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� Complex studies on aerosol properties during spring on Spitsbergen are presented.
� In-situ, remote sensing instruments and model results are included in the campaign.
� Scattering properties were found to be correlated with wind speed.
� Some sea-spray advections are detected and described in detail.
� Spring 2014 seems to be relatively clean with only a small load of Arctic Haze events.
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a b s t r a c t

This paper presents the results of measurements of aerosol physical and chemical properties during
iAREA2014 campaign that took place on Svalbard between 15th of Mar and 4th of May 2014. With
respect to field area, the experiment consisted of two sites: NyeÅlesund (78�550N, 11�560E) and Long-
yearbyen (78�130N, 15�330E) with further integration of Aerosol Robotic Network (AERONET) station in
Hornsund (77�000N, 15�330E). The subject of this study is to investigate the inesitu, passive and active
remote sensing observations as well as numerical simulations to describe the temporal variability of
aerosol singleescattering properties during spring season on Spitsbergen. The retrieval of the data in-
dicates several event days with enhanced singleescattering properties due to the existence of sulphate
and additional seaesalt load in the atmosphere which is possibly caused by relatively high wind speed.
Optical results were confirmed by numerical simulations made by the GEMeAQ model and by chemical
observations that indicated up to 45% contribution of the seaesalt to a PM10 total aerosol mass con-
centration. An agreement between the in-situ optical and microphysical properties was found, namely:
the positive correlation between aerosol scattering coefficient measured by the nephelometer and
effective radius obtained from laser aerosol spectrometer as well as negative correlation between aerosol
scattering coefficient and the Ångstrom exponent indicated that slightly larger particles dominated
during special events. The inesitu surface observations do not show any significant enhancement of the
absorption coefficient as well as the black carbon concentration which might occur during spring. All of
extensive singleescattering properties indicate a diurnal cycle in Longyearbyen, where 21:00e5:00 data
stays at the background level, however increasing during the day by the factor of 3e4. It is considered to
be highly connected with local emissions originating in combustion, traffic and harbour activities. On the
other hand, no daily fluctuations in NyeÅlesund are observed. Mean values in NyeÅlesund are equal to
8.2, 0.8 Mm�1 and 103 ng/m3 for scattering, absorption coefficients and black carbon concentration;
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however in Longyearbyen (only data from 21:00e05:00 UTC) they reach 7.9, 0.6 Mm�1 as well as 83 ng/
m3 respectively. Overall, the spring 2014 was considerably clean and seaesalt was the major aerosol
component.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosol optical and chemical properties measurements have
become of a great importance due to their high impact on climate
change manifesting the most in sensitive Arctic regions (Engvall
et al., 2008). Regarding model’s results, the annual mean temper-
ature is expected to increase with the highest factor over polar
latitudes in a few decades (Graversen et al., 2008; Hassol, 2005).
Despite the fact of Arctic being relatively free of humanederived
emission sources, many events with increased aerosol optical
properties have been measured and studied. According to an
aerosol production the geographical distribution of semiesta-
tionary pressure centres in the northern hemisphere determines
Svalbard archipelago the most pristine site of the Arctic due to
prevailing north advections of particles and also due to the gulf
stream, which transports warm and moist air mass with intensive
aerosol wet deposition processes. Hence, a simultaneous separation
of air mass transport from North America by Icelandic Low in-
dicates Eurasia the only occasional southern source area for long-
erange transport of pollutants (Stone et al., 2014). However,
Bazzano et al., 2015, demonstrated that the source areas for
anthropogenic pollutants are seasonally characterized, with main
input from Eurasia in spring and from CanadaeUSA in summer. The
contribution to pollutant emission of metallurgical industry as well
as coal mining in Russian Arctic together with local domestic and
traffic combustion underestimates the total anthropogenic aerosol
load exiting in Polar Regions. Hence, it indicates considering
longerange transport a major source of sulphate, nitrates as well as
dust and black carbon (BC) (Heintzenberg et al., 1981;
Rozwadowska et al., 2010). Regarding natural sources during
vegetation season an organic carbon emissions combined with
methane are observed (Guo et al., 2007). Hence, a recent winter
reduction in seaeice extent underlying the climate change mech-
anisms reveals a new ocean areas being under influence of weather
conditions (Parkinson and Cavalieri, 2012). Furthermore, within the
last decade an enhancement of events initiated by a seaespray
production over Arctic Ocean during winterespring season was
observed (Parkinson and Cavalieri, 2012; Z�abori et al., 2012).
Moreover, volcanic activity with stratospheric aerosol loading has a
high impact on aerosol single scattering properties in Arctic
(Tomasi et al., 2012). Since 1970s a long term trend of background
aerosol optical depth (AOD) values seems to vary over time. In
1970se1980s AOD decreased appreciably as a result of global
dimming decay (Tomasi et al., 2012). According to Tomasi et al.
(2012) during 1990e2010 AOD variability did not indicate any
trend, however regarding studies of Stone et al. (2014) a small
positive increase of AOD might be observed since 2000s.

The annual load of aerosols in Arctic varies over seasons altering
the values of single scattering properties (Tomasi et al., 2015). The
maximum occurs during winterespring season where a three
decade long term mean values of Aerosol Optical Depth (AOD) for
500 nm in NyeÅlesund reach maximum equal to 0.07e0.09 and
Ångstrom exponent (AE) being between 1.3 and 1.5 (Tomasi et al.,
2015). Further investigation of Tomasi et al. (2012) indicates fine
mode of wateresoluble and seaesalt as well as seaesalt coarse
mode to have the largest impact on aerosol optical properties.
However, the lowest level of long term measurements might be
observed during summereautumn season referring to as back-
ground values (Stone et al., 2014) where AOD decreases to
0.02e0.05 and AE stays at the level of 1.3 respectively (Tomasi et al.,
2012). At this time the prevailing particles consist of mineral dust
and wateresoluble fine mode as well as seaesalt coarse mode.
However, events, the most affecting optical measurements during
summer, contain combustion nuclei mode and accumulation mode
both originating from biomass burning events (Tomasi et al., 2015).

A number of remote sensing Lidar measurements of aerosol
optical properties vertical profiles have been studied in Tomasi et al.
(2015) for 2012e2013 indicating an annual variability of back-
scatter coefficient with the maximum value occurring during
winterespring season. Hence, the vertical structure seems to
consist of two layers with enhanced aerosol properties. The first
one is included within the atmospheric boundary layer (0e1.5 km)
second one occurs between 2 and 4 km existing due to a long range
transport (Tomasi et al., 2015).

A closure study of aerosol properties in the Arctic requires
solving the discrepancies in measurement techniques, spatial and
temporal resolution as well as hygroscopic growth of aerosols.
Considering remote sensing and inesitu instruments, they apply
optical or physical and chemical properties respectively, resulting
in different quantities of measurements, which might be compared
only after transformation by means of theoretical equations or
empirical parameterisations of the data (Mazzola et al., 2012;
Tesche et al., 2014). Furthermore, inesitu measurements often
reduce relative humidity (RH) inside the chamber to dry conditions
(10e30% RH), whereas remoteesensing instruments work in
ambient air. Hence, in order to analyze both data sets, a model
assumption is required to quantify the size of particles after drying,
otherwise inesitu data should be converted into ambient condi-
tions (Tang, 1996; Tang and Munkelwitz, 1994; Zieger et al., 2013).
What is more, data need to be equalized to one temporal resolution
to make certain they both observe the same air mass by means of
averaging (Tesche et al., 2014).

The following article contains the results from the first of two
field campaigns provided within the iAREA (Impact of Absorbing
Aerosols on Radiative Forcing in the European Arctic) research
program, which took place between 16.03 and 04.05.2014 in
NyeÅlesund and Longyearbyen on Spitsbergen. Section 2 includes
description of research sites, instrumentation and model used
during the field campaign. Section 3 shows the overview of tem-
poral variability of measured and simulated aerosol optical and
chemical properties as well as a more detailed description of
seaespray events, which occurred during the campaign. In Section
4 we discuss the case studies while the conclusions of this article
are summarized in Section 5.
2. Field area and instruments

2.1. Field area

The field campaign was carried out in NyeÅlesund (78�550N,
11�560E) and Longyearbyen (78�130N, 15�330E) e towns located on
Spitsbergen Island, which belongs to Svalbard Archipelago (Fig. 1b).
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Moreover, we used data from Polish Polar Station in Hornsund
(77�000N, 15�330E) situated in the southern part of Spitsbergen
(Fig. 1a). Measurements provided in the Island are mostly free of
local emissions regarding poor representation of habited areas.
Therefore, Arctic Haze, the most important air pollution caused by
longerange transport of aerosol, should be principally well
observable on the island. NyeÅlesund represents a small scientific
town situated in the northewestern part of Spitsbergen abutted
with Arctic Ocean (through the Kongsfjorden fiord on the north-
eeast side of the town. Hence, it is surrounded by mountains at the
remaining three sides, what might induce some local effects. All the
inesitu instruments were put in the Gruvebadet observatory (su-
pervised by the Italian staff), located 800 m southewest from
NyeÅlesund. Possibly, some sources of local contamination
including small dieselefilled stations (NNE direction from aerosol
inesitu measurements in Gruvebadet) and traffic such as snow-
mobiles, ships and airplanes (NNW direction from Gruvebadet)
may contribute to some local pollution.

However, further remote sensing Lidar as well as Microtops II
measurements were provided on a platform of Alfred Wegener
Institute (AWI) observatory. Longyearbyen, located about 100 km
southeeast from NyeÅlesund (Fig. 1a), is occupied by 1.8 thousand
people, so it represents a more polluted region due to local emis-
sions from coal power plant, coal mining, harbour activity, do-
mestic heating and vehicular traffic. It is located at the foreland of
the Longyearbreen glacier valley, surrounded by the mountains
500 m a.s.l. high, next to the Adventfjorden Bay (NE). Measure-
ments were provided at the lowest part of the town,100m from the
fiord shore. The last included data was provided within the Aerosol
Robotic Network (AERONET), taken from Polish Polar Station in
Hornsund located in southern part of Spitsbergen (Fig. 1a) on a
foreground of Hansbreen glacier. Hornsund station is surrounded
by the Isbj€ornhamna, the ocean fiord bay from the southern site,
otherwise by the mountains. This station was considered a refer-
ence site due to lack of habited areas, suppressing anthropogenic
emission of pollutants in the direct surrounding environment.

2.2. Instruments

During the campaign aerosol single scattering properties were
provided with a few instruments that might be generally referred
to as inesitu and remote sensingmeasurements. Regarding the first
group: nephelometers, photoacoustic extinctiometers, as well as
particle counters were operating (Table 1). Furthermore, we
included Lidar and sun photometers data into the group of remo-
teesensing measurements.

Aerosol scattering properties in NyeÅlesund were measured by
nephelometer 3563 from TSI operating on 3 wavelengths with
1 min resolution (Anderson et al., 1996). Regarding Longyearbyen
polar nephelometer Aurora 4000 (Ecotech company) measure-
ments of scattering coefficient were provided in 3 wavelengths
with 5 min resolution (Arnott et al., 2005). The 3563 TSI nephe-
lometer uses the halogen flash lamp while Aurora 4000 the LED
array. The electrical drive current of each LED was adjusted, so that
the angular intensity distribution of the light source was nearly a
Lambertian radiation distribution (Müller et al., 2011). It is worth
emphasis the LED light sources generates only fraction of the heat
developed by halogen flash lamps in traditional nephelometers.
Truncation angles for the TSI 3563 were given in Anderson et al.
(1996) and reported to be 7� and 170� while for Aurora 4000
were determined to be 10� and 171�. Correction for truncation
angles depends on aerosol size distribution and usually is done
based on the AE (Anderson and Ogren, 1998; Müller et al., 2011).
Furthermore, the instruments were calibrated by CO2 before and
after the campaign. The zero check calibrations were performed
automatically every 10 min and 24 h for both TSI and Aurora 4000
nephelometers respectively. Given the methodology proposed by
Anderson and Ogren (1998) and Müller et al. (2011) nephelometer
data was processed through correction of noneLambertian illu-
mination and the angular truncation contributes.

One wavelength Photoacoustic Extinctiometer (PAX) is a new
instrument from Droplet Measurement Technologies company
measuring extinction coefficient and its components as well as the
single scattering albedo (SSA) and BC mass concentration (Kok
et al., 2010). It uses photoacoustics method to retrieve absorption,
by detection of pressurewaves initiated by emission of energy from
absorbing particle. The construction of scattering chamber is based
on nephelometer technique. The detection limit for 60 s averaging
for absorption and scattering coefficient is less than 0.25 Mm�1

(870 nm). The detector measures scattering light between 6� and
174�. Two instruments with 532 and 870 nm were installed in
Gruvebadet observatory in NyeÅlesund and Longyearbyen oper-
ating with 5 min resolution. PAX calibrations were provided 6
months before the campaign in the factory.

Furthermore, Gruvebadet site was equipped with three particle
counters: one installed only for campaign period (LAS) and further
two (SMPS and APS) for continuous measurements from Mar to
Sep. Regarding small particles, Laser Aerosol Spectrometer (3340)
from TSI was used to detect concentration of aerosols within a
range of 0.09e7.5 mm and 1 min averaging. LAS measures the
extinction of laser light intensity with respect to scattering to
achieve size of particles.

Furthermore, we obtained data from two particle sizers, namely
Scanning Mobility Particle Sizer (TSI SMPS model 3034), making
use of the differential electroemobility of particles and Aero-
dynamic Particle Sizer (TSI APS), measuring the actual aerodynamic
diameter of single particles by the time of flight between two
consecutive laser beams. TSIeSMPS and TSIeAPS instruments were
certified by the manufacturer. The calibration system meets
ISOe9001:2000, Quality Management Systems Requirements and
complies with ISO 10012:2003, Quality Assurance Requirements for
Measuring Equipment. The SMPSeAPS integrated system was able
to continuously collect one synchronized size spectrum (106
sizeeclasses) every 10 min. SMPS provides a 54 sizeeclasses
spectrum in the range of 10e487 nm, as an average of 3 consecutive
3emin measurements; APS gives a 52 sizeeclasses spectrum in the
range of 0.5e20 mm, as an average of 9 consecutive 1 min mea-
surements, one minute stop allows the two devices
synchronization.

Aerosol samples were continuously collected from 31 Mar to 18
Apr with two sampling devices: PM10 (particle matter collected
with a 10 mm cuteoff head) and 4estage impactors. PM10 was daily
collected (00:01e23:59 UTC) on Teflon filters (Pall, 47 mm diam-
eter, 2 mm nominal porosity) by a TCR TECORA sequential aerosol
sampler. The sampling head was designed according to ENe12341
European rules and operated at 38.3 L min�1 (actual volume),
corresponding to a 24 h volume of about 55 m3. PM10 mass was
measured by weighing the filters with a microbalance (0.01 mg
sensitivity), before and after exposure. The filters were conditioned
at low humidity (silica gel) and temperature (25 ± 1 �C) for at least
24 h prior to weighing. A data loss occurred in the period 19th Apr
e 4th May by a system failure.

Sizeesegregated aerosol samples were collected by using a
4estage Dekati impactor (>10, 2.5e10, 1e2.5, <1 mm), operating at
29 L min�1. In order to collect a sufficient aerosol amount for the
chemical analysis, 4eday sampling timewas chosen. Polycarbonate
membranes (0.1 mm nominal porosity) were used for collecting the
aerosol in the first three size classes (from >10 to 1 mm), while the
subemicrometric fraction was collected on a backup Teflon filter.
Filters were handled under class 100 laminar flow hoods in order to



Fig. 1. General map of field campaign placement. NyeÅlesund represents a rural site, Longyearbyen includes some small and scattered emission sources. However, Hornsund serves
as a reference station.

Table 1
Instruments measuring optical properties of the atmosphere during iAREA spring campaign.

Name l [nm] Property Dt Period Station

Polar Nephelometer Aurora 4000a 450,525,635 sSCAT, AE 5 min 20 Mar e 13 Apr Longyearbyen
Nephelometer 3563b 450,550,700 sSCAT, AE 1 min 26 Mar e 04 May NyeÅlesund
PhotoeAcoustics Extinctiometer (PAX)c 532

532
sEXT, sABS, sSCAT

SSA, BC
5 min 26 Mar e 04 May

20 Mar e 13 Apr
NyeÅlesund
Longyearbyen

Microtops II Sun Photometerd 5 of: 340,380,440
500,675,870
1020

AOD
AE

<1 min Irregular Longyearbyen
NyeÅlesund

AWI Aerosol Raman Lidar KARLe 355,387,407,532
607,660,1064

b
sEXT

2 min Irregular NyeÅlesund

Sun photometer CIMELf 340,380,412,490
500,531,551,555
667,675,870
1020,1640

AOD
AE

<1 min Irregular Hornsund

Laser Aerosol Spectrometer (LAS) 3340g 90e7500 Particle conc. 1 min 26 Mar e 04 May NyeÅlesund
Scanning Mobility Particle Sizer Spectrometer SMPS 3034h 10e487 Particle conc. 10 min 31 Mar e 04 May NyeÅlesund
Aerodynamic Particle Sizer APS 3321i 500e20,000 Particle conc. 10 min 31 Mar e 04 May NyeÅlesund
SP1A Sun Photometerj 369,381.1,412.9

499.8,609.8
673.8,778.5
859.8,944.8
1022.9

AOD
AE

1 min Irregular NyeÅlesund

a Arnott et al. (2005).
b Anderson et al. (1996).
c Kok et al. (2010).
d Morys et al. (2001).
e Hoffmann et al. (2010).
f Holben et al. (1998).
g Simon and Duquenne (2013).
h Hogrefe et al. (2006).
i Peters and Leith (2003).
j Herber et al. (2002).
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minimize sample contamination. One half of each PM10 Teflon filter
was extracted in about 10 ml MilliQ water (accurately evaluated by
weighing) by ultrasonic bath for 20 min for ionic content deter-
mination. Inorganic anions and cations as well as selected organic
anions were simultaneously measured by using a three Dionex
ionechromatography system equipped with electrochemical sup-
pression. The sample handling during the IC injection was mini-
mized by using a specificallyedesigned FloweInjection Analysis
(ICeFIA) device (Morganti et al., 2007). Cations (Naþ, NH4

þ, Kþ,
Mg2þ and Ca2þ) were determined by using a Dionex CS12Ae4 mm
analytical columnwith 20 mM H2SO4 eluent. Inorganic anions (Cl�,
NO3

�, SO4
2e and C2O4

2�) were measured by a Dionex AS4Ae4 mm
analytical columnwith a 1.8mMNa2CO3/1.7mMNaHCO3 eluent. F�

and some organic anions (acetate, glycolate, formate and meth-
anesulphonate) were determined by a Dionex AS11 separation
column by a gradient elution (0.075 mMe2.5 mM Na2B4O7 eluent).
Six standard calibration curves were daily used for quantification.
Further details are reported in Becagli et al., 2011.

Additionally, we retrieved four basic aerosol species from
chemical inesitu measurements. Mass of seaesalt can be obtained
as follows:

SS ¼ 3:248$ssNaþ (1)

ssNaþ ¼ totNaþ � 0:562$nssCa2þ (2)

nssCa2þ ¼ totCa2þ � 0:038$ssNaþ (3)

where 0.562 represents the Naþ/Ca2þ weight to weight (w/w) ratio
in the crust (Bowen, 1979) and 0.038 is the Ca2þ/Naþ w/w ratio in
seawater (Nozaki, 1997). SS, Naþ and Naþ, Ca2þ refer to mass of
seaesalt, sodium and calcium ions respectively. The prefixes tot, ss,
and nss are referred to a total concentration, seaesalt and non-
seaesalt contributions to ions.

As we lacked with total crust composition measurements, a
mass of mineral dust might be approximated by the following
equation as stated by Marconi et al. (2014):

DU ¼ 10:0$nssCa2þ (4)

Nonseaesalt sulphate was retrieved yielding:

nssSO2�
4 ¼ totSO2�

4 � 0:25$ssNaþ (5)

where 0.25 indicates the SO4
2�/Naþ (w/w) ratio in seawater (Bowen,

1979).
We also calculated secondary inorganic aerosols by summing

the concentration of nitrate, nitrite and ammonium. We didn’t
include, however, nssSO4

2� to the equation due to the importance of
this component to determine air mass advection type. Unfortu-
nately, the two latter equations are only appreciable approxima-
tions, so significant deviations might occur.

Apart from continuous measurements we additionally analysed
remote sensing data provided during clear sky or partly cloudy
conditions. One of the active remote sensing instruments of this
campaign was the “Koldewey Aerosol Raman Lidar” KARL, located
at the atmospheric observatory in NyeÅlesund. KARL is a Lidar
with a Nd:Yag laser, whichmeasures the backscatter coefficient at 3
colours (355 nm, 532 nm, 1064 nm), the depolarization and the
extinction, via the Raman scattering at N2 molecules, at 2 colours
(355 nm, 532 nm). Such a configuration is called 3 þ 2þ200 system.
The laser power is approx. 200 mJ per pulse and colour, and a
repetition rate of 50 Hz is used. The recording telescope has 70 cm
diameter and measurements have been obtained with a field of
view of 1.7 mrad. Overlap is completed beyond 900 m altitude. The
maximal resolution of the raw data is 2 min and 7.5 m. Further
details on the system are described in Hoffmann et al., 2010.

Automatic measurements of AOD as well as AE were provided
by Alfred Wegener Institute (AWI) in NyeÅlesund by means of
SP1A Sun Photometer from Dr. Schulz and Partner GmbH with a
resolution of 1 min. The instrument provides the measurements
within 10 spectral channels ranging between 369 and 1022.9 nm
with 1� field of view. SP1A Sun Photometer is calibrated every year
in a relatively pristine mountainous area (i.e. Tenerife, Spain)
(Herber et al., 2002). Further AOD and AE data was retrieved
manually from four 5ewavelength Microtops II sun photometers
from Solar Light Company, which yields direct solar irradiance
technique (Morys et al., 2001). Each particular instrument has its
own set of spectral channels ranging between 340 and 1020 nm.
Measurements were provided in a close neighbourhood with Lidar
measurements in NyeÅlesund and inesitu instruments in Long-
yearbyen with arbitral time resolution of 15 min. Microtops II
calibration was performed in Sep 2013 versus the CIMEL sun
photometer at Strzyzow AERONET (Aerosol Robotic Network) sta-
tion. In addition, we used lev. 2.0 data from Hornsund AERONET
station equipped with CIMEL sun photometer (Holben et al., 1998).

Regarding meteorological data, we present the measurements
provided by AWI’s atmosphere observatory in NyeÅlesund (tem-
perature, wind speed and wind direction) as well as encoded
SYNOP reports from the NyeÅlesund II WMO station (code 10040)
carried out at the airport (precipitation). Furthermore, we used
National Climatic Data Center (NCDC) Global Summary of Day
(GSOD) database (http://www7.ncdc.noaa.gov/CDO/cdodata.cmd,
date of access: 25.06.2015) to obtain climatological long termmean
value of precipitation.

2.3. Model

During the campaign a daily chemical and weather forecast was
provided. The oneline tropospheric chemistry model e GEMeAQ
(Kaminski et al., 2008) was used as a computational tool. Aerosols
are modeled with a sectional module based on Gong et al. (2003)
with 5 aerosols types: sulphate, black carbon, organic carbon,
seaesalt and soil dust, sizeesegregated into 12 logarithmically
spaced bins. The aerosol module includes parameterizations of
nucleation, condensation, coagulation, sedimentation and dry
deposition, inecloud oxidation of SO2 as well as scavenging and
belowecloud scavenging of aerosol species by rain and snow.

The GEMeAQ model was run on the global variable grid with
rotated equator and with the resolution of 0.15� x 0.15� centred
over the Svalbard archipelago. Number of grid points was set on the
globe to 356 � 320 and 200 � 200 in the core part. In the vertical,
28 sigmaehybrid layers extending to 10 hPa were used. The
simulation was performed from 8th Mar to 10th May 2014, as a set
of 72-h forecasts. The integration time step of 450 s was used.
Emission data were prepared by Norwegian Institute for Air
Research (NILU) in the frame of ECLIPSE project (Klimont et al.,
2013). The model was validated in a number of experiments. In
AQMEIIe1 intercomparison the GEMeAQ showed a very good
agreement with measurements as compared to other models
(Struzewska et al., 2015). The emission inventory was provided on
the global grid with the resolution of 0.5� � 0.5�. Anthropogenic
emissions were available as annual average for the base year 2010,
while biomass burning and ship emissions were estimated as
monthly averages. Due to some overestimation of SOx and OC/BC in
emission inventory databases for Europe, some results in remote
regions such as Arctic, might be affected. It can lead to higher
concentration of species in a forecast results.

Finally, for event days 144 h back trajectories were obtained

http://www7.ncdc.noaa.gov/CDO/cdodata.cmd
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from NOAA HYSPLIT model (HYbrid SingleeParticle Lagrangian
Integrated Trajectory Model) using NCEP reanalysis meteorological
repositories for 500, 1500 and 3000 m height levels (Draxler and
Hess, 1998).

2.4. Optical properties retrieval

Regarding a spectral dependence of single scattering properties
the AE was recalculated yielding the Ångstrom power law
(Ångstrom, 1929):

s ¼ Bl�a (6)

where s refers to the AOD, scattering or extinction coefficient at a
given wavelength (l), B regards aerosol loading coefficient, and a
represents the AE, which was obtained from nephelometers data
using 3 wavelengths (see Table 1). However, in respect to AOD
obtained from Microtops II the AE exponent was estimated for 440
and 870 nm. In addition, the single scattering albedo (SSA) was
estimated yielding the following equation

u ¼ sSCAT
sSCAT þ sABS

: (7)

where sSCAT refers to aerosol scattering coefficient obtained from
nephelometers and sABS represents aerosol absorption coefficient
measured by PAX.

Lidar data for this work has been averaged to 30 m/10 min
resolution. The evaluation has been done according to Ansmann
et al., 1992. In this evaluation scheme first the extinction profile is
calculated from the Lidar profiles at the Raman shifted colour. Next,
the backscatter profile is obtained by the ratio from the elastic to
inelastic Lidar profile. To obtain the aerosol extinction and back-
scatter, the Rayleigh contribution due to clear air is subtracted us-
ing the air density profile from the daily Vaisala RSe92 launches at
11:00 UTC at the site. For the evaluation of the IR channel at
1064 nm the Klett approach (Klett, 1981) has been chosen with a
LR(1064 nm) ¼ 30sr.

Further, we define a depolarization ratio for aerosol (Behrendt
and Nakamura, 2002) as

dðz; lÞ ¼ b⊥ðz; lÞ
bjjðz; lÞ

(8)

where b┴ is the aerosol backscatter coefficient perpendicular to the
plane of polarization of the laser and b|| is the aerosol backscatter
coefficient in the same plane of polarization as the laser. As
spherical scatters do not change the state of polarization it holds
d ¼ 0 for altitudes with strictly spherical particles. Hence, d is a
quantity of the shape of the aerosol.

3. Overview of temporal variability of aerosol optical and
chemical properties during field campaign

Fig. 2 shows temporal variability of aerosol optical properties
derived from inesitu observations such as: scattering coefficient
(Fig. 2a) at 550 nm (NyeÅlesund) and 525 nm (Longyearbyen), AE
for scattering coefficient (Fig. 2b) received from TSI 3563 (l: 450/
700 nm) and Aurora 4000 (l: 450/635 nm) nephelometers. How-
ever, aerosol absorption coefficient (Fig. 2c) and BC concentration
[ng/m3] at 532 nm (Fig. 2d) were obtained from PAX instrument, as
well as the SSA.

(Fig. 2e) computed by means of nephelometer and PAX data.
Black lines refer to NyeÅlesund data, however blue dots e Long-
yearbyen. Regarding the latter site, due to unexpected local
emission in a close neighbourhood during daytime, only data from
the night hours were used for this analysis (see text following
Fig. 4). Aerosol scattering coefficients from 1 h averaged data show
a significant temporal variability within background values being
below the Rayleigh scattering (11.7 Mm�1 at 550 nm and for
standard conditions). Mean values and standard deviations of the
aerosol scattering coefficients derived from the data were equal to
8.2 ± 4.8 Mm�1 (550 nm) in NyeÅlesund and 7.9 ± 3.6 Mm�1

(525 nm) in Longyearbyen. During joint observations in
NyeÅlesund and Longyearbyen (26 Mar e 14 Apr), we found
fluctuations of the scattering coefficient being in a rather good
agreement with AE. The 1 h mean values of AE are 1.38 ± 0.33 and
1.17 ± 0.46 respectively, where lowest levels were observed usually
during enhancement of the scattering coefficient. The mean value
and standard deviation of the absorption coefficient during awhole
period in NyeÅlesund and Longyearbyen were both equal to
0.8 ± 0.4 Mm�1 and 0.6 ± 1.2 Mm�1 while BC concentration
103 ± 51 ng/m3 and 83 ± 154 ng/m3 respectively. Despite the fact of
1 h averaging, high standard deviations of both: absorption coef-
ficient and BC concentration are expected to be influenced by a
significant fluctuation of PAX instruments. Thus, indicating an
appreciable noise ratio. It might be concluded, that although the
photoacoustic method is more appropriate to measure aerosol
absorption than filter technique, PAX signal to noise ratio is low for
very clean conditions occurring in the Arctic environment. The
mean value of SSA retrieved from PAX and nephelometers in
NyeÅlesund and Longyearbyen reaches a relatively low level of
0.89 ± 0.08 and 0.88 ± 0.12 respectively. The mean effective radius
and standard deviation for the campaign reached value of
0.13 ± 0.02 mm for conditions in NyeÅlesund indicating an appre-
ciable concentration of fine particles. Its variability stays in a rather
good and positive agreement with scattering coefficient. The
opposite trend can be found for ratio of fine to coarse particle
number concentration. A mean value for this variable is equal to
419 ± 216.

Taking into account that aerosol single scattering properties at
the surface are mainly controlled by aerosol chemical composition,
in turn controlled by air mass advections and local weather con-
ditions we present Fig. 3 showing the diurnal mean air temperature
(Fig. 3a), average and maximum wind speed (Fig. 3b), wind direc-
tion (Fig. 3c) as well as daily precipitation (Fig. 3d) in NyeÅlesund.
During the campaign a mean value of air temperature reached level
of �10.1 �C being slightly colder in comparison to long term mean
for this period (1994e2011) equal to �8.7 (Maturilli et al., 2013).
The total amount of precipitation reaching 47 mm was slightly
higher regarding longeterm climatological sum of 36 mm/year in
spring (GSOD). Hence, weather in 2014 spring season was slightly
colder and moister. Furthermore, increases of air temperature were
usually highly connected with enhancement of both wind speed
and precipitation. The averages of wind speed are comparable both
reaching almost 4 m/s (Maturilli et al., 2013).

Additionally, we found a positive correlation (r ¼ 0.36 ± 0.06)
between scattering and wind speed and negligible correlation
regarding absorption coefficient (r ¼ 0.1 ± 0.07). Regarding the AE
and wind speed the correlation coefficient is negative
(r ¼ �0.45 ± 0.05). This is consistent with positive correlation of
wind speed and effective radius (r ¼ 0.43 ± 0.06) and negative one
with ratio of fine to coarse particle number concentration
(r ¼ �0.34 ± 0.06).

Table 2 presents the frequency of wind directions and corre-
sponding mean values of scattering coefficient, BC concentration
and AE for all wind speeds and for weak wind conditions (less than
3 m/s). As it can be seen, the wind direction on the ground level is
due to the orientation of the surroundingmountainsmostly limited
to the NW and SE directions (frequency: 21%, 40% respectively).



Fig. 2. Temporal variability of 1 h mean surface aerosol (a) scattering coefficient [Mm�1], (b) Ångstrom exponent for scattering, (c) absorption coefficient [Mm�1], (d) black carbon
concentration [ng/m3], (e) single scattering albedo for NyeÅlesund (black line) and Longyearbyen (blue dots) as well as (f) aerosol effective radius [mm] and (g) ratio of the fine to
coarse particle number concentration in NyeÅlesund. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Given the cases with mass advection from N, NE, E, and SE direc-
tion, increased level of BC concentration for all wind speeds (102,
203, 135 and 112 ng/m3) might be seen. However, comparing them
with cases of weak wind conditions (145, 203, 117 and 110 ng/m3

accordingly), only N encounters higher value. As there are no
pollution sources north from NyeÅlesund, it is possible that the air
mass pathway is changed due to local orography. On the other
hand, there is strong evidence, that during advection from NWand
N directions for higher wind speeds, a local production of seaesalt
from the open sea is initiated. This conclusion comes from the fact
that the highest values of scattering coefficient (12.6 and
12.4 Mm�1 respectively) are observed for the cases and simulta-
neously AE exponent indicates a presence of larger particles in the
air (values: 1.1 and 1.0). This situation disappears together with a
wind speed decrease. Also, mean seaesalt concentration for NW is
significantly higher 1.59 mg/m3 in comparison to SE direction
(0.45 mg/m3) which represents advection from the land.

Taking into account the spatial variability of aerosol optical
properties, Longyearbyen seems to exhibit higher levels of scat-
tering and absorption coefficients comparing to NyeÅlesund. Fig. 4
shows averaged diurnal variability of the scattering coefficient, AE,
as well as absorption coefficient for Longyearbyen (open squares)
and NyeÅlesund (solid circles). Regarding the extensive parame-
ters, a significant temporal variability was observed in Long-
yearbyen, where the noontime maximum of the aerosol scattering
coefficient reaches level about 3 times higher than night’s values.
Similar fluctuations are observed for absorption coefficient, where
the maximum close to 11:00 UTC is measured. Furthermore, AE
varies appreciably at the diurnal cycle with two maximum periods:
around 11:00 UTC and in the evening hours (19:00e24:00 UTC).
The discrepancies between Longyearbyen and NyeÅlesund data
could be related to the daytime activity of local anthropogenic
emission due to combustion processes. In addition, we found that
scattering coefficient is not correlated (r ¼ 0.1) with AE in Long-
yearbyen. However, for night hours (21:00e05:00 UTC) the corre-
lation coefficient is slightly negative (�0.22). When the emissions
are reduced during night hours the values come back to the same
levels as in the NyeÅlesund except for AEwhich seems to be always
lower. Regarding NyeÅlesund data, we didn’t observe a temporal
variability of scattering and absorption coefficients as well as AE. A
negative value of correlation.

coefficient between scattering coefficient and AE (e0.44),
higher than in Longyearbyen, has been found for NyeÅlesund be-
ing possibly explained by enhanced concentration of coarse parti-
cles. These changes cannot be explained by the variation of wind
direction, which doesn’t show any significant fluctuation between
day and night hours (not shown here).

The results from sun photometer observations in NyeÅlesund,
Longyearbyen and Hornsund are presented in Fig. 5 collected by
means of Microtops II (dots) and sun photometer SP1A (blue line).
The mean value of AOD at 500 nm for Hornsund, Longyearbyen and
NyeÅlesund reaches 0.09 ± 0.03, 0.07 ± 0.02 and 0.06 ± 0.02



Fig. 3. Temporal variability of the 1 h mean (a) air temperature [�C], (b) wind speed (black line) and wind maximum (blue line) [m/s], (c) wind direction, and (d) precipitation [mm]
based on AWI and SYNOP (precipitation) databases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Averaged diurnal cycles of (a) aerosol scattering coefficient at 550 nm, (b) AE
(450/700 nm), and (c) absorption coefficient at 532 nm in NyeÅlesund (solid circles)
and Longyearbyen (open squares) between 26th Mar and 14th Apr 2014.

J. Lisok et al. / Atmospheric Environment 140 (2016) 150e166 157
respectively. Although Longyearbyen is more polluted town, AE
seems to be lower in comparison to NyeÅlesund measurements
Table 2
Mean values of scattering coefficient (550 nm), Ångstrom exponent (450/700 nm), BC co
direction and wind speed (all cases and less than < 3 m/s).

Wind direction Frequency [%] Scattering coefficie
[Mm�1]

All <3 m/s All <

N 3.3 1.0 12.4 7
NE 0.22 0.22 9.8 9
E 4.4 0.5 6.9 7
SE 42.0 23.4 6.2 6
S 8.1 7.7 7.2 7
SW 8.6 8.2 7.0 6
W 11.2 5.4 8.1 7
NW 22.2 2.1 12.6 8
both reaching 1.20± 0.21 and 1.73 ± 0.08 respectively. Furthermore,
it is much more similar to Hornsund average (1.29 ± 0.19). Ac-
cording to AERONET database a typical mean value of AOD
(2005e2015) in Hornsund for Apr is equal to 0.11 ± 0.05, however
AE is equal to 1.31 ± 0.34. Taking into account spring 2014, an
appreciable reduction in AOD and AE might be observed indicating
more pristine conditions for iAREA2014 campaign.

Fig. 6 represents the aerosol PM10 mass concentration (6a),
obtained from ion chromatography measured in Gruvebadet
(NyeÅlesund) and the relative mass contributions of the recon-
structed aerosol constituents (1e5 equations), such as: seaesalt,
mineral dust, secondary inorganic aerosols, without nssesulphate,
which was calculated separately and BC concentration obtained
from PAX measurements (6b). These data might provide some
additional information about the origin of the Arctic aerosols,
however these measurements cover only the period between 31st
Mar and 18th Apr of the campaign. According to Fig. 6a the mean
value of PM10 concentration for the iAREA2014 campaign was
3.42 mg/m3. The contribution of components measured by ion
chromatography stands for, on average, about 60% of PM10. The
highest concentration of ions is observed for SO4

2� (0.67 mg/m3), Cl�

(0.44 mg/m3) and Naþ (0.31 mg/m3). During the campaign, the most
important contribution to the total aerosol mass had seaesalt
(about 25%), however, for some days it reached up to 56% (Fig. 6b).
Also, nssesulphate was of a great importance, with 19% of
ncentration (532 nm) as well as frequency of the data divided into classes of wind

nt BC concentration [ng/
m3]

Ångstrom exponent

3 m/s All <3 m/s All <3 m/s

.5 102 145 1.00 1.46

.8 203 203 1.38 1.38

.5 135 117 1.37 1.25

.6 112 110 1.49 1.52

.0 109 110 1.49 1.49

.9 97 97 1.52 1.53

.1 98 104 1.36 1.48

.9 95 87 1.10 1.41
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component budget. Chemical measurements consider mineral dust
mass a constituent of an appreciable concentration, which contri-
bution to a total mass varies between 2 and 15% with a mean value
of 4%. Chemical composition of seaesalt, sulphate and mineral dust
duringwinterespring time reported by Tomasi et al. (2012) equal to
43, 24 and 28% respectively, what indicates the seaesalt and sul-
phate mass concentration being underestimated.

After a subtraction of above aerosol constituents, still an
appreciable mass of PM10 remains. One of explanations might be
connected with organic carbon concentration, which plays a sig-
nificant role in Arctic, as stated by a model (Fig. 7). On the other
hand, Eqs. (1)e(5) may result in a high error regarding nssesul-
phate and mineral dust estimation.

A comparison of the aerosol concentrations obtained from the
GEMeAQ model (Fig. 7) and inesitu measurements (Fig. 6) show
that the model overestimates the aerosol concentrations at the
ground level in the vicinity of NyeÅlesund. The average concen-
tration from GEMeAQ is equal to about 6 mg/m3 at the surface,
whereas inesitu measurements indicate mean value on a level of
3.4 mg/m3. According to GEMeAQ model, Arctic air during
iAREA2014 mostly consisted of aerosols such as sulphate (30%),
organic carbon (27%) and sea salt (20%). Mineral dust and BC were
considered minor components with an average concentration of 13
and 10%. Given the inesitu chemical data, one may conclude, that
model appreciably overestimates the contribution of sulphates, BC
and mineral dust to PM10 concentration in the ground layer. In
contrary, the input of seaesalt is significantly lower. It shows the
maximum of BC concentration in the surface layer of 1 mg/m3 at the
beginning of campaign and about 0.5 mg/m3 at the end of the
experiment. Also, model indicates an opposite trend for sulphate
contribution: from 30th Mar to 19th Apr, we observed rather
decreasing trend for measured sulphate, while modeled results
show a graduated increase. Regarding the vertical profiles of
aerosol composition (Fig. 8) obtained from the model, one might
see, that all of components concentrates in the surface layer up to
1e3 km depending on the particular aerosol type. On days with
elevated seaesalt concentration its vertical profiles reach only 1 km
indicating the transport within the lowest part of troposphere. The
results come with appreciable agreement with statement that BC
and mineral dust are mainly transported from longerange dis-
tances, as they have no significant sources around NyeÅlesund, so
they tend to accumulate in a free troposphere (Heintzenberg et al.,
1981; Rozwadowska et al., 2010).

Average profiles of the extinction coefficient [Mm�1] and the
backscatter coefficient [Mm�1sr�1] both at 532 nm derived from
Fig. 5. Temporal variability of (a) AOD at 500 nm measured in NyeÅlesund by automatic S
Microtops (red dots), and in Hornsund measured by CIMEL (black dots) as well as (b) AE bas
figure legend, the reader is referred to the web version of this article.)
the KARL Lidar are depicted in Fig. 9. All cloud screened data from
the whole iAREA2014 campaign have been averaged for the mean
profile while the profiles of the selected individual days refer to
longmeasurements (at least 3 h without clouds). It can be seen that
extinction profiles roughly agrees to the GEMeAQ model (Fig. 8),
which depicts higher aerosol concentrations in low altitudes. In fair
agreement to the AOD in the photometers the integrated extinction
in the Lidar between 1 and 10 km altitude is 0.07 fromwhich half of
the aerosol was located below 3 km altitude. Also the average
aerosol depolarization during the campaign (not shown here) is
with only 1.73% in all altitudes very low, indicating that non-
espherical aerosol components (mineral dust), have not been
frequent. It meets the results from the surface data (Fig. 6).

Some particular days with increased aerosol load on the surface
will be discussed later in Section 4.2. The only day, which overlaps
with long Lidar observations, was 6 April. During that day values of
extinction around 4 km altitude as well as depolarization of 3.5%
above 3 km indicate some longerange transport of dust. A more
detailed analysis of Raman-Lidar derived optical properties during
iAREA2014 campaign will be presented in paper 2.

4. Case study e aerosol advections during the campaign

In accordance to mentioned inesitu data the campaignmight be
divided into three separate periods signifying alternate cycles of
clear weather conditions and aerosol advection events. During the
advections, enhanced extensive single scattering properties of
aerosols might be seen. A detailed description of significant phe-
nomenon based on the NyeÅlesund observations can be found in
the following chapter.

4.1. Event between 27 and 28 Mar

The first event period appeared between 27 and 28th Mar,
where increased extensive aerosol properties were observed.
Moreover, air mass transport might have originated from two
different sources due to instant change of aerosol optical properties
within the period. Regarding HYSPLIT back trajectories the air
origin can be defined. Taking into account aerosol transport, during
27th of Mar, NCEP reanalysis shows transport from the north-
ewestern Asia via the eastern part of Arctic Ocean (500, 1500,
3000 m) (Fig. 10). For the next day, HYSPLIT indicates advection
from northeeastern part of Greenland for 500 and 1500 m, more-
over, air mass at 3000 m possibly origins from Labrador Sea.
Analysis of GEMeAQ 24 h forecast for the period confirms that
P1A sun photometer (blue line), Microtops (green dots), in Longyearbyen observed by
ed on the AOD at 440 and 870 nm. (For interpretation of the references to colour in this



Fig. 6. Chemical composition of aerosols collected by means of ion chromatography and photoacoustic method (PAX) for BC concentration in NyeÅlesund between 31st Mar and
18th Apr 2014. Panel (a) shows aerosol mass concentration for Naþ, NH4

þ, Kþ, Mg2þ, Ca2þ, Cl�, NO�
3 , SO4

2� with PM10 cut off and (b) shows relative mass contribution of the seaesalt,
mineral dust, secondary inorganic aerosol (SIoA) (without nssesulphate), nssesulphate, and black carbon to a PM10 total mass.

Fig. 7. Daily average of chemical aerosols composition of aerosols during the campaign
obtained from the GEMeAQ model.
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major contribution to the elevated aerosol levels was connected
with seaesalt concentrations, where the highest modeled levels
were forecasted on 28th of Mar at 10:00 UTCwith themaximum up
to 17 mg/m3. The increase of seaesalt aerosol was related to the
inflow from northern and northewestern directions (Fig. 11).
During the episode themodel forecasted strongwinds, up to 25m/s
at a grid point corresponding to the NyeÅlesund location.

The first phase occurred on 27th of Mar when scattering coef-
ficient reached a value of 16 Mm�1 at 550 nm (Fig. 2a). However,
the most significant change was emphasised in absorption coeffi-
cient to a level of 3.5 Mm�1 (Fig. 2b) and BC concentration equiv-
alent to 225 ng/m3. During the largest scattering coefficient
increase, we further observed reduction of the AE below 1 (Fig. 2b)
and significant enhancement of aerosol effective radius up to
0.3 mm (Fig. 2f). Moreover, reduction of the fine to coarse particle
number concentration ratio (Fig. 2g) as well as high wind speed
(Fig. 3b), up to 15m/s, might have indicated a local emission of large
particles (seaespray), which predominated in the near surface at-
mosphere. During the afternoon of 27th wind speed decreased
significantly to 1 m/s, indicating lower advection of air mass now
from SE and increasing again to 4e5 m/s around midnight. During
minimum of the wind speed, one might observe the minimum of
aerosol scattering (below 2 Mm�1), aerosol absorption (almost
zero), an increase of the AE to 1.5 and reduction of effective radius
to 0.1 mm. This fast change in aerosol optical and microphysical
properties during 27th of Mar can be explained by the descending
movement of the mesoscale low pressure system during that time.
It reflects the mentioned reduction of wind speed and change of
wind direction, which induced a significant decrease of aerosol
scattering and further seaesalt local advection. In addition, signif-
icant (about 6 mm/day) snow precipitation on 27th of Mar (Fig. 3d)
indicated intensive wet deposition processes, which removed the
aerosol particles from the lowest part of atmosphere.

On 28th, aerosol optical characteristics changed, indicating a
second phase of the event period, where scattering properties
predominated. Scattering coefficient reached a local maximum of
25 Mm�1 while absorption coefficient decreased to 0.8 Mm�1.
Moreover, the number of small particles decreased and AE dropped
to a level of 1.0. During this day the wind speed was up to 12 m/s
from NW, indicating seaesalt production and transport from the
open water.

For this event Lidar data were not available due to cloud cover.
However, at the late evening extinction coefficient retrieved from
Lidar for the lowermost layer was measured reaching 30 Mm�1

(532 nm), which is significantly higher in comparison to inesitu
measurements. The issue might be related to the hygroscopicity of
the particles, which were reported by Zieger et al. (2010) to
enhance scattering coefficient by a factor of 2e6 for the conditions
occurring in NyeÅlesund. Alternatively the aerosol might have
arrived at distinct layers in the atmosphere, as the photometers and
the Lidar derived similar values.
4.2. 4e6 April event

During these days high concentration (7.6 mg/m3) of PM10 was
measured indicating elevated levels of seaesalt concentrations. The
most probable reason for the occurrence of the event might be
found in a change in wind speed. Although its level over land of
5e7 m/s was measured, HYSPLIT and GEMeAQ show its value to be
much higher over ocean, causing local production and transport of



Fig. 8. Vertical profiles of aerosol chemical composition [mg/m3]: (a) sulphate (SU), (b) black carbon (BC), (c) dust (DU), (d) seaesalt (SS) as well as (e) organic carbon (OC) in
NyeÅlesund during the campaign obtained from GEMeAQ. The unit for (b) black carbon is lower with the magnitude of 5.

Fig. 9. Daily (blue lines) and campaign (black lines) averages of (a) extinction coefficient at 532 nm [Mm�1] and (b) backscatter coefficient at 532 [Mm�1sr�1] derived from KARL
Lidar during iAREA2014 campaign. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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seaesalt. Beginning with 04.04.2014 12:00 UTC back trajectories
(Fig. 12a) from HYSPLIT, the model implies advection of all levels
from the Central Siberian Plateau. Described situation changed on
the next day (Fig. 12b), where air mass is brought from the region
around the Franz Josef Islands (both 500 and 1500 m). Hence, it
continues for the next day being finally changed by mesoscale
cyclonic movements.

During 4e6th Apr episode, increased concentrations of seaesalt
aerosol were forecasted by the GEMeAQ model within the
boundary layer, and another one, containing mineral dust in the
free troposphere at 5 km. Elevated concentrations of seaesalt were
forecasted with the maximum of about 2.8 mg/m3 on 3rd of April
(22:00 UTC). High concentrations of mineral dust with a maximum
on 4th of April (16:00 UTC) were connected with the longerange
transport from northern Russia. Increased wind speed and flow
structure were governed by a deep lowepressure system over the
Bear Island (Fig. 13).

From Apr 4th 11:00 UTC, the particle concentration suddenly
rises due to the wind speed increase. What is more, the highest
concentration of 1.2 mg/m3 is observed for aerosol size range around
0.7e2.0 mm (Fig. 14). Also, scattering coefficient increased signifi-
cantly to a maximum level of 22 Mm�1 at 18:00 UTC on 4th of Apr.
After that, the value systematically decreased to 10 Mm�1 at the
end of 6th Apr (Fig. 2a). Absorption coefficient varied between zero
and 2 Mm�1 indicating significant noise of the PAX instrument. On
the 4th of Apr the AE dropped to relatively low values (0.5) while



Fig. 10. 144 h back trajectories obtained from NOAA HYSPLIT model generated by means of NCEP reanalysis for (a) 27.03.2014 00:00 UTC and (b) 28.03.2014 00:00 UTC.

Fig. 11. Seaesalt mixing ratio [ppbv], mean sea level pressure [hPa] and wind speed [knots] on 28 of Mar 10:00 UTC from GEMeAQ.
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effective radius increased up to 0.2 mm. Aerosol size distribution
measurements by LAS show a large reduction of the fine to coarse
particle number concentration ratio. According to 24 h PM10 and
4estage sampling, NyeÅlesund is dominated by the air mass,
which most likely consists of seaesalt particles due to high con-
centration of Naþ particles in coarse mode (Table 3). Overall, we
might conclude that an advection from the Asian sector was
observed as confirmed by nssesulphate marker. During the first
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day high wind speed initiated additional enrichment of seaesalt in
the air mass. After passing of the low pressure system (morning Apr
5th), the AE starts to increase, followed by rising of the particle
concentration in the subemicrometric range. At the end of the
event period, the surface optical properties return to the mean
level. Hence, chemical analysis for days (5, 6, 7, 8 Apr) (Fig. 6a)
clearly shows a decreasing trend of Naþ and an increasing trend for
sulphate (up to 1.4 mg/m3 on 7th Apr) (Fig. 6a) indicating further
transport of anthropogenic sulphate in the subemicrometric mode.
Since wind speed decreased a seaesalt production disappeared
leaving anthropogenic load in the air mass. AOD measurements
obtained from CIMEL and Microtops II sun photometer (500 nm),
indicated some spatial variability between 4th and 6th Apr (Fig. 5).
The highest value was observed in Longyearbyen (0.09e0.13)
through Hornsund data (0.07e0.11), finishing with NyeÅlesund
(0.06e0.1). Most of presented values are still rather below the
longeterm mean for the Apr (0.1e0.11) (Hornsund AERONET
database).

Due to clouds, only short Lidar observations were successful
during noon on Apr 3rd and 5th, and a long observation on Apr 6th
(Fig. 9), which shows a decreasing extinction coefficient over time.
However, we did not find a close relation between the extinction or
absorption values on the ground and the backscatter or extinction
from the Lidar in the column. Instead, the Lidar data indicates a
general clearing of the low troposphere: the mean extinction co-
efficient averaged between 850 m and 1100 m altitude of
13.0 Mm�1 on Apr 6th.

4.3. 17e19 April event

Regarding HYSPLIT back trajectories (Fig. 15) on 17th Apr NCEP
implies the central Arctic Ocean (500 m) as well as western part of
the Barents Sea, including northern Scandinavian Peninsula
(1500 m), to be the areas of air mass origin. On 18th a change in
Fig. 12. 144 h back trajectories obtained from NOAA HYSPLIT model generated by mea
advection might be observed, where direction via north coast of
Greenland and the North Pole to the Asian coastal region of Siberia
is predominant. Hence, HYSPLIT results for this period indicate
transport of the sea air mass from around the Arctic Ocean. Ac-
cording to GEMeAQ results (Fig. 16), during the analysed episode
seaesalt particles dominated in the total aerosol load with the
highest concentrations calculated within the boundary layer (up to
8.9 mg/m3) on 16th of Apr at 02:00 UTC. Further elevated seaesalt
flux was obtained and strongly connected with modeled high wind
speed of 22 m/s in a low pressure system moving over Svalbard
(Fig. 16). The movement of the low caused the inflow of seaesalt
from the northern direction on Apr 17th, which agrees with HYS-
PLIT back trajectories.

Between 17th and 19th of Apr, scattering coefficient increased
significantly on the first and last day indicating some aerosol
advection (Fig. 2a). The event began on 17th Apr at 03:00 UTC by
enhancing the concentrations of particles population in the range
of 0.5e1.5 mm (Fig. 17). This situation lasted till the next morning,
where the decrease of dominating particles between 3:00 and 8:00
UTC is observed. On 17th the scattering coefficient reached
30 Mm�1 while on 19th 22 Mm�1. Similarly to the previous events
during increase of scattering coefficient, we observed reduction of
AE to about 0.5 on 17th and to 1.0 on 19th of Apr (Fig. 2b). Moreover,
the increase of the effective radius and reduction of fine to coarse
particle number concentration additionally might be examined.
Given meteorological diagrams (Fig. 3), a noticeable change of the
wind direction from SEeE to NW (Fig. 3c) might be seen as well as
an increase of wind speed up to 9e10 m/s on 17th of Apr and
6e8 m/s on 19th of Apr (Fig. 3b) which further induced production
of seaespray being subsequently transported over NyeÅlesund.
Chemical PM10 filter analysis on 17th of Apr shows a dominant
contribution of seaesalt, marked by a very high Naþ concentration
of 0.83 mg/m3 and a significant sulphate concentration (about
0.74 mg/m3) (Fig. 6a). Unlike the 4e6 Apr event, the 4estage
ns of NCEP reanalysis for (a) 04.04.2014 12:00 UTC and (b) 05.04.2014 12:00 UTC.



Fig. 13. Seaesalt mixing ratio [ppbv], mean sea level pressure [hPa] and wind speed [knots] on 4th of April e 14:00 UTC.

Fig. 14. Variability of aerosol number size distribution in NyeÅlesund during 4e6th Apr 2014.

Table 3
Concentration of Naþ as well as nssSO4

2� particles in NyeÅlesund during 4e6th Apr 2014.

<1.0 mm [ng/m3] 1.0e2.5 mm [ng/m3] 2.5e10 mm [ng/m3] >10 mm [ng/m3]

Naþ 151.2 223.9 123.0 18.9
nssSO4

2� 402.4 61.8 1.6 7.8
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impactor data (Table 4) indicates seaespray to be distributed in two
size classes: 1e2.5 mm and less than 1.0 mm, probably caused by a
long range transport (or aging of seaespray). The presence of a
significant sulphate contribution supports more, however, the long
range transport hypothesis. As a consequence, the dominance of
relatively large particles (around 1.0 mm; 0.5e1.5 mm range) lowers
the AE value (around 0.5 on 17th Apr) and decreases the fine to
coarse particle concentration ratio. On the 18th wind speed
reduced to 3e4 m/s and aerosol scattering coefficient to about
10 Mm�1. Chemical data indicates, that Naþ and sulphate
concentrations are lower (Fig. 6a), causing a decrease in the scat-
tering coefficient (Fig. 2a). However, Naþ drops to very low values
(0.15 mg/m3, about 6 times lower than the day before). Sulphate, on
the other hand, remains relatively high (0.4 mg/m3, 1.5 times lower
than the day before), hence, it dominated in the aerosol population
(Fig. 6a). Since sulphate was distributed in the subemicrometric
mode, the AE values and ratio of fine to coarse mode particle
concentration increased (Fig. 2b, g). During the event the absorp-
tion coefficient didn’t show any significant change, as fluctuation
around 0.5e1.0 Mm�1 was noisy.
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5. Conclusions

In this paper we discussed aerosol optical, microphysical and
chemical properties observed during iAREA2014 campaign in
NyeÅlesund and Longyearbyen. Temporal variability of the single
scattering properties at both sites indicates a few event days with a
significant increase of extensive optical properties. Based on the
chemical measurements of aerosol composition, numerical simu-
lation by the GEMeAQ model as well as the weather condition, we
found that almost all aerosol scattering events in NyeÅlesund
during 2014 spring are due to seaesalt emission. Furthermore, we
additionally observed, that sulphate particles transported from
anthropogenic sources had a significant contribution to the aerosol
mass concentration. The correlation coefficient for daily mean
seaesalt mass concentration and wind speed is 0.53, with a con-
fidence interval ±0.1 at a ¼ 0.05. Probably the correlation between
seaesalt mass and wind speed is higher in case of larger time
resolution. Results presented in the case study section show that
wind speed may change significantly during the day as well as the
single scattering properties. Therefore the 24 h time based, in case
of chemical composition, measurements cannot describe the real-
istic seaesalt temporal variability. We found the negative correla-
tion between the scattering coefficient and AE (r ¼ �0.44 ± 0.05),
which indicates that large particles are responsible for the events.
This is typical for regions with very small impact of the fine
anthropogenic particles. Results of chemical measurements indi-
cate that seaesalt mass concentration contribution to the total
mass oscillates between 7 and 57%. Significant contribution
(8e37%) is due to sulphate aerosol. Also, the mineral dust has a
noticeable impact (2e9%) in the total PM10 mass concentration at
the surface, however, its calculations might encounter a significant
estimation error. On the other hand, smaller contribution of this
component in comparison to Tomasi et al. (2012) might be related
to its height of advection. Thus, GEMeAQ simulations show the
Fig. 15. 144 h back trajectories obtained from NOAA HYSPLIT model generated by mea
dust is mostly transported in the upper troposphere, albeit the
model seems to overestimate aerosol load in general.

During the campaign, the variability of the absorption coeffi-
cient in NyeÅlesund is much less than the variability of the scat-
tering coefficient. However, even for 1 h data averaging the
absorption coefficient and BC concentration from PAX instruments
show large fluctuations. Based on the measurement made in Cen-
tral Europe, we conclude the PAX shows much better signal-
etoenoise ratio for more polluted conditions. Temporal variability
of BC taken from GEM-AQ model is small and consistent with
inesitu observation. Overall, our seaesalt fraction was higher, and
the concentration of sulphate and BC was lower, compared to other
studies of Arctic Haze (Quinn et al., 2007; Yamanouchi et al., 2005).
Furthermore, given the data from the Zeppelin Station, the mean
value of BC concentration measured by AEe31 Aethalometer for
2005e2014 spring seasons equal to 43.6 ng/m3, but for 2014 only
32.7 ng/m3. This fact can prove that 2014 was generally a clean year
in the European Arctic, with decreased anthropogenic or long-
erange fraction of the aerosol, but not the seaesalt.

Results of about 3 week observations of the single scattering
properties in the Longyearbyen indicate a significant impact of the
local anthropogenic emission. However, the temporal variability in
scale of days shows similar patterns to data from NyeÅlesund.
Diurnal cycle of the scattering coefficient as well as the absorption
coefficient imply emission activity between 05:00 and 21:00 UTC.
The values measured during night time are close to Ny-Ålesund
levels. Thus, the pollution concentration returns to the background
value after reduction of local traffic emission. The impact of local
emission is significant because the day time maximum is about 3
times larger than the background night values for scattering and
absorption coefficients. In case of NyeÅlesund the diurnal vari-
ability of the single scattering properties at the surface was not
observed.

Optical remote sensing instruments as Lidar and photometer see
ns of NCEP reanalysis for (a) 17.04.2014 12:00 UTC and (b) 18.04.2014 12:00 UTC.



Fig. 16. Seaesalt mixing ratio [ppbv], mean sea level pressure [hPa] and wind speed [knots] on 17th of Apr 08:00 UTC.

Fig. 17. Variability of aerosol number size distribution in NyeÅlesund during 17e19th Apr 2014.

Table 4
Concentration of Naþ as well as nssSO4

2� particles in NyeÅlesund during 16e19th Apr 2014.

<1.0 mm [ng/m3] 2.0e2.5 mm [ng/m3] 2.5e10 mm [ng/m3] >10 mm [ng/m3]

Naþ 154.2 141.1 89.7 14.4
nssSO4

2 e 485.2 84.2 28.6 5.6
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generally a higher extinction than derived by groundebased
inesitu instruments. A similar result for NyeÅlesund, even
considering careful coinciding matches of the observed air volume,
has recently been found by Tesche et al. (2014). This can be related
to a hygroscopicity of particles as observed by Zieger et al. (2010), or
due to peculiarities of the aerosol phase function. However this
issue is beyond the scope of this paper and requires more investi-
gation. In paper 2 more Lidar specific aerosol properties will be
presented.
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