011). The measured concentrations of ca. 35 fBgm lower moist layer, RiHmostly remains at or below 100 %; in
are relatively low — this is a value typical of contact with non- the upper layer however, Rhs almost always- 100 %.
bare (e.g. ice-sheet covered) land. The air trajectory show- Tjernstrom et al. (2012) offers the following explanation
ing a subsiding pathway from the free troposphere via acros$or this vertical structure. Turbulent mixing by surface fric-
Greenland to the surface also points to an air mass of fredéion is able to mix the lowest 100-200m at most, while
tropospheric origin. Finally, the low marine biogenic factor the cloud-generated turbulence (from cloud-top cooling by
(Chang et al., 2011) also suggests an air mass arriving dbngwave radiation) mixed a much deeper layer, from the
the surface without recent contact with the marine-influenceccloud top downward. When one or the other, or both, was
PBL. strong and/or the distance between the surface and the cloud
As regards the aerosol plumes observed aloft, the back trabase was sufficiently small, the two processes combined and
jectories suggest that the air was advected from the Canadiataused a single deep, well-mixed layer from the surface to
Arctic Archipelago, and had a downwards-sloping pathwaycloud top. When this did not happen, such as around DoY
as it moved towards the high Arctic as shown in Figs. 4b and241.5, the layers separated and the cloud layer was essen-

11. tially decoupled from any processes at the surface, such as
turbulent surface fluxes. Turbulent surface fluxes were thus
4.6 Period 3: preconditioning, 27—-30 August limited in vertical extent to only about 200 ntd. The radar-
(DOY 240-243) derived cloud fraction for period 3 (Fig. 5¢) remains close

to 100% below 800 m.g.l. Below some hundreds of me-
Period 3 is the longest time period discussed in this paper anttes this is probably an overestimate, due to the fact that the
the helicopter flights analysed in detail below occurred nearadar picks up the signal from the quasi-constant frozen pre-
the end of this regime. Period 3 was characterized by a stragipitation; unfortunately this is impossible to separate from
tocumulus layer with intermittent periods of multiple cloud the actual cloud. The emergence of an independent cloud
layers below 1500 mg.l. (Fig. 3b). The capping inversion layer below 200 may.l., as observed by the cloud ceilometer,
at the top of the clouds is visible in Fig. 6¢ as it varies in also contributed to the high cloud fraction. Ceilometer mea-
height from approximately 600 m up to >1200 .4 (the surements of clouds base indicate that patchy fog and low
upper limit of this instrument) in response to synoptic vari- clouds were common during this period. At about 800 m,
ability. Another interesting feature seen is a secondary inverhowever, the cloud fraction drops dramatically to very low
sion that forms around 200 ntal. just before DoY 241.5, values through the rest of the free troposphere, consistent
coinciding with a vertical rise of the cloud layer by300m.  with the low RH.
A low-level jet with a local wind maximum develops near  The helicopter aerosol concentration profile obtained dur-
200 mag.l., causing a decoupling of the cloud-driven tur- ing the flight on 28 August shows a well-defined plume of
bulent mixed layer (400—800 ngl.) and shear-driven PBL D 300 particles with raised concentrations between approxi-
from the surface to~200mag.l. Eventually a brief sec- mately 400 and 700 m (Fig. 9c¢), coinciding with an increase
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in cloud base height across the same vertical depth. Thelepth case-based analysis of the interactions between the
lower boundary of the plume is in good agreement with theboundary layer, surface fluxes, aerosol concentrations and
inversion base, as inferred from the in-flight temperature pro-stratiform clouds during this period, the reader is referred to
file (Fig. 9¢). Furthermore, vertical profiles of the Richardson Shupe et al. (2013).
number indicate sustained turbulence between ca. 400 and
700 m (l. Brooks, personal communication, 2011), suggest4.7 Period 4: freeze-up, 31 August—-2 September
ing the confined nature of the plume is indeed a result of (DoY 244-246)
vertical mixing via cloud-driven buoyancy circulations pen-
etrating a few hundred metres below cloud base. Chemicalhe final period, occurring at the end of the ice drift, is two
tracer analysis shows a local DMS maximum of 374ppt days long and structurally bears some resemblance to pe-
at 600 mag.l. (Fig. 9c) indicating contact with marine areas, riod 2. It was dominated by subsidence and dissipation of
pointing to the possible involvement of DMS oxidation prod- the stratocumulus layer, previously present for almost a week
ucts in the growth of the accumulation particles; DMS also (see above). Figure 6d shows the subsiding warm air aloft,
shows a local maxima just above the surface which may havavith a main capping inversion descending fren800 m es-
contributed to the development of a lower, secondary cloudsentially down to the surface. Cloud fraction averaged over
layer and decoupling observed shortly after this flight. this period was low and only reached near 95 % just above
The following flight on 29 August at ca. 09:00 UTC shows the surface (Fig. 5¢). Two pulses of relatively warmer tem-
a broader layer, from ca. 100 m to 600 m with raigedsgo peratures (Fig. 3a) were associated with patches of clouds or
particle concentrations (Fig. 9¢). A single cloud layer with fog, primarily around midday on DoY 245.
a base descending from 700 m to approximately 550 m oc- Similar to in period 2, there was a dramatic temperature
curred just prior to the flight in response to the low-level jet drop at the surface as a consequence of the dissipation of the
with decreasing height during the same time. A breakdown ofsurface-warming clouds (Sedlar et al., 2011); near-surface
the decoupling between the turbulent sub-cloud layer and théemperatures dropped to belewl0°C, (Fig. 3a). As a con-
turbulent surface layer, resulting in a deepening of the mixedsequence, the PBL was stably stratified (Fig. 5a). Compared
layer throughout the 29th, was visible in the Richardsonto period 2, which was also stably stratified except for the
number profile (1. Brooks, personal communication, 2011),lowest 50—100 m, period 4 was continuously stably stratified
explaining the widening of th®. 30 particle plume relative  all the way down to the surface. However, the stability in
to the distribution measured during the previous flight. A thin the capping inversion of period 2 was much stronger than
layer of air with limited mixing within the lowest ca. 100m, in period 4; the layer between 100 and 300—400gn adur-
as well as the weak temperature inversion visible in the in-ing period 4 has a structure reminiscent of a residual layer,
flight profile (Fig. 9¢) may have prevented mixing down of clearly showing the remnants of mixing by the previous
the particles all the way to the surface. Consequently, it couldstratocumulus layer. Thus the temperature profile in Fig. 5a
be hypothesized that the cloud is partially responsible for theshows a variable but stable layer between the surface and
decrease of the height of the plume’s upper boundary due te- 150 m; above this the stability is weaker in the layer up
activation and more rapid deposition of particles at the uppeto ~ 400 m followed by the capping inversion, which is up to
edge of the plume. a kilometer in height. The enhanced variability is indicated
A further feature in the vertical aerosol profile on 29 Au- by the broadening of the inter-quartile range of equivalent
gust at ca. 09:00 UTC are very high concentrations, on thepotential temperature (Fig. 5a).
order of 1000-2000 ci?, of both D3_14 and D14_300 par- RH; was >100% in a layer from the surface up to
ticles below 100 may.l. At this time, an increase in particle ~ 200 m, (Fig. 5b); however, in contrast to the previous peri-
concentrations within the size range of approx. 3—30 nm wasds, where the RHand cloud fraction profiles were consis-
detected by the TDMPS on boa@den(Fig. 10c). See pe- tent, the cloud fraction was high at the surface but dropped
riod 4 for possible explanations. off with altitude — to 80 % at 200 m, and below 40 % above
A third flight conducted 4.5 h later shows that the layer 300 m where R was still ~ 100 %. Clouds were entirely
of air with raisedD-. 30 particle concentrations reached the absent above 800 m. This period coincided with an episode
surface (Fig. 9¢), which can be explained by the deepenin®f very low concentrations of cloud condensation nuclei, de-
of the mixed layer down to ground level at this time, the scribed in detail in Mauritsen et al. (2011), where they iden-
subsidence of cold air from aloft and an almost completetified a tenuous Arctic cloud regime and subsequent surface
disappearance of the temperature inversion. An increase iforcing strongly linked to the absence of CCN despite suffi-
accumulation-mode particle concentrations is also detectediently large RH present.
by the TDMPS on boar@dden (Fig. 10c), confirming the Based on the helicopter profiles, concentration®ofoo
helicopter measurements. The upper extent of the plume oéerosol particles were very low within the lowermost few
D- 300 particles has decreased in altitude relative to the pre-hundred metres (Fig. 9d, e), with concentrations usually
vious flight, which may be due to a further lowering of the below 0.5cnT3, as compared to ca. 4-7 cthduring pe-
cloud base before the flight to ca. 430 m. For a further in-riod 1, ca. 1 cm® during period 2 and ca. 2—10 crduring
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period 3. Oden TDMPS measurements show a strong de- NOAA HYSPLIT MODEL
crease in accumulation-mode particle concentration starting Backward trajectories ending at 0800 UTC 22 Aug 08
in the second half of 31 August (Fig. 10d), confirming the GDAS Meteorological Data
flight observations. The low aerosol particle concentrations
result in an almost complete disappearance of clouds whichw
was observed from ca. 20:00 UTC on 31 August. This is the §
atmospheric state described by Mauritsen et al. (2011) as
a CCN-limited regime, whereby the lack of CCN particles
hinders cloud droplet formation and resultant feedback on
the surface energy budget (Sedlar et al., 2011).

At higher altitudes, the concentration of bath,_3p0 and
D- 300 aerosol particles increased over several hundred me-
tres. The flight on 31 August (Fig. 9d) shows the lower border
of the plume at approximately 850 nud.; it decreases over
time to ca. 550 m and ca. 400 m during subsequent flights
(Fig. 9d), closely following the decrease in the inversion
base height (Fig. 6d). The plume remains above approxi-
mately 400 m throughout the two final flights on 1 September
(Fig. 9e).

Ultrafine D3_14 particles were first measured with concen-
trations of 600 cm? in a layer at 400 m.g.|. on the evening
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of the 31st (Fig. 9d). This layer persisted throughout the 08/22 08/21 0820 08/19 0B/18 OB/L7 0/16 08/15 0B/14 08/13
flights on the 1st (Fig. 9d, e), and was closely situated be- Soice 1 1At 87.250000 lon.: 8030000 hete: 1100, 1500, 1600 mAGL
low the inversion heights mentioned above. The layer broad- e e o " Modal Jareal Velocity
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ens to about 300 m thickness, and maximum concentrations

of D3-14 partlples increase up to 2000 Cﬁu_jurlng daytime Fig. 11.10-day backward air mass trajectory ending at 08:00 UTC,

on the 1st. High near-surface concentrationsDgf 14 par- 55 August 2008 at 87.25\ 8.0 E, calculated for 1100 m (red),

ticles were detected during the second flight, at 17:20 UTC 1500 m (blue) and 1900 m (green) receptor point altitude. Source:

on 1 September (Fig. 9d), with an increase in concentrationsalculated using the HYSPLIT modéittp://www.arl.noaa.gov/

to over 1000 cm3. At this time the TDMPS measurements HYSPLIT.php

on boardOdenshow a simultaneous increase in ultrafine

and Aitken-mode particles (Fig. 10d), also bearing witness

to a new particle formation (NPF) event. A review of similar Kelvin barrier from being overcome, and thus excluding fur-

kinds of NPF events observed over the high Arctic pack icether possible growth of nanometre-sized clusters.

has been presented in a recent paper by Karl et al. (2012).  Again the simultaneous increases in concentration occur-
As shown by Karl et al. (2012), the rapid appearance ofring in both theD3_14 and D14 300 Size ranges suggest that

the sub-10 nm particles cannot be explained as a result of tha different mechanism may have been involved. In an attempt

growth of the freshly nucleated stable clusters of 1-2 nm di-to explain the characteristics of the new particle formation

ameter by a condensable organic vapour essentially becauswents in the high Arctic, a hypothesis has been put forward

the Kelvin effect imposes a giant barrier for these clusters’linking the NPF events to evaporation of low-level cloud or

initial growth (Zhang and Wexler, 2002; Karl et al., 2011). fog droplets brought about by mixing of the droplets with

However, occasional nucleation of DMS-derivegl3®, fol- dry air at the top and edges of a cloud/fog (Leck and Bigg,
lowed by subsequent growth involving organic vapours is2010; Karl et al., 2013), whereby particle breakup could take
also supported by Karl et al. (2012). place during evaporation.The fragmentation of particles re-

In addition, it was shown that the availability of condens- leased from the evaporating cloud droplets could result in
able vapours is limited in the PBL over the inner Arctic, and release of both ultrafine particles and Aitken-mode particles
that the concentration of DMS, a precursor 63y, is often ~ (Leck and Bigg, 2010). Based on the visibility and ceilome-
not sufficient to sustain growth into the super 10 nm diame-ter measurements located on bo&den rapid evapora-
ter size range (Karl et al., 2013), leaving the observed cotion of low cloud/fog droplets was observed approximately
appearance of particles in the 2050 nm diameter size rang®86 min before the start of the new particle formation event
coinciding with nucleation unexplained in many cases. Alsoseen by the TDMPS. The combination of particle release
during this NPF event during period 4, the concentrations offrom droplets together with classical nucleation and growth
precursor gases measured by the PTR-TOF on bGaeh  involving H,SO4 and organic vapours is thus suggested to
were very low (DMS concentrations were below the detec-have been responsible for the NPF event. Indeed, a modelling
tion limit of 4 ppt(v) (30 min integration)), preventing the study carried out by Karl et al. (2013) shows good agreement
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Fig. 12. Vertical profile of aerosol particle number concentration and temperature during ASCOS 2008 expedition helicopter flight, 07:57—
08:41UTC, 20 August (DoY 233) 2008.

with observed number concentrations, when both nucleatiorible between 200 and 400 m, and, interestingly, the feature
and growth of condensable vapours as well as emissions adeems to be entirely decoupled from the lowermost 200 m.
marine nanogels are simulated. Most likely, the relative con-Visually, a thin (approximately 50 m) haze layer centered at
tribution of nucleation and growth by4$0, and condens- 125m altitude was observed during the last flights; it ef-
able organic vapours to the observed increase in concerfectively scavenged ultrafine particles by Brownian diffu-
trations in the sub-10 nm size range became greater severalon, with concentrations at 125 m altitude reaching as low
hours later, during the early hours of 2 September, when thas < 100 cm® before midnight.

origin of the incoming air mass shifted to the Beaufort Sea.

The shift in the direction of air mass flow was accompanied

by a decrease inthe DOI to 3.5 at 06:00 UTC on 2 Septembeb Case study: free troposphere plumes and long-range
from the average DOI of 8.2 during period 4. Due to the shift  transport

to a lower DOI, the precursor gases reachddgnincreased

to detectable concentrations around 00:53 UTC on 2 Septem & number of cases, the aerosol profiles contained distinct
ber, with DMS concentrations between 5 and 15ppfdata  plumes within the free troposphere. While the summertime
not shown), thus further providing material for early growth Arctic atmosphere is believed to be very clean in the PBL
of the new particles. The third flight on 1 September (Fig. 9e)(Bigg et al., 1996; Leck et al., 1996), the plumes in air aloft,
also shows high near-surface concentration®gf14 parti- above the PBL, are caused by the occasional transport of
cles, as well as an increasein4_3gg near-surface concen- polluted air from lower latitudes. One possible source of in-
trations with respect to the previous flight. Several profilestrusions of polluted air within the free troposphere may be
during 1 September show the highest ratiof_14 parti- biomass burning. The following case study suggests evidence
cles to D14 300 particles to be situated in the lower part of for such an occurrence during ASCOS.

the layer at ca. 300-400 m., just above the cloud top, ~ On 20 August (DoY 233), during the 08:00 helicopter
measured by the MMCR instrument at 253 m, possibly indi-flight, a broad atmospheric layer with raised concentrations
cating a particle source from evaporation of cloud droplets.0f D300 particles was detected between ca. 800m and
The fourth and final flight on 1 September (Fig. 9e) shows2000mag.l., with concentrations over 10cm (Fig. 12).

a further increase i3_14 concentrations up to 3000 Ch Local sources, found at the air—sea interface, are not present

A strong increase iD14_3q0 particle concentrations is vis- at these altitudes. Furthermore, the high atmospheric sta-
bility prevents mixing between the surface and the free
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troposphere. Consequently, the only explanation for such NOAA HYSPLIT MODEL

a spike in concentration is long-range transport. The more Backward trajectories ending at 0800 UTC 20 Aug 08
pertinent question therefore regards the source of the polluted GDAS Meteorological Data

air parcels advected over the high Arctic pack ice.

Wildfires in Siberia are one such possible source. Combus- w
tion of organic material during wildfires generates heat and
moisture. This in turn leads to buoyancy-forced vertical and
horizontal circulations of air and advection of hot gases and
by-products of combustion (Jenkins et al., 2001). This pro-
cess creates a very efficient mechanism for the rapid uplift of
air containing large amounts of smoke particles, which, im-
portantly, are good condensation nuclei (Reid et al., 2005).
Furthermore, biomass burning is one of the largest sources 3
of accumulation-mode particles (Reid et al., 2005). Finally,
the weak sinks experienced by accumulation-mode particles
result in long residence times — on the order of a few tens
of days — in the lower and middle troposphere (Wallace and
Hobbs, 2006). This ensures they can be transported long dis-g | 1800 G
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In order to test the hypothesis of biomass burning as g
a source for free tropospheric plumes, five-day backward air ‘ ‘ ‘ ‘ ‘
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trajectories (Fig. 13) were calculated for the case study flight 08720 08/19 0818 08117 08/16
and compared with the MODIS global fire map (Fig_ 14) for B ioe 1 Tar247.330000 ton.: 654 r?é?srf'gTuLff %&i%bzfﬁzfsuLTc 2013
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The air mass trajectory shows that the origin of the air par-

cel is northern Siberia (Fig. 13), a region where NnUMeroUssig 13 Five-day backward air mass trajectory ending at
fires were detected by MODIS during the period under ex-og:00 UTC, 20 August 2008 at 87.38 6.84 E, calculated for
amination (Fig. 14). This supports the biomass burning hy-900m (red), 1400 m (blue) and 1800 m (green) receptor-point al-
pothesis as a possible plume source. However, such evidenaude. Source: calculated using the HYSPLIT mobgp://www.

is not conclusive. Chemical tracer analysis, specifically anarl.noaa.gov/HYSPLIT.php

analysis of the vertical profiles of the mixing ratios of or-

ganic compounds such as acetonitrile and acetone, which are

both produced in biomass burning plumes (Holzinger et al.jn frontal zones associated with passing weather systems.
2005), would be instrumental in providing a definitive an- These characteristics limit mixing of particles from elevated
swer to the above hypothesis. Unfortunately, such measureRlumes in the free troposphere into the PBL and the cloud
ments were not available for the flight in question. It should layer. This requires that plumes are brought down to the top
also be noted that other sources, such as emissions from g&éthe PBL where entrainment can occur, and the only mech-
flaring by the oil industry, have recently been suggested to b@nism that can bring elevated plumes down to the inversion

an important contribution to pollution plumes in the Arctic IS large-scale subsidence, which is a very slow process. As
(Stohl et al., 2013). a result, long-range transport of plumes from farther south,

This case study is typical of a number of profiles show- Where they are often lofted to several kilometres by convec-

ing drastic increases iP- 300 particles within the free tropo- tion or buoyant forest-fire sources, is unlikely to be a major

sphere. The ensuing question is whether these particles cdactor contributing to CCN number concentrations within the

act as cloud condensation nuclei and contribute to the forlower atmosphere, and thus will not be a main contributor
mation Of |Ow_|eve| Stratiform C|ouds over the pack ice in to the formation of low-level clouds. HOWeVer, such trans-

summer. In order to address this issue, it is necessary to corOrt events can be critical to upper-level cloud formation. In

sider the vertical structure of the troposphere over the higfurn, these upper level clouds can impact the formation and
Avrctic in summer. As mentioned above, the high Arctic PBL Maintenance of low-level Arctic stratocumulus by, for exam-

is typically a well-mixed shallow layer at the surface, cappedp|ev altered radiative heating/cooling rates. Thus, advection
by a temperature inversion. The inversion may at times beof particles aloft may indirectly impact the dynamic and ther-

strong, such as when there is substantial advection of warmghodynamic processes that govern low-level stratocumulus.

air from lower latitudes while the free troposphere is stably

stratified. In contrast to the processes in more southerly lati-

tudes, deep convection, which could enhance mixing across

the whole troposphere, does not occur other than possibly
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Fig. 14. Global fire map of all fires detected during a ten-day
period (8-17 August 2008) by the Moderate Resolution Imag-
ing Spectroradiometer (MODIS). Low fire counts are represented
by red dots and high fire counts by yellow dots. Yellow oval
shows the likely origin of the pollution plume observed dur-
ing the ASCOS 2008 expedition helicopter flight on 20 August Fig. 15.Graphical representation of the sources and transport mech-
2008. Sourcehttp://lance-modis.eosdis.nasa.gov/cgi-bin/imagery/ anisms of aerosol particles over the summer Arctic pack ice.
firemaps.cg{adapted by the author).

6 Summary and conclusions files) and accumulation-mode (data from TDMPS) particles
within the PBL. This could involve both direct emissions

This paper presents a study of aerosol particle vertical disof the larger accumulation-mode primary particles, as well
tributions over the summer Arctic pack ice based on uniqueas growth of particles via two processes, namely heteroge-
data of atmospheric profiling. The analysis of aerosol con-neous condensation and aerosol cloud processing. The for-
centration profiles in combination with meteorological data mer occurs when DMS oxidation products advected from
demonstrates that the vertical distribution of airborne parti-open waters condense on sub-CCN-sized particles, whilst
cles over the summer Arctic pack ice is governed by the com+the latter involves CCN-sized particles in cloud droplets and
plicated interplay between local sources, long-distance transtheir growth via aqueous phase oxidation of dissolved gases.
port and air mass origin, mixing events and cloud processWhen cloud droplets evaporate, they leave behind raised con-
ing (a graphical representation of the processes is presentexntrations of accumulation-mode particles, grown via the
in Fig. 15). Furthermore, due to different sources, sinks andwo processes described. In the process, the bimodal particle
turnover times in the various well-defined atmospheric lay-size distribution characteristic of cloud processed air masses
ers, there are distinct differences in aerosol particle characis created (Hoppel et al., 1994), as observed within the PBL
teristics within these layers. during period 1 and period 3.

The short residence time of ultrafine particles implies that The D- 300 plumes observed within the free troposphere
the observed episodic sharp increases in near-surface conceare believed to be caused by long-range pollution trans-
trations of D3_14 particles are of local origin. Such a source port, with long atmospheric residence times of accumulation-
is constituted by bubble bursting in open leads in the pack icemode particles ensuring such particles can cover consid-
(Leck et al., 2002; Bigg et al., 2004; Bigg and Leck, 2008; erable distances before being deposited. Aircraft measure-
Leck and Bigg, 2010). Via a process involving dissipation ments carried out during the FIRE Arctic Clouds Experiment
of fog/cloud droplets and release and break-up of particledy Curry et al. (2000) have also shown long-range trans-
contained within the cloud droplets (Leck and Bigg, 1999, port to contribute to pollution plumes aloft, while the near-
2010), the open lead source is suggested to be responsibtirface remained pristine. A likely source of such plumes
for the episodic occurrences, such as that during period 3, ois biomass burning in Siberia, creating both large amounts
29 August and at ground level during period 4, in the eveningof accumulation-mode smoke particles and an efficient heat-
on 1 September. However, nucleation and early growth bypowered mechanism for the uplift of the particles into the
condensable vapours, such ag3@, and organics, are also free troposphere, as discussed in the case study (Sect. 5).
likely to contribute to the observed NPF event, with a combi- Clouds were also found to be responsible for decreases
nation of marine gel emissions and nucleation best explainin D-3gp particles, due to the high capability of these
ing the observations according to a modeling study (Karllarger accumulation-mode particles to act as CCN, and
etal., 2013). their uptake via cloud droplets, resulting in wet deposi-

Meanwhile, transport of precursor gases and marine biotion of accumulation-mode particles, as suggested by Bigg
genic particles from the MIZ has been found to result in etal. (2001). Such a mechanismiis likely to have been respon-
raised concentrations db.3pp (data from helicopter pro- sible for diminishing the vertical extent of the rais®d 390
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particle concentrations during period 3. Conversely, the exships between aerosol particle concentration profiles, turbu-
tremely low concentration ab-. 3gg particles during period 4  lent mixing and cloud properties.

led to the disappearance of clouds, resulting in a CCN-

limited regime, as described by Mauritsen et al. (2011), high- )
lighting the importance of such particles for cloud formation. AcknowledgementsiVe gratefully acknowledge L. Orr and O. Oh-
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