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Abstract. We presented the results of expedition measurements of the set of physical-chemical
characteristics of atmospheric aerosol in water basins of Arctic and Far East seas, performed onboard
RV “Akademik Fedorov” (August 17— September 22, 2013) and RV “Professor Khljustin” (July 24—
September 7, 2013). The specific features of spatial distribution and time variations of aerosol optical
depth (AOD) of the atmosphere in the wavelength range of 0.34-2.14 um and boundary layer height,
aerosol and black carbon mass concentrations, and disperse and chemical composition of aerosol are
discussed. Over the Arctic Ocean (on the route of RV “Akademik Fedorov”) there is a decrease in
aerosol and black carbon concentrations in northeastern direction: higher values were observed in the
region of Spitsbergen and near the Kola Peninsula; and minimum values were observed at northern
margins of the Laptev Sea. Average AOD (0.5 um) values in this remote region were 0.03; the aerosol
and black carbon mass concentrations were 875 ng'm™ and 22 ng-m?, respectively. The spatial
distributions of most aerosol characteristics over Far East seas show their latitudinal decrease in the
northern direction. On transit of RV “Professor Khljustin” from Japan to Chukchi Sea, the aerosol
number concentration decreased, on the average, from 23.7 to 2.5 cm?, the black carbon mass
concentration decreased from 150 to 50 ng-m™, and AOD decreased from 0.19 to 0.03. We analyzed
the variations in the boundary layer height, measured by ship-based lidar: the average value was 520
m, and the maximal value was 1200 m. In latitudinal distribution of the boundary layer height, there is
a characteristic minimum at latitude of ~55°N. For water basins of eight seas, we present the chemical
compositions of water-soluble aerosol fraction (ions, elements) and small gas phase species, as well as
estimates of their vertical fluxes. It is shown that substances are mainly (75-89%) supplied from the
atmosphere to the sea surface together with gas phase species. The deposited ions account for from 11
to 24.5%, and trace elements account for 0.2-0.4% of the total sum of water-soluble components. The
average vertical fluxes of aerosol substance are a factor of 4-7 larger in the Japan Sea than in the water
basins of Arctic seas.

1 Introduction

Studies of environment, including aerosol, in polar regions are urgent for two main reasons: (1)
climate changes, which are most apparent just at high latitudes (Alekseev et al., 2011; Eisenman et al.,
2007; IPCC, 2007); and (2) the development of Arctic basin. One of the most dynamical
environmental components is aerosol, which plays an important role in radiative transfer and mass
exchange processes in the continent-atmosphere-ocean system. The radiative processes are usually
separated into direct and indirect effects of aerosol (Haywood and Boucher, 2000; Kondratyev, 2002;
2006). The direct radiative effects are manifested in redistribution of scattered and absorbed solar
radiation in the Earth’s atmosphere. The indirect effects are associated with aerosol influence on the
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processes of cloud formation, cloud microphysical properties, rainfall, etc. (Twomey, 1977; Albrecht,
1989; Johnson et al., 2004).

Aerosol also influences substantially the processes of exchange of chemical compounds and
elements between continent and ocean. Studies, performed by different authors, showed that transport
of substances in aerosol composition via atmospheric channel is ranked second behind river discharge
in significance (e.g., Shevchenko et al., 2000; Rahn, 1981]. Transport of Saharan dust to Atlantic water
basin (as far away as American coasts) by the trade wind, and the transport of Asian aerosol to Pacific
and Indian Oceans by monsoons, are examples of the most powerful continental flows.

As to air transports from Eurasia to high latitudes, they are unstable and less intense; however,
the aerosol sources in the neighboring regions, i.e., in polar and midlatitude zones, are very
contrasting. On one hand, own aerosol in Arctic is practically absent because of snow-covered surface
and low temperatures and insolation; on the other hand, the aerosol content is relatively high in boreal
zone and, especially, in industrially developed regions of Europe. Under the influence of circulations,
the Arctic atmosphere is enriched by aerosols of different types; smoke (forest fires), industrial,
sulfate, organic, and other aerosols, including their absorbing components: black carbon (e.g.,
Vinogradova, 2014; Vinogradova and Veremeichik, 2013; Huang et al., 2010; Wang et al., 2011). The
long-range meridional transports of aerosol substance occur predominately during winter and in
submicron particle sizes range. For this reason, situations with elevated aerosol turbidity of the
atmosphere, known since last century as “Arctic haze”, are observed in winter-spring period.

Recent studies (Roiger et al., 2015; Law et al., 2014; Stohl et al., 2013 and references therein)
showed that a number of other factors, overlooked or underestimated in previous climate modeling,
should be taken into consideration. Primarily, there had been an accelerated development of northern
territories, associated with extraction and processing of mineral resources, combustion of petroleum
gas in the regions of oil and gas production, and intensification of sea and air transportation. Climate
changes (growth in temperature and duration of blocking anticyclones) gave rise to more frequent
severe forest fires, leading to formation of large masses of smoke aerosol and its transport to Arctic
(e.g., Stohl et al., 2006; Stone et al., 2008; Eck et al., 2009). For instance, in boreal zone of Russia,
large-scale events of extreme smoke haze were observed in 2002, 2010, and 2012 (e.g., Chubarova et
al., 2012; Gorchakov et al., 2014; Kozlov et al., 2014). Moreover, aerosol-gas (including black carbon)
emissions from heating systems in cold period had enhanced due to the development of Arctic.

Thus, ever growing emission of natural and anthropogenic aerosol in subarctic regions is added
to far-range aerosol transport from Eurasia in modern period. A consequence of all the above is the
change in radiative characteristics of the Arctic atmosphere (including clouds); while sedimentation of
absorbing aerosol leads to a reduction in snow surface albedo, temperature rising, and ice and snow
melt, i.e., just to those processes the role of which is least studied at present (IPCC, 2013).

Even if ecological requirements are satisfied, the development of Arctic shelf and Northern Sea
Route will elevate, to some or another degree, the aerosol-gas loading and will lead to additional
effects which are still difficult to predict due to data shortage. Therefore, it is important to have more
complete information on the present-day state of the Arctic atmosphere even at initial stage and to
control its dynamics subsequently.

The aerosol observations are most long-term at the Arctic stations in Barrow (Alaska), Allert
(Canada), Ny Alesund and Hornsund (Spitsbergen), and Sodankyla (Finland). The obtained results
were reviewed, e.g., in works (Tomasi et al., 2007; 2012). The characteristics of the Arctic aerosol had
been extensively studied by Russian scientists on a few high-latitude islands and at “North pole”
drifting stations in 1970s-1990s (Radionov et al., 1994; Radionov and Marshunova, 1992; Tomasi et
al., 2007). The results of the studies of polar aerosol in the next decade were summarized in reviewing
monograph (Shevchenko, 2006).

The geography of aerosol studies in polar and subpolar regions of Russia had been substantially
extended in the last period of time. In 2003-2007, a few cycles of expedition measurements of
microphysical and chemical composition of aerosol were performed onboard research vessels in water
basins of the White and Kara Seas (Pol'kin et al., 2007; 2011a; Golobokova et al., 2013). Regular
observations of the aerosol optical depth (AOD) of the atmosphere in the regions of Tiksi (since 2010)
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and Yakutsk (since 2004) (Sakerin et al., 2005) had been initiated with the use of CE 318 Sun-Sky
radiometer of AERONET network. Integrated studies of aerosol characteristics at the Russian polar
station in Barentsburg (Spitsbergen) had been resumed (Sakerin et al., 2012; 2014).

In summer of 2013, the aerosol characteristics were measured in two Arctic cruises of research
vessels (RV) “Akademik Fedorov” and “Professor Khljustin”. The physical-chemical characteristics of
aerosol seem to be obtained for the first time within relatively short (about one-month) time interval
along the entire Northern Sea Route from Arkhangelsk to Vladivostok. The main results of these
studies are discussed in this work. These studies allowed us to ascertain the optical and microphysical
aerosol characteristics in the present-day period. The AOD value in an extended wavelength range of
0.34-2.14 um was determined for the first time. Quantitative data on the decrease of AOD and aerosol
concentration during warm period (polar day) were obtained. At the same time, we noted opposite
seasonal variations in the mass concentration of black carbon (with concentration larger during
summer than spring). The elevated concentrations of black carbon during summer period seem to be
due to blow-out of coarsely dispersed particles of coal origin from bared underlying surface.

2 Characterization of expedition measurements

The route of RV “Akademik Fedorov” (Fig. 1) followed predominately in latitudinal direction:
from Arkhangelsk to Kirkenes across the White and Barents Seas, and then across the Arctic Ocean to
northeastern margins of the Laptev Sea and back. The route of RV “Professor Khljustin” followed in
the meridional direction from Vladivostok to Bering Strait and then westward up to the port of Pevek
(East Siberian Sea). The total periods of measurements were from August 17 to September 22 (2013)
onboard RV “Akademik Fedorov” and from July 24 to September 7 (2013) onboard RV “Professor
Khljustin”. The research program included the measurements of microphysical characteristics and
chemical composition of aerosol in the near-ground layer, spectral AOD, and water vapor content of
the atmosphere. The height of the atmospheric boundary layer was additionally measured onboard RV
“Professor Khljustin”.

The measurements of AOD (%) and water vapor content (W) of the atmosphere were performed
using portable sun photometers SPM, operating in the wavelength range of 0.34-2.14 um (Sakerin et
al., 2013). The main technical characteristics of SPM are presented in Table 1. The measurements of
direct solar radiation in the atmospheric “transparency windows” were used to calculate the spectral
AOD and the parameters o, B of Angstrdm formula, which well describes the wavelength dependence
of AOD in the wavelength region of ~0.3-1 um:

() =B-17, 1)
where A is the wavelength.

The measurements in the IR wavelength range (1.2-2.14 um) had made it possible to extract the
coarsely dispersed AOD component 7, caused by quasi-neutral attenuation of radiation by large
particles (larger than 1 pm), as well as the selective finely dispersed AOD component z'(1). For

instance, in the region of 0.5 um: z"(0.5) = 7*(0.5) - z°.
The total water vapor content of the atmosphere was determined on the basis of differential

method according to data of measurements in water vapor absorption band (0.94 um) and in the
neighboring “transparency window” of 0.87 um. The methods for determining AOD (including #, 7 ")

and water vapor content of the atmosphere, as well as the results of their analysis in different regions
of ocean, were considered in more detail in works (Kabanov et al., 2009; Sakerin and Kabanov, 2002;
Sakerin et al., 2008).

The microphysical characteristics of aerosol in the near-ground atmospheric layer were
determined using two sets of instrumentation (Kozlov et al., 2010), comprising the photoelectric
particle counters and aethalometers (see Table 1).

The mass concentration of absorbing substance (black carbon, BC) in the composition of
aerosol particles Mgc (ug/m®) was measured with the MDA-02 aethalometer at the wavelengths of
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0.46, 0.53, 0.59, and 0.63 um developed by TAO SB RAS [Kozlov et al., 2008; 2014]. The
concentration sensitivity of the aethalometer at 30 | of air pumped through the optical cell was about
10 ng'm=. The aethalometer has been calibrated under laboratory conditions through comparison of
the data of synchronous optical and gravimetric measurements with a pyrolysis generator of soot
particles. Additionally, intercalibration measurements of BC mass concentrations were performed with
a MAAP-5012 aethalometer (Thermo Fisher Scientific Inc., Franklin, TN, USA).

The mass Mx (ng-m3) and number N (cm™) concentrations of aerosol particles with diameters
from 0.3 to 20 um were determined with the help of photoelectric particle counters GRIMM 1.108
(Peters et al., 2006; Grimm and Eatough, 2009) and AZ-10 (Manual AZ-10, 2010), which were
calibrated under factory conditions with the help of polystyrene latexes with known sizes. The
intercalibration of photoelectric counters, performed before the expeditions, confirmed that data well
compare within the uncertainties of the instruments.

The samples of the studied air were taken through silicon hoses with lengths up to 1 m for
aethalometers and up to 0.5 m for particle counters. The heights of air sampling above the sea surface
level were about 8 m onboard RV “Professor Khljustin and 20 m onboard RV “Akademik Fedorov”.
The aerosol parameters were measured around-the-clock, with the periodicity of the measurement cycles
being one hour and with the duration being from 10 to 30 min, depending on the total particle
concentration. The process of measurements is automated: it is performed in programmatically specified
mode, with data being saved to files on computer. Processing was performed by sorting out separate
measurements, distinctly burdened by the effect of local sources of aerosols of anthropogenic origin
(exhausts from pipes of internal combustion engines, ventilation shafts, etc.). Sometimes, 20-30% of
the total data volume was sorted out with respect to separate parameters.

About 800 one-hour cycles of Ma, Na, and Msc measurements were performed onboard RV
“Akademik Fedorov” for 30 days of measurements. After sorting out, 72% of Ma, Na values and 50%
of Mgc values left for analysis. About 900 measurement cycles were performed onboard RV
“Professor Khljustin” for 46 days. A total of 77% of Ma, Na values and 67% of Mgc values left for
analysis after sorting out.

Samples of aerosol and gas admixtures for chemical analysis were collected on filter pack with
the use of filter pack method, adopted in the international monitoring networks (EMEP, 1996). The
total aerosol of coarsely and finely dispersed fractions was accumulated on PTFE filters (teflon, Japan)
with pore diameters of 0.8 um (filter no. 1). The gas admixtures (SO2, HCI, NOx, NHz) were collected
on polyamide filter ULTIPOR N with pore diameter of 0.45 um (filter no. 2) and cellulose filter
papers “Whatman” impregnated with an alkaline solution (filter no. 3) and an acid solution (filter
no. 4).

In aqueous extract of filter no. 1, we determined the water-soluble fraction of aerosol
substance, i.e., the ions of calcium (Ca?*), magnesium (Mg?®"), sodium (Na*), potassium (K%,
ammonium (NH4"), and nitrate (NOs), chloride (CI), and sulphate (SOs%) ions. The analysis was
performed by ion chromatography method on ion chromatography system ICS-3000 (Dionex, USA)
(ICS-3000 lon, 2008). The method of mass spectrometry with inductively coupled plasma on “Agilent
7500 ce” device (USA) was used to determine the content of water-soluble microelements Al, Ti, V,
Cr, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sh, Pb, Ba, Be, B, Li, Mn, Sr, U. In aqueous extracts of filter
no. 2 we measured the concentrations of ions SOs*, CI, NOs , and NHs" with a subsequent
recalculation to give SO,, HCI, HNOgz, and NHz; and in aqueous extracts of filter no. 4 we measured
the concentrations of ion NH.* recalculated to give NHs. The exposed filter no. 3 was extracted by
0.05% hydrogen peroxide (H202) with a subsequent determination of concentration of ion SO4% in the
extract with recalculation to give SO, (EMEP, 1996). Before chemical analysis, all samples were
filtered through acetate filter (“Vladisart”, Russia) with pore diameter of 0.2 um.

Aerosols were accumulated on filters for 8-10 hours using air pumps (see Table 1). The air
analyzed was taken through silicon hose with diameter of 5 mm. The effect of the ship engine exhaust
plume was eliminated through a constant control of wind direction and synchronization of
measurements with meteorological parameters obtained from meteorological station. In all, 38 samples
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of aerosols and gas admixtures were collected during expedition onboard RV “Professor Khljustin”,
and 18 samples onboard RV “Akademik Fedorov”.

We note that that the reliability of chemical analysis results, obtained with these methods and
instruments, was repeatedly confirmed through participation in data quality control (QA/QC) as part of
international ~ programs  (http://www.gasac-americas.org; http://www.acap.asia/~interlab/os/;
http://www.nilu.no; http://kvina.niva.no/intercomparison2). The data obtained largely deviate from
true values by no more than 10-15%, indicating the high quality of personnel and reliability of results.

In addition to aerosol characteristics, the height of the atmospheric boundary layer (BL) was
measured in expedition cruise of “Professor Khljustin” with the help of one-frequency polarization
lidar (see Table 1). The receiver system of lidar comprised 150-mm telescope of Maksutov system,
coupled with HAMMAMATSU R7400 photomultiplier tube (PMT) and high-speed two-channel
analog-to-digital converter (ADC) of LA-n10-12USB-U trademark
(http://www.rudshel.ru/board_with_USB.html). The Nd:YAG laser Brilliant-Ultra of Quantel firm
(http://www.lambdaphoto.co.uk/pdfs/Ultra.pdf) with the generator of second harmonics was used as
transmitter. The full overlap range was 80 meters. The BL height was measured in the absence of
dense low-level clouds, under calm-sea conditions three times a day: at the morning (08:00 UTC+11),
dinner (13:00 UTC+11), and evening (22:00 UTC+11) hours. One-time measurement series lasted for
about 8 minutes, during which we recorded 80 profiles at laser pulse repetition rate of 20 Hz. The
backscattered signal with parallel and perpendicular polarizations was recorded by accumulating
100 shots. The measurements were performed along slant path with zenith angle of 42°. Each
measurement series was accompanied by recording the profile, obtained with closed telescope, to
account for correctly the background signal and various induced noises.

The optical experiments onboard “Professor Khljustin” were accompanied by measurements of
meteorological parameters with the help of AMK-03 automated meteorological complex (see Table 1).
The meteorological complex makes it possible to measure the air temperature with the uncertainty of
+0.3°C at temperature T<|30| °C, and with the uncertainty of +0.5°C at temperature T>|30| °C, with
working temperatures ranging from -50 to +50 °C; the horizontal wind speed WS in the range from 0.1
to 40 m/s with uncertainty of +£(0.1+0.02-WS) m/s; the horizontal wind direction with uncertainty of
+2°; the vertical wind speed w in the range from -15 to 15 m/s with uncertainty of =(0.1+0.02w) m/s;
the relative humidity RH of air in the range from 15 to 100% with uncertainty of £2.5% at T>0, and
with uncertainty of £5% at T<0; and the atmospheric pressure in the range from 693 hPa to 1067 hPa
with uncertainty of £1 hPa.

The data of back trajectory analysis were provided by Hybrid Single Particle Lagrangian
Integrated Trajectory Model (https://ready.arl.noaa.gov/HYSPLIT.php). The boundary layer height
was calculated from meteorological parameters, using reanalysis data of European Center for Medium-
Range Weather Forecasts (ECMWEF, http://data-portal.ecmwf.int/).

3 Atmospheric AOD and boundary layer height

3.1 Specific features of spatial distribution of AOD and water vapor content of the atmosphere

Sun photometer measurements of atmospheric AOD at Arctic latitudes are difficult to make
due to low elevation (or absence) of Sun for a considerable part of the year, severe weather conditions,
clouds, and fogs. Therefore, data of coastal observations for the same period of time in Barentsburg
(Spitsbergen), Tiksi, and Vladivostok were involved in analysis of ship-based measurements to gain
more complete understanding of AOD along the route of expeditions.

The AOD measurements were performed using SPM photometer in Barentsburg, SP-9
photometer in Vladivostok (Sakerin et al., 2013); and the AOD measurements in the region of Tiksi
were performed using CE 318 Sun-Sky radiometer (AERONET), operating in the wavelength range of
0.34-1.02 um (Holben et al., 1998). The coordinates of the main regions and periods of measurements
are presented in Table 2. The total period of photometric observations was August 21-September 14,
2013.
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The average characteristics of atmospheric depth, calculated for different maritime regions, are
presented in Table 3 and in Fig. 2. Comparative analysis of data obtained led to the following
conclusions. In Arctic zone, higher values of spectral AOD and water vapor content of the atmosphere

were observed in the region of Barentsburg: for instance, the average values were z;.=0.053 in the

visible wavelength range. These atmospheric turbidities seem to be due to aerosol outflows from the
direction of Europe and due to the effect of local sources located at Spitsbergen archipelago. Close

average AOD values (z;;=0.046) were reported in works (Herber et al., 2002; Tomasi et al., 2012) for

another station on Spitsbergen, namely, Ny-Alesund according to observations in summer-fall periods
of 1991-2010.

The AOD characteristics in other Arctic regions, extending from Kara Sea to Chukchi Sea, differ
insignificantly and have small values, a factor of 1.7-2.5 smaller than in European sector of Arctic
(Spitsbergen). For instance, the average AOD values in the regions 2-5 were in the range of 0.026-
0.038 in the wavelength region of 0.5 um. In the shortwave part of the spectrum, slightly larger AOD
values were observed on the coast of the Laptev Sea (Polyarka), seemingly due to the effect of finely
dispersed continental aerosol, like in Barentsburg. We also note that the characteristics of atmospheric
depth in Asian sector of Arctic and in subpolar Bering Sea (region 6) are practically the same.

The average AOD values in the Arctic zone (even including Spitsbergen) are approximately a
factor of 5 smaller than in background midlatitude regions: for instance, AOD (0.5 um) is 0.15 and, in
particular, z¢ = 0.04 and r'= 0.11 in Tomsk in August-September (Andreev, 2012). The small AOD
values in the studied regions were because during summer 2013 in the boreal part of Eurasia there
were no severe forest fires, which affect appreciably the Arctic atmosphere (Stohl et al., 2006; Eck et
al., 2009). These events in Eurasian part of Russia were last observed in 2010 and 2012 (Chubarova et
al., 2012; Sakerin et al., 2014).

Results of AOD measurements onboard RV “Professor Khljustin” in Far East seas exhibited
much stronger variations (Fig. 2b). In the spatial distribution, there is well apparent latitudinal
dependence, with AOD and water vapor content increasing southward. All characteristics in the Bering
Sea were the same as in Arctic, they were a factor of 1.5-2 larger near the southern coasts of
Kamchatka, and the difference reached a factor of 4-6 in the region of Vladivostok.

Comparison of finely and coarsely dispersed components of AOD showed that their minimal
values 7'~ 0.02 and r¢ = 0.01-0.015 are characteristic for Siberian Arctic and the subarctic Bering
Sea. The ¢ value increases by about a factor of 2, and the ' increases by about a factor of 1.5-2 in the
regions of Spitsbergen and southern coasts of Kamchatka; and their largest values are recorded in the
region of Vladivostok. Given the general latitudinal decrease of two component of AOT from Arctic to
the Japan Sea, the finely dispersed component varies more appreciably (by a factor of 7).

3.2 Variations in the atmospheric boundary layer height

Recent studies by different authors (Kay et al., 2011; Deser et al., 2010; Bo¢ et al., 2009)
showed that the processes, flowing in the lower atmosphere, are key to understanding and modeling
the climate changes in Arctic. The climate models in northern regions are often much worse, because
parameterizations of atmospheric boundary layer are largely based on observations at more southern
latitudes. Studies of the boundary layer height in the Arctic atmosphere will make it possible to
improve our understanding and to estimate the scale of the processes of momentum, energy, and water
vapor exchange between underlying surface and the free troposphere.

3.2.1 Experimental data and method of boundary layer height determination
Atmospheric aerosol was used as a tracer of the boundary layer (BL). The BL height was

determined by gradient (threshold) method according to measurements of the profiles of total
depolarization of laser radiation:
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Here, PL(h) and Py(h) are the cross- and parallel polarized components of backscattered signal, £ (h)

and A7(h) are the total (aerosol + molecular) backscattering coefficients of cross- and parallel

polarized radiation respectively, and & (h) is the coefficient of total depolarization of laser radiation.

The boundary layer height was assumed to be the height within the first 3000 meters, for which
the first derivative do(h)/dh had the global minimum. This method was successfully applied in our
early works (Bukin et al., 2013; Pavlov et al., 2013; Shmirko et al., 2012). It is based on two
statements: 1) concentration of aerosol particles sharply jumps at BL boundary; and 2) the
depolarization degree of the aerosol atmosphere is larger than the depolarization degree of the purely
molecular atmosphere.

Ship-based measurements of the marine BL height, carried out during the cruise, were
compared against measurements with Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
satellite lidar. The general characterization of the satellite measurement system, as well as the
description of the products obtained, is presented in (http://www.nasa.gov/calipso; Powell et al., 2013).
In this case, the BL height was identified using a modification of the method (Balin et al.; 2003), based
on representation of BL as ground-adjacent air layer, the properties of which, due to intense turbulent
mixing, are determined mainly by thermal and dynamical effects of the underlying surface.

The BL height is determined by calculating the matrix of interlevel correlation (3) of time
series of attenuated ratio P'(z,t) (Total Attenuated Backscatter 532 L1B CALIPSO DATA) of

scattering at the wavelength of 532 nm for different heights in a specified time window:

i[(P'i,k—P*'i)(P',-,k—Pﬁ)]

i = v (3)
Z (P—PD? Z (P —P7)?
Pio = %P'I(J) ko (4)

where P, =P'(z,t) and P';, =P'(z;,t,), Vi< j e[1..N], k €[1..M] are discrete representations of
P'(z,t), N — number of altitude bins, M — number of temporal (or what is the same, spatial) bins. The

matrix of interlevel correlation was calculated by considering only a fragment of signal, corresponding
to the height interval of 200 m-4000 m (N=130).

The higher the position of scattering layer, the weaker is its interrelation with underlying layers,
which immediately affects the correlation coefficient. Therefore, with the availability of vertical
profile of the coefficient of interlevel correlation, and after determining a certain threshold value of
this coefficient, the vertical extents of BL can be found. The main feature of the method is its low
sensitivity to random signal fluctuations; it works even when gradient methods fail. Despite these
advantages, there is nonetheless the uncertainty regarding the choice of the critical value of the
correlation coefficient. In the given case, the threshold correlation coefficient of 0.55 was determined
by comparing the BL heights, measured by ship-based lidar, with the vertical profile of the coefficient
of interlevel correlation. The algorithm for data processing consisted of the following stages:

1. Selection of data from spatiotemporal window (M=120 points, 40 km) for regions, located over
sea surface.
2. Cloud filtering (the data of measurements were removed from the sample if the profiles of
attenuated backscattering contained quite intense peaks in this height interval).
3. Calculation of BL height (including calculation of the matrix of interlevel correlation, the average
profile of interlevel correlation, and height satisfying the choice criterion).
Shift of the window by 1 profile (~333 m in the plane of the Earth).
Return to point 1.

ok
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The method described in works (Hennemuth and Lammert, 2006; VVogelezang and Holtslag,
1996; Menut et al., 1999; Troen and Mahrt, 1986) was used to retrieve the boundary layer height
according to reanalysis data.

3.2.2 Spatiotemporal variations in the boundary layer height

Figure 3 illustrates the temporal and latitudinal variations in the BL height in the period of
expedition of RV “Professor Khljustin”. The BL height (HgsL) varied in the wide range from 200 m to
1200 m. The average height HgL over the entire cruise was 520 + 195 m, and the most probable value
was 612 m. The obtained quantitative characteristics correspond to literature data, suggesting that HgL
is on the average 420 m (Wang Q. and Wang S., 2004), ~800 m (Bradley and Keimig, 1993), and
934+300 m (Nilsson, 1996). The maximum value Hg. =1200 m was observed near the port of Pevek
throughout August 21, 2013.

As to the latitudinal distribution of HgL (Fig. 3b), it exhibits the periodic regularity. Initially the
BL height decreases with latitude up to 55°N; and then the trend becomes opposite. The BL heights
were high in the region of Bering Strait, and then HgL had somewhat decreased. Similar variations in
the BL height were found in the Southern Hemisphere in the frameworks of Global Backscatter
Experiment (GLOBE) (Menzies and Tratt, 1997). The BL subsidence rate is 25 m/deg on the first
[43.1 - 55°N] and second [55 - 65°N] segments, and it becomes equal to 50 m/deg on the third segment
[65 - 70°N].

The HgL value behaves analogously in CALIPSO satellite data, with the only difference being
that the dispersion of the data is not that much. For the water basin considered here (regions of
northeastern part of Pacific Ocean and eastern Arctic), the boundary layer height, retrieved according
to satellite data, and its latitudinal dependence are in good correspondence with ship-based
measurements: the correlation coefficient is 0.5 at 0.95 significance level, and the critical value of the
correlation coefficient for this sample is 0.24. The CALIPSO data also display the characteristic
minimum of Hgc in the region of 55°N, with its subsequent growth in the northern direction.

The latitudinal decrease of the BL height is confirmed in the works (Zilitinkevich and Esau,
2009); however, the further HgL growth (at latitudes poleward of 55°N) does not fit into the classical
concept of the latitudinal BL variations and seems to be due to the specific character of the region
(terrain topology, wind and temperature regimes, etc.). Despite the coincidence of Hg, obtained by
two methods, the probability remains for its overestimation at northern latitudes by virtue of specific
features of the methods used. The method for determining Hg. from satellite data through the critical
value of the coefficient of interlevel correlation is implicitly related to Hg, determined according to
ship-based lidar measurements.

The problem was resolved by calculating additionally the BL heights according to reanalysis
data (the profiles of temperature and wind speed) (Hennemuth and Lammert, 2006; VVogelezang and
Holstang, 1996; Menut et al., 1999; Troen and Mahrt, 1986). Since this method is based on model-
derived meteorological parameters, it is less subject to the effect of local aerosol sources, land, and low
clouds. The main sources of data for reanalysis are the stations of upper-air measurements. These
stations are sparse in the study region and at all absent over sea. Therefore, the results of the BL height
calculations should be interpreted as averages for this period. From Fig. 3b it can be evident (see the
black line with triangles) that the latitudinal distribution of the BL height somewhat differs from
analogous data of satellite and ship-based measurements: the Hg. variations are not strongly
pronounced, and their amplitude does not exceed 200 m.

Reanalysis data suggest that the BL height decreases from 500 m to 400 m as latitude changes
from 40°N to 53°N, and further northward it remains at practically the same level. The maximum
differences in Hg, obtained by different methods, are observed in southern (~45°N) and northern
(~67N) parts of the region analyzed. In the southern part, the decreased Hg_ values, calculated
according to reanalysis data, can be ascribed to the specific character of ECMWEF data. At Arctic
latitudes, higher Hg. values, calculated according to data of CALIPSO and ship-based lidar, seem to be
due to increased influence of land (Chukchi Peninsula).
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To understand the reasons for these spatial BL variations, we analyzed the back trajectories of
motion of air masses (https://ready.arl.noaa.gov/HYSPLIT.php), calculated for every hour of
expedition measurements. Analysis was made for three segments of the route: 1) the region of small
HgL values at the 55°N latitude; 2) the region of high HgL on the territory of Bering Strait; and 3) the
region of extremely high Hg. values in the area of Pevek. The back trajectory analysis gave the
following results (Fig. 4).

The boundary layer height was relatively small (~380-400 m), if the wind blew from the
direction of open ocean (Fig. 4a), or if the air masses passed over water surface during most of the
time on preceding day (Fig. 4b). Otherwise, if the trajectories of air motion passed over the land
(Fig. 4c,d), a higher level of HgL values (~800 m) was observed. The largest BL height (~1200 m) was
recorded near the port of Pevek, when air propagated over land from the direction of the city (Fig. 4d).
The local temperature field is, on the average, 3-4° higher in city; therefore, higher Hg. values should
be expected on lee side.

4 Aerosol and black carbon contents in the near-ground atmospheric layer

4.1 Specific features of spatial aerosol variations in Arctic seas

The routes of expedition cruises of RVs “Akademik Fedorov” and “Professor Khljustin”
encompass quite large (no less than five thousand km) territory in Arctic zone, predetermining the
need to identify separate regions (and datasets) for interpreting the aerosol microphysical
characteristics.

Preliminary analysis of measurements onboard RV “Akademik Fedorov” showed that the
latitudinal and meridional dependences in Na, Ma, and Mgc concentrations were not explicitly present,
but separate parameters somewhat decreased in northeastern direction. That is, the effect of continental
aerosol sources weakened with distance from Scandinavian coasts. Based on the findings above, in the
Arctic zone we singled out the following four regions (their geographic positions are indicated in
Fig. 1):

K) water basin of the Barents Sea near Kola Peninsula coasts;

B) the Barents Sea — Western sector of Arctic;

A) the Arctic ocean — northern margins of the Kara and Laptev Seas;
F) the East Siberian and Chukchi Seas — Far East sector of Arctic.

The statistical characteristics of Na, Ma, and Mgc for these regions, calculated according to
diurnally average values, are presented in Table 4. As expected, the highest average concentrations of
aerosol and black carbon and the widest variability ranges were observed near Kola Peninsula (region
K). The average values of all characteristics decreased with distance from Scandinavia, but differently
with respect to separate parameters. The largest changes occurred in absorber content. The average
Mgc value in the region B decreased by a factor of 2.5, and it decreased by another factor of 2.5 in the
region A (on the whole, Mgc decreased by the factor of 7 as compared to the region K).

The number and mass concentrations of aerosol decreased by 15% and 28% respectively only

in passage from the Kola Peninsula to high-latitude part of the Barents Sea. The difference in Na and
Ma concentrations between Arctic regions B and A was found to be insignificant, much less than the
standard deviation.
Also, the table presents the statistical characteristics of aerosol and black carbon concentrations,
measured onboard RV “Professor Khljustin in Far East sector of Arctic (region F). We note the
following specific features of aerosol parameters in this region. The average aerosol number
concentration in the region F turned out to be the lowest (by more than a factor of two) among other
Acrctic regions, while the mass concentration differed insignificantly.

The seeming mismatch between Na and Ma values in the Far East sector (relative to other
regions) is explained by relatively large content of coarsely dispersed aerosol, which was caused by
hydrometeorological conditions. The period of changes in the Chukchi and East Siberian Seas was
characterized by relatively frequent fogs and stronger sea surface roughness. As is well known (Reist,
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1993; Rasool, 1973), both these factors favor the increase in the content of coarsely dispersed aerosol,
which makes major specific contribution to aerosol mass concentration.

From comparison of the average particle distributions over volumes dV/dr (Fig. 5) it can be
seen that measurements in the region F indeed were characterized by elevated content of larger
particles in the size range r>0.7 um and by decreased content of small particles (r <0.3 um).
Relatively large aerosol concentrations in the entire particle size range were recorded on the segment
of the route near the Kola Peninsula. Evidently, this disperse composition was explained by the effect
of aerosol outflows from continent, as well as by the generation of maritime aerosol under the
conditions of developed sea roughness.

The smallest-valued and practically identical distributions dV/dr were observed in high-latitude
Arctic regions B and A, primarily because of their remoteness from continental aerosol sources, low
temperatures, and weak generation of maritime aerosol on largely ice- and snow-covered territories.

Comparison of distributions dV/dr, obtained during Arctic expeditions in 2013, against the data
of preceding studies in the White and Kara Seas, and in Tiksi (June 2010) and Barensburg (July 2011)
(Pol’kin et al., 2011a; Sakerin et al., 2012) has led to the following conclusions (see Fig. 5). The
average dV/dr in high-latitude regions decrease in northeastern direction (in accordance with influence
degree of the sources of continental aerosol), and the range of their difference reaches two orders of
magnitude. The maximum values of dV/dr in the entire size range are characteristic for subpolar and,
virtually, internal White Sea. Intermediate values of dV/dr were observed in Kara Sea and on
Spitsbergen archipelago (Barentsburg), and the lowest level was observed over Arctic Ocean and in
Tiksi. Low volume concentration of submicron particles in the region of Tiksi (June 2010) can be
explained by relatively low air temperature under the conditions when a major part of coastal zone of
sea and tundra were still covered by ice and snow (Sakerin et al., 2012).

On the whole, the average values of the concentrations Na, Ma, and Mgc, obtained in the
regions K, B, A, and F, agree with studies by other authors in the Russian sector of Arctic. For
instance, the average number concentrations of 4-8 cm?, i.e., close to our data, were obtained in
ground-based measurements on Franz Josef Land (Zigler Isl., spring 1994; Smirnov et al., 1998).
However, at the same time, the aerosol mass concentration turned out to be much higher: (25-50)-10°
ng-m=. The authors explained the elevated mass concentrations by the presence of soil-derived
particles in the region of measurements.

Ship-based measurements of black carbon mass concentration during fall of 1998 in the
Barents Sea (Kopeikin et al., 2010) showed that the average values of Mgc varied from 160 ng m™
during northerly and northeasterly winds to 980 ng m= when wind blows from the Western Siberia.
Most probably, relatively high Mgc values were due to severe fires in boreal zone of the Western
Siberia. Based on aircraft measurements in April 1992 over the East Siberian Sea (Hansen et al.,
1997), the average values of Mgc in the near-ground layer (height of ~ 100 m) were about 150 ng m™.
Lower Black Carbon concentrations (8-16 ng m™) for the summer period were reported in works
(Sharma et al., 2004; 2013; Stone et al., 2014; Eleftheriadis et al., 2009) on the basis of multiyear
(1989-2005) measurements at three Arctic sites: Alert (Canada), Barrow (Alaska), and Zepplin
(Svalbard). The average Black Carbon concentrations at these stations are close to our data, obtained
over Arctic ocean (region A). It can also be noted that the average Mgc values near the Kola Peninsula
(region K) well agree with multiyear (1964-2010) average Black Carbon concentrations (127 ng-m™)
at the route-nearest Kevo station in the north of Finland (Dutkiewicz et al., 2014), consistent with the
fact that Black Carbon content in the region K is determined by continental sources.

4.2 Latitudinal dependence of aerosol and black carbon distributions in Far East seas

The route of RV “Professor Khljustin” followed predominately in meridional direction from
Vladivostok to port of Pevek, through the Japan, Okhotsk, Bering, Chukchi, and East Siberian Seas
(Fig. 1). The time behavior of aerosol and black carbon concentrations for the entire period of
expedition is presented in Fig. 6. We should turn attention to strong variations in the parameters Na,
Ma, and Msgc, which were caused by diurnal and synoptic changes in the hydrometeorological
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conditions. In all study regions, the variations in each parameter within 1-3 days exceed one order of
magnitude, and the total variability ranges were: from 0.003 to 90.2 cm= for Na; from 1 to 13630
ng-m™ for Ma; and from 2 to 400 ng-m™ for Mgc. Even when the data are averaged over separate sea
water basins (shown by circles), the average aerosol characteristics markedly differ between forward
and backward routes.

In particular, the average values of aerosol number and mass concentrations over the Japan Sea
turned out to be about a factor of 2 larger at the beginning of cruise than on backward route. This
difference was because of the stronger sea roughness (Beaufort numbers of 3-4) and the corresponding
generation of large particles of maritime aerosol. In addition, outflows of submicron aerosol from the
direction of continent had a stronger effect at the beginning of cruise. The specific features of the
average disperse composition of aerosol on forward and backward routes for two seas are illustrated in
Fig. 7.

From the figure it can be seen that, in the range of large particles, the volume distributions
dVv/dr over the Okhotsk Sea are approximately an order of magnitude larger on the backward route
than on the forward route, primarily because sea was strongly roughed after typhoon passage. Because
of the substantial predominance of coarsely dispersed particles, the average mass concentration Ma in
this case turned out to be the highest (13630 ng-m™) over the entire period of measurements.

Thus, the short periods of measurements in separate water basins on forward and backward
routes (from 3 to 9days), given the high variability of the studied parameters, turn out to be
insufficient to obtain a reliable information on the average characteristics of aerosol in any region.
Nonetheless, in the variations of the aerosol parameters we discern a decrease during first half of the
cruise (which followed northward) and an increase in the aerosol and black carbon concentrations on
return back.

The aerosol parameters were diurnally averaged to mitigate the effect of short-period
variations. Analysis of regression dependences of the diurnally average values of Na, Ma, and Mgc on
the geographic latitude ¢ (Fig. 8) confirms that these values tend to decrease in the northern direction.
The equations of the linear regression of separate parameters are presented in the upper part of the
figure, and the correlation coefficients for regression lines are indicated in parentheses. We note that
the latitudinal dependences for all aerosol parameters are statistically significant. In this case, the level
of statistically significant correlation is 0.3 with 0.95 confidence probability.

To obtain the quantitative data on the spatial distribution of aerosol characteristics, the average
values of Na, Ma, and Mgc were additionally calculated within four latitude zones 42°N — 46.5°N —
52°N — 67°N — 71°N, which approximately correspond to separate seas: the Japan, Okhotsk, Bering,
Chukchi, and East Siberian Seas. The obtained average values of aerosol parameters are presented in
Table 5 and shown in Fig. 8 by thick lines. From the figure it can be seen that the latitudinal decrease
is more firmly manifested for aerosol number concentration and black carbon mass concentration: Na
decreased from 23.7 cm3 over the Japan Sea to 2.5 cm over the Chukchi Sea (by about a factor of 9),
and Mgc decreased from 149 to 51 ng-m™ (by about a factor of 3).

In the variations of aerosol mass concentration Ma, there was also first a decrease, followed by
a minor growth in passing to higher latitudes. This behavior is explained by the redistribution of
contributions of fine and coarse aerosols to Ma, primarily due to the specific hydrometeorological
conditions during cruise. The large concentration of submicron aerosol over the Japan Sea (for a
moderate content of large particles) ensured the relatively high average level of Ma. In passing to the
Okhotsk Sea, and then to the Chukchi and Bering Seas, the content of small particles had substantially
decreased, so that the value of Ma had been determined only by variations in coarsely dispersed
aerosol, generated from the sea surface. Its concentration at high latitudes remained at quite a high
level due to wind-driven roughness; therefore, no Ma decrease occurred.

We know nothing about analogous studies by other authors in these regions. Data of our
measurements onboard the sailing vessel “Nadezhda” in water basin of the Okhotsk Sea in August
2010 (Pol'kin et al., 2011b) can only be presented for comparison purposes. The average values of
aerosol parameters, obtained in this expedition (Na =40.6 cm™; Ma = 8000 ng-m; Mgc = 520 ng-m),
are several-fold larger than the data of measurements onboard RV “Professor Khljustin” in 2013. The
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differences in hydrometeorological conditions and routes between the two cruises (regions of
measurements) explain these discrepancies. A considerable part of data in August 2010 was obtained
near the islands of Kuril chain and Sakhalin, with a larger influence of continental sources. In this case,
the maximum concentrations reached the following values: Na = 350 cm™; Ma = 141000 ng-m™; and
Mac = 19000 ng-m. In addition, the conditions of measurements were characterized by more frequent
fogs and high relative humidity of air. That is, the data of the two expeditions do not contradict each
other, but just indicate the strong dependence of aerosol characteristics on the effects of outflows of
continental aerosol and meteorological conditions.

4.3 Effect of meteorological conditions on aerosol number concentration in cruise of RV
“Professor Khljustin”

As is well known, the concentration of aerosols in the atmosphere is caused not only by the
intensity of emissions from different sources, lifetime, and particle transformation, but also by
meteorological conditions: wind, humidity, rainfall, characteristics of air flows (trajectories, transport
height), etc. These factors differently influence the content of aerosol particles with diverse sizes.
Therefore, below we will consider not only the total number concentration N4, but also the
concentrations of submicron Nt (0.3 um <d< 1.0 um) and coarsely dispersed N¢ (1.0 pm<d< 10 um)
fractions: N4=N+Nc.

Figure 9 shows the time behavior of characteristics, measured in the period of expedition:
number concentrations of submicron and coarsely dispersed aerosol; volume particle size distributions;
relative humidity; and wind speed. Also shown in the figure are characteristics, calculated according to
72-hour back trajectories of air mass motion (using data at [http://ready.arl.noaa.gov/HY SPLIT.php]):
the total along-trajectory rainfall amount and the fraction of trajectories passing over land.

The relative air humidity was close to 100% in the period of expedition; nonetheless, dips,
caused by arrival of dryer continental air masses at the region of measurements, can be periodically
seen on the plot. The wind speed varied in the wide range, from perfect calm to 20 m/s. The particle
number concentration is most dynamical variable among aerosol microphysical parameters (Figs. 6a
and 9a,b). The range of Na variations over the entire period of expedition was more than 4 orders of
magnitude. The mass concentrations Ma and Mgc varied less strongly (Fig. 6b,c), approximately in the
ranges of 3 and 2 orders of magnitude respectively.

The specific features of variations in the concentrations of separate fractions Nt and Nc in
different regions will be analyzed below; and first we will estimate the effect of the meteorological
parameters on the total concentration Na over the entire period of measurements. For this, we
considered a regression model with the use of available data on wind speed WS, water temperature, air
temperature T, rainfall amount RF, and fraction of trajectories passing over land. To construct the
regression equation, we used an iteration algorithm which sought the approximation coefficients and
discrepancy at each step by least squares method. Data (bursts) were excluded from the initial sample
if the discrepancy exceeded three standard deviations (SD). The calculations continued until no bursts
remained. As a result, we obtained a model which depended on just three parameters:

Na=0.645 + 0.209-WS — 0.104-T + 0.018 RF. (5)

Classical equation that relates Na and wind speed looks like log Na = a-WS + b (Bigg et al.,
1995; Andreas, 1998). In our case of multiple regression, we used a linear dependence of particle
concentration on wind speed because this relationship gives better least squares approximation. First
term of (Eq. 5) corresponds to background aerosol concentration under calm conditions and at air
temperature of 0°C. The second term is associated with wind driven aerosol generation. It is positive,
meaning that the greater the wind speed, the larger the aerosol number concentration. The third term is
connected with temperature effects on aerosol number concentration. It is negative, indicating that the
greater the temperature, the lower the aerosol number concentration. The last term shows how Na
depends on rainfall amount during previous three days. It is negative, implying that the greater the RF
amount the lower the Na is. This is due to washing-out effect.
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Comparison of results of model calculations with Na measurements (Fig. 10) showed a good
agreement in the cases when: the effect of continental sources was weak; the wind speed was relatively
low (0.5<WS<10 m/s), which ensured a linear relationship with aerosol concentration; air temperature
was in the range of -2.5 < T<16°C and rainfall was in the range 0< RF <44 mm/hr. The correlation
coefficient of regression model is 0.71 under these conditions (the number of points is 330). That is,
equation (5) can be used to estimate the particle number concentration, based on three meteorological
parameters: WS,-T, and RF. The model gives incorrect results when the data of trajectory analysis and
ion composition of aerosol samples indicate the effect of continent, as well as in the proximity to large-
scale atmospheric vortices (cyclones). It should be noted that regression (Eqg. 5) is only valid for data
from the route of RV Professor Khljustin. Because of the limited amount of data available for the
regression analysis, the same fitting parameters may not be ideal for future measurements.

According to the total set of the average meteorological conditions and the intensity of sources
of continental aerosol, the middle and Arctic latitudes have differences, which could not help being
reflected in specific features of behavior of the number concentrations of submicron (Fig. 9a) and
coarsely dispersed (Fig. 9b) aerosol fractions in these regions. The N: concentration substantially
changed at the beginning and end of the expedition (midlatitudes); while in the middle part (high
latitudes), the variability range and the average level of Nt decreased by approximately a factor of
three. Except in the first day of measurements, the concentration of coarsely dispersed fraction
remained at low level until August 10, and increased afterward.

These same features are also traced according to the character of change in the aerosol disperse
composition (Fig. 9¢). The highest dV/dr values, with predominance of submicron aerosol, were
observed at the beginning and end of cruise, when vessel was at midlatitudes, in proximity to and
surrounded by the land. That is, the aerosol content was formed under the influence of outflows of
finely dispersed aerosol from relatively well developed regions. The remaining period, especially when
the vessel was in the Arctic zone, was characterized by low content of aerosol, with a larger
contribution of coarsely dispersed fraction.

Thus, the relative contents of large and small particles are redistributed in the aerosol in passing
from middle to high latitudes. The observed increase in the relative role of large particles in subarctic
and Arctic regions was noted as early as in (O'Dowd and Smith, 1993) and is explained by
predominance pf maritime air masses.

The division of data into two groups (zones) according to the relative contents of two aerosol
fractions is clearly confirmed by scatter diagram of Nf and Nc values (Fig.11) in the zones of
midlatitude (red) and Arctic (blue) latitudes. The slope coefficient of regression line for the first group
of data, obtained in the period from July 24 to August 10 and September 3-7, is = Nc/Nf = 102, A
less slope of regression line is caused by dominating contribution of submicron aerosol at midlatitudes.
Low content of coarsely dispersed maritime aerosol (see Fig. 9b) also explained why the values of the
parameter » were low at the beginning of the expedition (until August 10). This aerosol was weakly
generated because of small wind speed (Fig. 9d).

These measurements in Arctic and subarctic regions (on August 10-31) were characterized by
low values of the number concentration and a relative importance of coarsely dispersed fraction,
indicating the predominance of maritime aerosol (Bigg et al., 1995; Nilsson et al., 2001). The slope
coefficient of regression line is ¥=4.5-102 in this case.

The lowest concentrations of the two fractions were observed from August 5 to 10 (Bering
Strait and Chukchi Sea): the average value of Ni was 0.65 cm®; and coarsely dispersed particles,
despite wind strengthening, were practically absent. This was favored by the washing-out action of
rainfall (see Fig. 9e) and supply of clean Arctic air from the direction of Chukchi Peninsula (Fig. 4c).
Here, it is important to note that the effect of outflows of continental air is diverse in different regions.
At midlatitudes, the outflows considerably enrich the marine atmosphere by finely dispersed aerosol
(most characteristically, the outflows of Asian aerosol to the Japan Sea). In poorly developed
continental Arctic, the aerosol sources are substantially weakened or absent. Therefore, the outflows of
air masses from the direction of land (Fig. 4c and d) do not lead to increase of aerosol content in sea
water basins.
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5 Chemical composition of the atmosphere on the route of RV Akademik Fedorov and Professor
Khljustin

In addition to the measurements of the optical and microphysical characteristics of aerosol, on the
route of two expeditions (Fig. 1) we collected air samples for a subsequent analysis of ion and
elemental composition of aerosol, as well as the content of gas phase species. In the preliminary
analysis of the chemical composition of samples on the route of RV Akademik Fedorov, we considered
data for the water basin of the Barents Sea (region B), as well as three sub-regions in high-latitude part
of the route (within the region A): 1) area northward of Severnaya Zemlya and Franz Josef Land
archipelagos (81-84°N, 68-111°E); 2) the northwestern part of the Laptev Sea (77-80°N, 107-126°E);
3) the northeastern margins of the Laptev Sea (78-81°N, 127-155°E). In analysis below, the average
characteristics of chemical composition of aerosol will be considered for the region 4 as a whole.

The chemical composition of aerosol in cruise of RV Professor Khljustin was determined according
to samples, collected on the filters PTFE for five Far East seas: the Japan, Okhotsk, Bering, Chukchi,
and East Siberian Seas. The last two seas, though adjoining the Far East of Russia, refer to Arctic seas.
We will use this name in the given paper just for brevity of the general name. Taking into account the
difference in meteorological conditions over Far East seas, the average characteristics of the chemical
composition of aerosol were estimated separately for the forward and backward routes of the vessel
and for each region as a whole.

5.1 lon composition of aerosol

Preliminary analysis of aerosol samples, collected in high-latitude part of the route of RV Akademik
Fedorov (region A) showed that most ions had higher concentrations in northwestern part of the
Laptev Sea (the mean concentrations Zions = 1.71 pg-m=). However, the existing differences in
concentrations are not large and much smaller than the standard deviations. Therefore, the average
characteristics of the chemical composition of aerosol were calculated for the region 4 as a whole
(Table 6.).

Much larger difference in ion composition is observed for two samples, collected in water basin of
the Barents Sea (region B): both summed content (the average Zions = 0.61 pg-m=), and concentrations
of individual ions (except K*) are about two times smaller than the average concentrations over the
Arctic Ocean. The data in the region B had insufficiently representative statistics and, as such, were
excluded from further analysis.

From comparison with our previous data in other Arctic regions we can draw the following
conclusions. The averaged summed ion content in the region 4 well agrees with data obtained in July-
August 2011 in Barentsburg (Spitsbergen Archipelago, ~78°N) (Golobokova et al., 2013): the average
Tions = 1.41 pg-m3. In more southern seas, adjoining continent, the ion content is much larger (Polkin
et al., 2011a): by about an order of magnitude (17.1 pg-m®) over the subarctic White Sea, and by
almost a factor of 6 (8.9 pg-m=) over the Kara Sea. Clearly, the atmosphere of these seas is under a
stronger influence of continental aerosol sources, contributing about 38% in the White Sea, 30% in
central regions of the Kara Sea, and 60-80% in coastal water basins of the Kara Sea (Polkin et al.,
2011a).

The average ion concentrations in aerosol composition over Far East seas vary in quite a wide range
(see Table 6.). The average ion concentrations differ not only among separate seas, but also in the
same regions on the forward and backward routes of RV Professor Khljustin. The ions Na*, Mg?*, K*,
Cl- and SO4* exhibit the strongest variations. For the first half of the cruise, the total sum of ions and
contents of individual ions distinctly show a tendency of their latitudinal distribution (Fig. 12). As the
ship moved from low to high latitudes, the total concentration of ions in the near-water aerosol
decreased by approximately 30%. A little weaker gradient (a decrease by 13%) was observed during
transit from the Okhotsk to Bering Sea.

Data, collected on backward route of the vessel, exhibited stronger spatiotemporal variations in ion
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content, and the regularity of their latitudinal growth was not distinctly manifested. This was primarily
because, on backward route, in the aerosol composition there was a much (a factor of 2-9) larger
contribution from sea-derived ions, i.e., Na*, Mg?" and CI, the generation of which was caused by
stronger sea surface roughness, rather than by the geographic position of the region.

Despite the strong variations and difference in the data between the forward and backward routes of
RV Professor Khljustin, the average (over regions) ion concentrations nonetheless exhibit a tendency
of their northward decrease.

We also note that the average ion concentrations in Far East sector of the Russian Arctic (Chukchi
and East Siberian Seas) are close in value to the average data in the central part (region 4). That is, the
variations and differences in ion composition over Arctic seas were mainly caused not by spatial
inhomogeneities, but, rather, by weather features in the periods of measurements.

The maritime component of sodium and chloride ions predominated in aerosol composition on the
route of both expeditions (Akademik Fedorov and Professor Khljustin). Their maximal percentages of
the total sum of ions were 70.8% over the Arctic Ocean and 57.9% over Far East seas. This agrees
with data from Chinese National Arctic Research Expedition (FCNARE, 1999 u 2003) (Sun, 2002; Xu
et al., 2005), performed along the route close to that of RV Professor Khljustin. Percentage of sea-
derived ions was 60.2% in FCNARE expeditions.

For other ions (except for Na* and CI) the concentrations can be lined up as follows (in order of
decreasing): NH4* > K*, Mg?* > Ca?* in high-latitude regions of Arctic; K* > Mg? > Ca?* > NH4" in
the Bering, Chukchi, and East Siberian Seas; and K* > Ca?* > Mg?* > NH4" in the Japan and Okhotsk
Seas. The SO42 concentrations are larger than NO3™ concentrations in all regions of the Northern Sea
Route.

A characteristic feature of ion composition of aerosol over the Japan and Okhotsk Seas is very high
concentrations of K*, exceeding those over Arctic seas by about an order of magnitude. Possibly, this
is due to the effect of active volcanoes of the Kamchatka Peninsula and Kuril Islands, which
predominately release magmas of moderate-potassium type (Ponomareva et al., 2012). In contrast to
our data, no elevated percentage of K* was observed in FCNARE expedition (Sun, 2002; Xu et al.,
2005): with respect to average percentage composition, NHs* and SO4% ions (summing to 27%) were
ranked next behind Na* and CI" in this case.

Still another salient feature is higher NOs™ concentrations obtained in FCNARE: 0.94 pg m™ for the
Japan Sea, and 0.11 pg m= for the Okhotsk and Bering Seas. Sun (2002) and Xu (2005) suggest that
the NOs ions are indicators of anthropogenic impact, and their elevated content over the Japan Sea
was also reported elsewhere (see, e.g., Sasakawa et al., 2005). The NOs™ concentrations over the Japan
Sea, measured in our expedition, were much lower than in FCNARE data, but they were also higher
than over other seas. Presumably, our measurements were performed only in the northern part of the
Japan Sea, less subject to anthropogenic outflows, explaining smaller NOz™ concentrations. It should be
also be remembered that, given limited number of samples collected in separate regions, chemical
analysis results may substantially differ among diverse expeditions, reflecting not the specific
character of the region, but rather specific features of meteorological conditions (and, primarily, air
transports) in particular periods of measurements.

We used the well-known formulas to calculate the percentages of sea-salt (ss-) and non-sea-salt
(nss-) sulphates (EMEP, 1996):

[nss-S0O4*] = [SO4*] — 0.06028 [Na*]

[$5-S04>] = [SO4%] — [Nss-SO47] (6)
where [SO4%] is the sulphate concentration, [Na*] is the sodium concentration in aerosol; 0.06028 is
the relationship of concentrations SO4%/Na* for ions of seawater; the initial content of components is
represented in molar concentration (mol-L™?).

The calculations showed that seawater was the main source of sulphates on the routes of two
expeditions. Among the high-latitude regions, the high percentage (up to 100%) of ss-SOs> was
observed mainly over the Laptev Sea, where air came from the central part of the Arctic Ocean. The
minimal percentage of ss-SO4% in aerosol was recorded on September 13-17, 2013 northward of
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Severnaya Zemlya Archipelago. The percentage of non-sea-salt sulphates (nss-SO4?) reached 74% in
this region.

On the route of RV Professor Khljustin, the maximal percentage (100%) of ss-SO42" in aerosol was
observed over the East Siberian, Bering, and Japan Seas on backward route of vessel under the
conditions of growing wind speed (15-20 m/s) and sea roughness (Beaufort numbers of 3-4). The large
percentage (up to 88.7%) of non-sea-salt sulphates was recorded over the Japan Sea during an
extended vessel drift in the region of Sakhalin Island.

It is well known that series of concentrations of elements in seawater and maritime aerosol coincide.
According to the Dittmar law, the quantitative relationships between principal components of the main
salt composition are always constant in seawater samples. We quantitatively estimated the differences
in relationships of the Ca?*, K*, Mg?*, CI", SO4* concentrations with respect to sodium ion in aerosol
(aer) and seawater (sw):

Ki= [(Ci/Na+)aer] / [(C| / Na+)sw], (7)
where (Ci/Na™) is the concentration of the i th element with respect to Na*, and K is the enrichment
coefficient (Tsunogai et al., 1972).

The ratios (K*/Na*)aer and (Ca?*/Na*)qer larger than in seawater were recorded on the route of RV
Akademik Fedorov. Maximal enrichment of aerosol, especially by potassium (by up to a factor of 18),
was observed on August 23-24, 2013 at northern margins of the Kara Sea (in the region of Severnaya
Zemlya islands). Analysis of 10-day trajectories of motion of air masses showed that, in this period,
they formed and came (at 3-km level) to the region of measurements from the following directions:
from Western Europe across Kola Peninsula on August 23; and over water basin of the Arctic ocean
along the trajectory of Svalbard — Franz Josef — New Siberian Islands — Taimyr on August 24. At
lower heights, the air masses moved within the Arctic Ocean. Thus, using these data, it is difficult to
identify the sources or causes for such potassium-rich substances.

The literature, available to us, provides no unambiguous data on the sources of K- and Ca-enriched
substances in this region of the Arctic Ocean, located hundreds to thousands of kilometers away from
continent. Fractionation of sea salts from snow and ice is known to be one of mechanisms by which
aerosol particles are enriched, especially by sulphates and sodium (Domine et al., 2004; Hara et al.,
2012). Ship emissions usually influence the arrival of pollutants to the Arctic atmosphere (Zhan et al.,
2014); however, ships usually cruise southward of the regions considered here. Far-range transports of
pollutants from northern margins of continent may also have effect. For instance, observations at
coastal station Kevo, Northern Finland (from 1964 to 1978) revealed, together with nonferrous metals
in mosses (indicators of atmospheric air pollution), also tenfold increase in potassium, which is the
main marker of biomass burning. In addition, Na, K, and Ca arrive at this region from different Kola
industrial areas (Yli-Tuomi et al., 2003). Enrichment of sphagnum mosses by components of
aerotechnogenic pollution is observed in polar regions of Russia (Shevchenko et al., 2006). Supply of
pollutants to the central regions of Arctic together with air masses from Northern Europe and industrial
centers of Russia was repeatedly indicated in (Vinogradova et al., 2007; Vinogradova, 2014).

On the route of RV Professor Khljustin, maximal enrichment (K = 13-34) was revealed, as
expected, for K* ions over water basins of the Japan and Okhotsk Seas. The enrichment coefficient
was also high for calcium: the ratio (Ca®*/Na*).er exceeded (Ca®*/Na*)sw by a factor of 2-15. Maximal
enrichment of sulphates in aerosol was observed over the Bering Sea on August 28: (SO4>/Na*)aer
exceeded (SO4%/Na*)sw by as much as the factor of 67. On that day, air masses passed across
Kamchatka Peninsula before reaching the sampling point. Maximal enrichment of aerosol by sulphates
is observed occasionally in the Bering Sea and, as such, is atypical for this region.

The excess of (SO42/Na*)aer Was, on the average, a factor of 5 over the Japan Sea and a factor of 2-3
over other seas. Emissions of sulfur-containing gases from magmas are one of the sources of sulphates
in the region of active volcanoes (Ponomareva et al., 2012). Moreover, as compared to northern seas,
the atmosphere of the Japan and Okhotsk Seas experiences stronger anthropogenic impact not only due
to regional sources, but also as a consequence of trans-boundary transport of pollutants from China,
Korea, and Japan (Luangjame, 2013; Toyama et al., 2013). Our studies of aerosol component,
performed in the Japan and Okhotsk Seas in 2009 and 2010 (Polkin et al., 2011c), showed that dust,



10

15

20

25

30

35

40

45

50

anthropogenic, and smoke outflows from Asian continent were responsible for up to a factor of 136
enrichment of aerosol particles in the Japan Sea by sulphates and for up to the factors of 60 and 81
enrichment by potassium and calcium.

Because of the considerable dependence of aerosol characteristics on hydrometeorological
conditions, given the limited time and the number of samples taken, we could not determine the
average chemical composition, characteristic for separate seas. Therefore, we will conclude this
section by presenting ion concentrations averaged over three larger sea water basins, where no less
than ten aerosol samples were collected:

1) remote regions of Arctic (region A, n=14), which are less subject to the effect of continental aerosol
outflows, while their own sources are weak;

2) polar and subpolar seas (the Chukchi and Bering Seas, n=15), which, although located near Asian
coasts, are nonetheless characterized by low-intensity aerosol sources;

3) Far East seas at midlatitudes (the Japan and Okhotsk Seas, n=10), most subject to the effect of
continental aerosol outflows.

From these results (see Fig. 12) it follows that the average concentrations of most ions and their
sum increase in the above-mentioned sequence of three regions. For instance, the summed
concentration of ions, as compared to the Arctic Ocean, increases by 73% over the Bering and Chukchi
Seas, and by a factor of 2.5 over the Japan and Okhotsk Seas. Exceptions are the ions NH4" and NOs’,
the average concentration of which is most low over the Bering and Chukchi Seas (smaller than in
remote regions of the Arctic Ocean). Another salient feature is characteristic for ions SO4%, the
concentration of which is nearly the same in southern and northern Far East seas.

5.2. Elemental composition of aerosol

First measurements of elemental composition in solid-phase aerosol, performed in 1985-1988 on
the Wrangel and Severnaya Zemlya islands, made it possible to obtain information on aerosol
composition and sources in the Russian sector of Arctic. Subsequent studies determined: the mineral
and chemical composition of solid-phase aerosol, the aerosol particle size distribution, the transport
pathways of eolian material, and the degree of pollution of the Arctic atmosphere by anthropogenic
pollutants; also, these data were used to identify the groups of elements associated with terrigenous
(Fe, Al, Mn), marine (Na, CI), and anthropogenic (Co, Sb, Zn, Pb) sources (Shevchenko, 2006;
Vinogradova and Ponomareva, 2007).

In oceanic waters, practically all elements are in dissolved form and play an important role in
formation of the chemical composition of maritime aerosol. Analysis of elemental composition of
water-soluble aerosol fraction (see Table 7 and Fig. 13) demonstrated the variety and wide (reaching 4-
5 orders of magnitude) variability range of absolute concentrations of elements. The highest
concentrations of most elements were characteristic for aerosol over the Sea of Japan, and the lowest
concentrations for aerosol over the East Siberian Sea. The concentrations of Fe, Cd, Sb, Ti, and Mo
over the Arctic Ocean (region A4) are equal to or higher than those over Far East seas. The situation was
opposite for Cu, Al, V, Ni, Pb, and Li, the concentrations of which were smaller in the region A.

For the average summed content of elements, a common tendency is northward decrease: Xte
ranges from 54 to 60 ng-m over midlatitude seas and from 17 to 32 ng-m over polar and sub-polar
Far East seas, and Z+e is about 19 ng-m™ in the high-latitude area of the Arctic Ocean.

With respect to content of water-soluble elements in the aerosol composition, we can single out
three groups: 1) with concentrations from several tens to several tenths of ng'm=, 2) from several
tenths to several hundredths of ng'm=, and 3) from several thousandths to analytical zero. Metals of
predominately terrigenous origin, i.e., Fe, Zn, Al, Ba, as well as Cu and Sr, refer to the first group. The
elements in the first group totaled 93.4 % of all analyzed microelements. The second group included
Ni, Cd, Cr, Se, Pb, V, Mo (5.6% of the total composition), which are mostly the markers of
anthropogenic pollution. The third group consists of Ti, Co, Sb, Li, As (0.6% of the total composition).
Elements in this group originate from both natural and anthropogenic sources.
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For insoluble fraction of Arctic aerosols, Shevchenko (2006) showed that the content of most
terrigenous chemical elements (Na, Al, K, Ca, Fe, Co, and Ba) in aerosol composition is lower than the
average values, characteristic for Earth’s crust; while the content of such elements as Cr, Cu, Zn, As,
Se, Br, Ag, Sb, Ni, and Pb is much higher, suggesting their predominately anthropogenic origins.
Moreover, it is indicated that some elements with high concentrations (Zn, Se, and Fe) may be both
anthropogenic and coming from natural sources.

The data obtained were used to estimate the relative content of soluble elements in the total sum of
ions (Table 6) and elements (Table 7) of water-soluble aerosol fraction. The calculations showed that
the average content of elements decreases in the northern direction (except in the Bering Sea): 1.9% in
the Japan Sea, 1.5% in the Okhotsk Sea, 0.8% in the Bering Sea, 1.7% in the Chukchi Sea, 1.6% in the
East Siberian Sea, and 1.4% in the region 4. In the Far East sector, the maximal percentage of soluble
elements was recorded on July 30 over the Okhotsk Sea (up to 13.8%) and on August 14 over the
Chukchi Sea (up to 8.6%). In the region 4 (RV Akademik Fedorov) the percentage of soluble elements
was maximal at the northeastern margins of the Laptev Sea.

Deficient information on measurements of elemental composition of water-soluble aerosol fraction
in these regions (and especially over the Arctic Ocean) complicates the data comparison. Therefore,
the composition of water-soluble aerosol fraction in the region 4 was compared with that of solid
aerosol suspensions (soluble and insoluble particles) in the western part of the Russian Arctic during
summer-fall period of 2006 (Goryunova and Shevchenko, 2008). The comparison showed that the Na,
Ca, Co, Ni, Se, As, Sr, Sh, and Ba concentrations in water-soluble fraction (our data) are smaller than
in solid-phase aerosol suspension. The soluble percentage was, on the average, 11.4-19.2% for sodium,
7.9-18.8% for calcium, and about 4% for barium. The soluble percentages for other elements vary in
wider ranges. The maximal percentages were found to be 39.7-60% for selenium, 0.5-30% for nickel,
and about 5% (4.8-6.2) for antimony. Other percentages had been 0.1-4.2% for cobalt, 1.0-1.6 for
arsenic, and 0.1-4.3% for strontium. Despite their low concentrations, these elements play very
important role in wildlife. When entering the environment, the elements penetrate trophic chains,
accumulate in plant and animal organisms, become involved in metabolic cycles, and cause diverse
physiological distortions.

In analogy to the main ions in aerosol, we also calculated the enrichment coefficients of
concentrations of elements with respect to sodium (K = (Ci/Na)ae/(Ci/Na)sw. On the whole, on both
routes, the enrichment of particles for most chemical elements in soluble aerosol fraction was lower
than the average values, characteristic for seawater. High enrichment is revealed for seven elements,
namely, Zn, Cu, Al, Fe, Mn, Cr, and Cd. With respect to intensity of pollution of aerosol by these
elements, the study regions can be lined up as follows: Okhotsk Sea, Arctic Ocean, Chukchi Sea, Japan
Sea, Bering Sea, and East Siberian Sea.

Aerosol component with enriched elements was recorded on entire route of RV Akademik Fedorov.
The enrichment coefficients for the elements varied in the following ranges: K = 8.8-794 for Cd, K =
1.2-264 for Cr, K = 4.8-72.8 for Zn, K = 2.0-34.4 for Cu, K = 1.1-1.6 for Ni, K = 0.1-45.3 for Al, and K
= 2.7-88.8 for Fe. The maximal enrichment of particles was observed northward of the Severnaya
Zemlya Archipelago from September 11 to 18. According to works (Yli-Tuomi et al., 2003;
Shevchenko, 2006; Vinogradova and Ponomareva, 2007; Vinogradova, 2014), the main suppliers of
heavy metals to the central Arctic are Murmansk region (Ni, Cu, Cd), Arkhangelsk region (Zn, Cr),
Nenets Autonomous Okrug (Zn, Pb, Cr, Cu), Sverdlovsk region (Cd, As, Zn, Cr), Norilsk industrial
region (Ni, Pb), and Kola Peninsula (Zn, Sh, As, In).

We note that high enrichment of aerosol particles by elements may be also observed in regions
farther removed from anthropogenic sources. For instance, enrichment by Al, Fe, Mn, Ni, Cd, and Se
was revealed in the Eastern sector of the coastal part of Antarctica between China’s Zhongshan Station
and Australia’s Casey Station (Xu et al., 2014). The coefficients of enrichment by Al, Fe, and Ni near
the stations (K < 10) turned out to be comparable to or lower than data, which we obtained in the
Arctic region 4 (K = 1-100). High enrichments by Cd in the southern and northern polar regions are in
the same range of values (100 < K <1000). The two high-latitude regions showed considerable
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difference in the coefficients of enrichment by Se: the average K = 1.3 in the region A, and K is greater
than 10* in the region of Antarctic stations.

On the route of RV Professor Khljustin, high enrichment coefficients, reaching 3-4 orders of
magnitude, were recorded for Zn and Cr. For zinc, the largest enrichment coefficients were observed
over water basins of the Okhotsk (K = 36-1204) and Chukchi Seas (K = 17-352). Over other Far East
seas, the enrichment coefficients for Zn varied in the range of two orders of magnitude (K = 10-97).
The maximal pollution by chromium compounds was recorded in the atmosphere of the Bering Sea (K
= 10-1143). Over other seas, the enrichment coefficients for Cr had the following values: K = 73-181
for the Japan Sea, K = 90-224 for the Okhotsk Sea, K = 23-412 for the Chukchi Sea, and K = 77 for the
East Siberian Sea. High enrichment for Cu (by 2-3 orders of magnitude) was revealed over water
basins of all Far East seas (K = 13-351), for Cd over the Okhotsk (K= 15-305) and Chukchi Seas (K =
10-171), and for Al over the Okhotsk Sea (K = 42-328). We note that Cu and Cd mainly represent
markers of anthropogenic emission; while Al is more indicative of terrigenous particle supply to the
atmosphere. Maximal enrichment of aerosol by manganese was detected over the Okhotsk (K = 194-
217) and Chukchi (K = 20-198) Seas. An elevated intensity of aerosol enrichment by iron was
observed over the Japan (K = 13-34), Okhotsk (K = 9-40), and Chukchi (K = 1-80) Seas.

An important role in determining the pollution level of atmospheric air is played by processes of
trans-boundary transport of suspended particles and pollutants from adjoining territories. Far East seas
are on the pathway of pollutant transport both from Eurasia and North America (see, e.g., Hov et al.,
2007; Rudis, 2010; Vinogradova, 2014). In the contemporary period, pollutant outflows from China
exert ever growing effect (Streets et al., 2000; Ohara et al., 2007). However, in this work we did not
pursue the trajectory analysis of motion of air masses and the quantitative estimation of the effect some
or other pollution sources have on samples collected in separate seas.

5.3 Small gas phase species

Small gas phase species and, especially, acid-forming gases, strongly influence the Earth’s
radiation budget, oxidizing or self-cleaning capacity of the atmosphere, aerosol formation, growth, and
properties, and air quality. The average concentrations of gas phase species (HCI, HNOs, SOz, NHs) in the
study regions are presented in Table 8.

In the atmosphere of Far East seas, on the average, the concentrations of acid-forming gases HCI,
SO., and HNOs decreased when going from warm (Okhotsk and Japan Seas) to Arctic seas (East
Siberian and Chukchi Seas). Concentrations of HCI had decreased by approximately a factor of 4, SO»
concentrations by a factor of 11, and HNO3 concentrations from 0.45 pg-m to analytical zero,
consistent with works (Sun, 2002; Xu et al.,, 2005). The regularity of northward decrease in
concentration largely showed up owing to data acquired on forward route. This was also favored by
meteorological conditions over the Chukchi Sea on August 12-20 (see Fig. 9 d, e): high relative
humidity, wind decline into a perfect calm, washing-out effect of precipitation, etc. On the backward
route, the HCI, SO, and HNOs concentrations varied with latitude in different ways, with a lower level
of mean concentrations being observed in midlatitude seas. Seemingly, this divergence was due to
different weather conditions and air mass types, as well as to smaller number of samples collected on
backward route (e.g., only one sample was taken in the Japan Sea).

The NHs concentrations were characterized by relatively low and nearly the same level, less than
0.1 pg-m3, on the average, on the most part of the route of RV Professor Khljustin. The NHj3
concentrations were higher only at polar latitudes on backward route, up to 0.21 pg-m™ over the
Chukchi Sea.

Comparison with content of gas phase species, obtained during preceding expeditions (Polkin et al.,
2011c) in the Japan Sea during spring 2009 and in the Okhotsk Sea during August 2010 allowed us to
make the following conclusions. The average HNOgz concentrations are in best agreement with new
data: they were 0.6 ng-m= in 2009 and 0.66 pug-m in 2010. Average HCI concentrations, obtained
earlier (1.7 and 4.3 ng-m), are close to average data for backward route of RV Professor Khljustin.
Much larger SO. and NH3 concentrations were observed in 2009 and 2010 expeditions. For instance,
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the average SO concentrations were 39.7 and 10.8 ug-m™ over the Japan and Okhotsk Seas
respectively. The fact that the average concentrations of gas phase species strongly differ between
forward and backward routes (see discussion above) and among diverse expeditions indicates that
these abundances vary in wide range and depend strongly on direction of air transport. Despite their
averaging over individual seas, the obtained compositions of the samples more reflect the specific
features of a particular period of measurements rather than peculiarities of the region of measurements.

With respect to content of gas phase species, the atmosphere of high-latitude region 4 (RV
Akademik Fedorov) is somewhat different from Far East seas. The HCI concentrations in high-latitude
region are much lower and in a good correspondence to latitudinal decrease of this gas phase species
over Far East seas. The average HNOz content turned out to be about the same as that over the Japan
and Okhotsk Seas. The SO, and NH3 concentrations had been surprisingly high in remote region of the
Arctic Ocean, though several-fold smaller than over the Japan and Okhotsk Seas during 2009/2010
expeditions (Polkin et al., 2011c). It is especially difficult to explain so strong difference in gas phase
species content between region 4 and the East Siberian and Chukchi Seas, which are close both in
latitude and in climatic conditions.

In the absence of other data for Arctic region A, we performed comparison with (a) measurements
of gas phase species in Ny-Alesund at Svalbard during spring 2003 (lanniello et al., 2007); (b) results of
monitoring in midlatitude background region of the Lake Baikal (Golobokova et al., 2011). The gas
phase species concentrations in the region 4 turned out to be larger even than maximal values in Ny-
Alesund: by a factor of 1.6 for HNOs and by more than a factor of 6 for HCI and SO.. However, this
comparison is not quite correct because of the difference in sampling techniques. It is more unambiguous to
perform comparison with data for the Lake Baikal, where the same methods and instruments were used
for measurements. The average concentrations in the Lake Baikal during different periods of time vary
from 0.6 to 4.8 pg'm™ for SO, from 0 to 0.07 pg'm™ for HNO3, and are about 0.8 pug'm= for NHs.
That is, the average SO., HNOs, and NHs concentrations in the region A are comparable with data in
background continental region.

This, of course, leaves the question as to why gas phase species in region A have elevated content and
needs a confirmation (which is also true for other characteristics). We hope that measurements in new
Arctic expedition NABOS-2015 (August-September 2015) along an analogous route will help to
clarify the question.

In addition to individual analysis of content of gas phase species, we also considered their joint
variations with concentration of sum of ions. Interrelation between summed concentrations of gas phase
species and ions (with correlation coefficient of 0.68) manifested on the route of RV Akademik
Fedorov. Over Far East seas (RV Professor Khljustin), the SO, concentrations well correlate with the
concentrations of methanesulfonic acid (correlation coefficient of 0.77), probably because dimethyl
sulfide oxidizes to form SO». Moreover, there was a weak negative correlation between concentrations
of NHz and sum of gases HCI, SO,, and HNOs. These interrelations may indicate that chemical
processes flow between these components. However, the available information is still insufficient to
make firm conclusions.

5.4 Deposition of chemical substances to sea surface

The obtained results (see Table 6-8) were used to estimate the vertical deposition of water-soluble
substances to the sea surface. In the deposition calculations in Arctic zone (region A, East Siberian,
Chukchi, Bering Seas), we used the values, known from literature data: dry deposition velocity
geometric mean, equaling 1.9-10° m-s* for the open sea (Nilsson and Rannik, 2001); and deposition
velocity of particles, equaling 2-102 m-s™* for coastal regions (Duce et al., 1991; Shevchenko, 2006).
Table 9 presents deposition calculations for two groups of marine water basins: Arctic Seas and Far
East seas at temperate latitudes.

The deposition of substances, coming from the atmosphere together with different ions (under
heading lons in Table 9), were determined for the sum of Na, K, Mg, Ca, ClI, N, and S. Nitrogen was
recalculated in the sum of nitrates and ammonium ions, and sulfur was recalculated from sulphates.
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Deposition of trace elements (TE) were calculated for the sum of Al, Ti, V, Cr, Fe, Co, Ni, Cu, Zn, As,
Se, Mo, Cd, Sh, Pb, Ba, Be, B, Li, Mn, and Sr concentrations. In the calculation of substances,
supplied together with gas phase species (Gl), we took the sum of the CI, N, and S concentrations,
calculated from gaseous species HCl, HNOs, NHs, and SO respectively. In the calculations, we used
the maximal deposition velocities of gases over water surface for each of the gas phase species: 2.6-10°
2m-st for HNOs, 2.2-102 m-s* for NHs, 2.1-102 m-s™* for SO, (Zhang et al., 2003), and 1.3-10% m-s!
for HCI (Clark et al., 1984).

Use in the calculations of particle deposition velocities, differing by an order of magnitude (1.9-103
and 2:102 m-sY), naturally translates to an order of magnitude difference in deposition. In this regard,
when comparing the vertical deposition of substances, supplied together with aerosol substance and
gas phase species, we will use, as was conventional in a number of works (Duce et al., 1991,
Shevchenko, 2006), the aerosol particle deposition velocity of 2:102 m-s™*. From these data it follows
that, both in Arctic and Far East seas, maximal amount of substance is supplied to the surface together
with gas phase species. On the average, deposited ions accounted for about 24.7%, trace elements
accounted for 0.4%, and small gas phase species accounted for 74.9% of the total amount of substances
(lons+TE+GI), coming from the atmosphere. The maximal deposition of substances together with ions
was observed in the water basin of the Chukchi and Bering Seas (28 and 30%), and minimal deposition
was observed over the Japan Sea (16%). Among the ions, maximal contribution (66-83%) to substance
deposition comes from maritime component, i.e., Na and CIl. Depositions of substances, supplied
together with ions to the surface of the Arctic seas, are quite close to analogous data from the
monitoring station Primorskaya (2.11 mg-m day*) (EANET, 2011).

A different relationship is observed in the distribution of depositions of gas phase species in these
regions. Over the Arctic ocean (region A4), HCI accounts for about 16%, the sum (NH3+HNO3)
accounts for about 22%, and SO, accounts for 62%. Over Far East seas, the main contribution (up to
97%) to the substance deposition is due to CI.

In the total sum (lons+TE+GI), the average substance depositions over the Japan and Okhotsk Seas
are three times larger than over Arctic seas. As was already noted in sections 5.1-5.3, these regions
experience strong effect of continental sources of aerosol and gases. The substance depositions over
the Bering Sea occupy an intermediate position between Arctic seas and more southern seas.

For comparison purposes, we present estimates (Shevchenko, 2006), according to which the
average vertical aerosol deposition in Arctic is about 600 mg-m?2-year* (or 1.64 mg-m?.day') and
incorporates salt, terrigenous, and organic parts. The elemental composition of insoluble fraction is
reported by the author to be, on the average, 0.39 mg-m2.day?, i.e., % part. Hence, the remaining part
(1.25 mg-m2 day?) is accounted for by salt and organic parts of aerosol. According to our estimates
(see Table 9), soluble-part depositions alone (lons + TE) are 2.2 mg-m day™, almost a factor of two
larger. The discrepancy seems to be because the method for deposition estimation (Shevchenko, 2006)
used a number of model assumptions. Our calculations are based on real measurements, but they
characterize just a separate period and region of measurements; therefore, they may differ from
average depositions for entire Arctic.

We considered separately the vertical depositions of sulfur and nitrogen, deposited together with
aerosol substance (Saer, Naer) and gas phase species (Sgas, Ngas) (see Table 10). A tendency for
deposition intensity to decrease from south to north is apparent in delivery of sulfur together with
aerosol substance (Saer). Other components of sulfur and nitrogen depositions (Naer, Sgas, Ngas) keep
latitudinal decrease in north direction only as far as East Siberian Sea, and over Arctic ocean (4) they
sharply increase (by more than an order of magnitude). This jump is a consequence of anomalously
high NH4", SO2, and NHs concentrations (see 5.1 and 5.3) in high-latitude region A, which are not
explained yet.

Using available literature data, we performed a comparison with vertical sulfur and nitrogen
depositions in the northeastern part of the Atlantic Ocean near Bermuda (Sievering et al., 1989) and
with data from continental region, i.e., from Primorskaya monitoring station (EANET, 2011). The
comparison showed that the deposition of the summed sulfur (Saert+Sgas) in the area of Bermuda (0.43-
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0.52 mg-m2 day?) satisfactorily agrees with our data for Bering and Okhotsk Seas. The average
intensities of deposition of sulfur (0.68 mg-m day™) and nitrogen (0.37 mg-m day) at Primorskaya
station are close to our data for Far East seas at midlatitudes.

The intensity of nitrogen deposition in soluble aerosol fraction (Naer) was compared with data,
obtained by Jung et al. (2013) in the subarctic western North Pacific Ocean (0.25 mg-m= day™?). This
value is comparable with Nger deposition in the high-latitude Arctic (region A), but is several-fold
larger than over Far East seas.

We conclude by noting once again that these results rely on a small number of samples
collected for separate regions, and reflect the chemical composition of the aerosol atmosphere in
specific periods of measurements. Therefore, these characteristics are estimative in character and need
a confirmation and further interpretation.

6 Conclusions

In summer 2013, we carried out the integrated studies of the atmospheric aerosol in two cruises
of RV “Akademik Fedorov” and RV “Professor Khljustin”, the routes of which covered the most part
of the Northern Sea Route from the Barents to Japan Sea. The data obtained were used to analyze the
optical and microphysical characteristics and chemical composition of aerosol of the Arctic Ocean and
Far East seas. It should be noted that the results and regularities, discussed here, are estimative in
character because of high spatiotemporal variations of atmospheric aerosol for relatively short periods
of observations in separate regions. Like in other marine expeditions, the aerosol characteristics were
determined by the specific features of hydrometeorological conditions in measurement periods, to
some or another degree. At the same time, we underline the importance of acquiring the new
information on specific features of physical-chemical aerosol composition in hard-to-reach and poorly
studied regions of the planet.

The studies performed make it possible to draw the following main conclusions.

(a) The atmospheric AOD in Siberian sector of Arctic and in the subpolar Bering Sea was
characterized by small and nearly identical values: the average AOD values at the wavelength of
0.5 um were 0.03; in particular, the finely dispersed component was 0.021, and the coarsely dispersed
component was 0.009. For a comparison, we note that AOD values over Arctic seas turned out to be 5
times smaller than in background midlatitude regions, and a factor of 1.5-2 smaller than in the region
of Spitsbergen in this same time period. The growth in the southern direction is manifested in the
spatial distribution of aerosol turbidity of the atmosphere over Far East seas. The AOD characteristics
over the Bering Sea are almost the same as in Arctic; and AOD over the Japan Sea increases by more
than a factor of 5 in the visible spectral range and by up to a factor of 3 in IR range.

(b) The average boundary layer height (HgL), measured by ship-based lidar in cruise of RV
“Professor Khljustin”, was 520 m; and the maximal boundary layer height (near the Arctic port of
Pevek) was 1200 m. In the latitudinal distribution, the height Hg. first decreased, and then increased
northward of 55°N. The elevated values of the height HgL at subarctic latitudes seem to be due to
increased effect of continent (Chukchi Peninsula) and predominating winds from the direction of the
land. (The HeL values are generally lower when air masses are carried from the direction of ocean.)

(c) The local measurements of disperse composition of aerosol and concentration of black
carbon in the near-ground layer showed their high variability even in the clean atmosphere of Arctic.
Nonetheless, on the average, the aerosol and black carbon contents can be traced to decrease in the
northeastern direction along the route of RV “Akademik Fedorov”. The largest average concentrations
were observed in the southern part of the Barents Sea: Na = 6.5 cm™; Ma = 1290 ng-m™3; and Mac =
140 ng-m3. As the separation from the Kola Peninsula grew, the aerosol number and mass
concentrations decreased on the average by 10-30%, down to Na = 2.5-5.7 cm® and Ma = 830-
930 ng-m™. The differences in aerosol concentrations over other regions of the Arctic Ocean were
mainly determined by the specific character of hydrometeorological conditions, and not by the degree
of separation from the continent. A stronger and longer-term decrease (with increasing distance from
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Scandinavian Peninsula) was found for the mass concentration of black carbon. The average Mzc value
decreased by a factor of ~6 down to 22 ng-m= in the northern part of the route (region A).

(d) As expected, the range of the spatiotemporal variations in aerosol and black carbon
concentrations along the Far East route of RV “Professor Khljustin” (42°N —71°N) turned out to be
much wider: Na varied from 0.003 to 90.2 cm™; Ma varied from 1 to 13630 ng-m™; and Mgc varied
from 2 to 400 ng-m™. Averaging of aerosol parameters within four latitude zones, corresponding to
separate seas, made it possible to identify the tendency toward their latitudinal decrease from south to
north. The aerosol number concentration decreased from 23.7 cm™ over the Japan Sea to 2.5 cm™ over
the Chukchi Sea (by about a factor of 9), the black carbon mass concentration decreased from 150 to
50 ng-m™ (by about a factor 3), and the aerosol mass concentration decreased by almost a factor of 4.

The obtained results indicate that the number concentrations of fine and coarse aerosols show
opposite latitudinal variations; as a consequence, the relative contribution of coarsely dispersed
fraction in Arctic zone increased by a factor of 4.5. This was favored not only by weakening of
outflows of small-sized continental aerosol, but also by increase in generation of large-sized maritime
aerosol under the influence of strong wind and sea roughness at high latitudes. It is shown that, with
respect to relative contents of two aerosol fractions, we can quite distinctly single out two zones:
midlatitudes (southward of 64°N) where fine aerosol predominates and the mean ratio (Nc/Nf)= 10
and Arctic latitudes where the role of large particles increases and the ratio (N¢/ Nt ) grows to 4.5-1072,

Based on analysis of aerosol number concentrations and meteorological parameters for the
entire period of measurements, we obtained regression model (5), which reflects the linear dependence
of Na on wind speed, air temperature, and rainfall amount. Good agreement between the actual and
model-calculated Na values is observed in the following range of meteorological conditions: wind
speed 0.5< WS <10 m/s, air temperature -2.5 < T <16 C, and rainfall 0< RF <44 mm/hr.

(e) Based on results of the chemical analysis of samples, collected in cruises of RV Akademik
Fedorov and Professor Khljustin, we determined the average contents of ions and water-soluble
elements in aerosol. The sodium ions and chloride ions predominated in aerosol composition
throughout the route. Data averaging over three larger water basins (the Arctic Ocean and northern and
southern Far East seas) showed that the average concentrations of most ions increase in the southern
direction. As a result, the summed concentration of ions, as compared to the Arctic Ocean, increased
by 73% over the Bering and Chukchi seas and by a factor of 2.5 at midlatitudes.

The concentrations of water-soluble elements in aerosol composition varied from several tens to
several thousandths. Despite certain differences, the concentrations of elements over the Arctic Ocean
and Far East seas are grouped in the same way. Members in the first high-concentration group are
metals: Zn, Cu, Al, Fe, Ba, Mn, and Sr. Their percentage was 93.7% of the sum of all microelements
in the region A and 94.4% over Far East seas. The second group included Ni, Cd, Cr, Se, Pb, and V
(5.4 and 5.2% of the total composition). The third group was represented by Mo, Ti, Co, Sh, Li, As,
and Be (0.9 and 0.3% of the total composition). The average percentage of elements in the total sum of
soluble components increases in the southern direction from 1.4% in region A to 1.9% in the Japan Sea
(except in the Bering Sea, where the average percentage of elements had been 0.8%). With respect to
intensity of enrichment of aerosol particles by the elements Zn, Cu, Al, Fe, Mn, Cr, and Cd, the study
regions can be lined up in the following order: Okhotsk Sea, Arctic Ocean, Chukchi Sea, Japan Sea,
Bering Sea, and East Siberian Sea.

We determined the average content of small gas phase species (HCI, HNO3s, SOz, NH3) in the
atmosphere for separate seas on the Northern Sea Route. From comparison with data of cruises of RV
Akademik Fedorov and Professor Khljustin it follows that the concentration of gaseous HCI is several-
fold higher, and the concentrations of SO, and NH3z are several-fold lower, over Far East seas.
Analysis of variations in the content of small gas phase species and variations in the sum of ions over
the Arctic ocean showed the presence of their interrelation with the correlation coeffcient of 0.68. The
variations in the SO, and MSA concentrations over Far East seas are found to be closely interrelated,
with correlation coeffcient of 0.77, possibly indicating that DMS was oxidized to give SO..

The vertical depositions of water-soluble substances to marine surface are estimated. On the average,
deposited ions accounted for about 24.7%, trace elements accounted for 0.4%, and small gas phase
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species accounted for 74.9% of the total amount of substances (lons+TE+Gl), coming from the
atmosphere. The maximal depositions of substances together with ions were observed in water basin of
the Chukchi and Bering Seas (28 and 30%), and minimal depositions were observed over the Japan
Sea (16%). The largest contribution (66-83%) to the deposition of substances was made by the
maritime component, i.e., Na and Cl. Among the gaseous species in the Arctic Ocean (region A),
chlorine (HCI) accounts for about 16%, nitrogen (NHs+HNO3) accounts for about 22%, and sulfur
(SO2) accounts for 62%. Over Far East seas, up to 97 % of deposition of substances were accounted
for by CI.
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Table 1. Brief characteristics of instruments in aerosol complex.

Instruments Main characteristics
RV “Akademik Fedorov” RV “Professor Khljustin”
SPM sun AOD and water vapor content of the atmosphere with uncertainties of 0.01-0.02
photometers and 0.1 g/cm?, respectively. Field of view angle is 1.5-2.5°. Passband maxima of

Particle counters

Aethalometers
(Kozlov et al., 2008)
The vacuum
diaphragm pump
HBM 1.2

One frequency
polarization lidar
(Bukin et al., 2007;
Shmirko et al., 2010)

Automated
meteorological
complex AMK-03
(http://meteosap.ru)

filters are at:

381, 373, 405, 500, 550, 673, 775, 870,
933, 1045, 1249, 2132 nm

341, 367, 439, 501, 547, 676, 777,
871, 938, 1044, 1553, 2136 nm

GRIMM 1.108.

Particle number and mass concentrations
in 15 size ranges from 0.3 to 20 um: 0.3-

0.4; 0.4-0.5; 0.5-0.65; 0.65-0.8; 0.8-1.0;

1.0-1.6; 1.6-2.0; 2.0-3.0; 3.0-4.0; 4.0-5.0;

5.0-7.5; 7.5-10; 10-15; 15-20 um.
Tolerance Ranges: count correlation at

1 um + 5%; relative mass deviation + 5%

to reference unit.

AZ-10.
Particle number and mass
concentrations in 6 diameter ranges
from 0.3 to 10 um: 0.3-0.4; 0.4-0.5;
0.5-1.0; 1.0-2.0; 2.0-5.0; 5.0-10 um.
Tolerance Ranges: + 30%.

Mass concentration of Black Carbon in particles of submicron range.

Sensitivity is 10 ng-m,

Bleeding the air at a speed of 0.02 m®min™*

S- and p- polarization of backscattered
signal was recorded with spatial
resolution of 1.5 m along laser beam.
Maximal height of sounding was
about 4000 m at daytime and about
5000 m at nighttime. Temporal
resolution of recorded profiles was
approximately 7 seconds.
Meteorological parameters:

air temperature (T); relative humidity
of air (RH); atmospheric pressure (P);
horizontal wind speed (WS) and wind
direction; vertical wind speed (w).




Table 2. Geographic positions of regions and periods of sun photometer measurements.

Area Geographic characteristic Latitude Longitude Time
no.
1  Coastal station Barentsburg (Spitsbergen 78°N 14°E Aug. 21-Sep. 7
archipelago)
2 Northeastern margin of Kara Sea 82°N 98°E Sep. 14
3  Coastal station Polyarka (Tiksi) — coast of Laptev 72°N 129°E  Aug. 26-Sep. 21
Sea
4 Northeastern margin of Laptev Sea 80°N 150°E Sep. 2
5 De Long Strait — Chukchi Sea 69°N 179°W Aug. 13
6  Bering Sea (along coasts of Russia) 60°N 170°E  Sep. 4, Sep. 26-
28
7 Near Pacific coast of Kamchatka 52°N 159°E  Jul. 31, Sep. 1-3
8  Coastal station Vladivostok — coast of Japan Sea 43°N 132°E Jul. 27-Sep. 6
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Table 3. Average characteristics of AOD and water vapor content in Arctic and Far East seas (the

geographic positions of regions 1-8 are presented in Fig. 1 and in Table 2).

Characteristics

Acrctic regions

Far East Seas

1 2 3 4 5 <2-5> 6 l 8

2, 0.078 0.041 0.056 0.031 0.044 0.043 0.043 0.096 0.242
e 0.053 0.029 0.038 0.026 0.028 0.030 0.033 0.058 0.186
247 0.030 0.016 0.015 0.019 0.014 0.016 0.023 0.034 0.101
2, 0.023 0.013 - 0.014 0.009 0.012 0.016 0.022 0.044
o 106 117 172 052 1.26 - 0.67 0.85 1.04
B 0.026 0.013 0.011 0.018 0.012 - 0.021  0.031  0.089
Tos 0.030 0.020 0.033 0.012 0.020 0.021 0.018 0.037 0.142
¢ 0.023 0.011 0.006 0.012 0.008 0.009 0.015 0.022 0.044
W 111 074 092 087 061 0.79 0.80 1.03 2.83

Table 4. Statistical characteristics of near-water aerosol in Arctic seas: numerator indicates mean and
standard deviation (+ SD); and denominator indicates the minimum (min) and maximum (max) values

and the number of days of measurements (n).

Na, cm? Ma, ng'm™ Magc, ng-m™
Region and period of measurements mean + SD mean + SD mean + SD
min-max (n) min-max (n) min-max (n)
K oparenis Seanear Ko Pepinsla cOsls 6500177 1200:70 1404100
' ’ 5.39-8.56 (3) 1260-1360 (3) 80-250 (3)
Fedorov™)
B. Barents Sea (71-81°N, 21-23 Aug. and 19- 5.55+1.08 930+230 60+20
21 Sept., RV “Akademik Fedorov” 4.83-7.44 (5) 710-1250 (5) 30-80 (6)
A. Arctic Ocean (77-84°N, Aug. 24 -Sep. 18, 5.76+2.92 880+540 20+£10
RV “Akademik Fedorov”) 2.02-11.9 (25)  230-2610 (25) 10-50 (26)
F. Chukchi and East Siberian Seas (69-71°N, 2.5+1.5 830+680 50+20
Aug. 9-24, RV “Professor Khljustin®) 0.260-4.30 (14)  670-2320 (14) 20-90 (15)

Table 5. Statistical characteristics of aerosol in Far East seas: numerator indicates mean and standard
deviation (£ SD); and denominator indicates the minimum (min), maximum (max) values and the

number of measurement days (n).

Area Na, cm’ Ma, ng'm™ Mgc, ng-m™
Japan Sea, 42-46.5°N 23.6+15.1 2970+2380 150+100
9.66-57.9 (8) 840- 6870 (8) 50-310 (6)
Okhotsk Sea, 46.5-52°N 9.44+10.2 1310+2220 100+100
0.687-25.5 (8) 40-6570 (8) 30-310 (8)
Berlng Sea, 52_670N 36:‘:41 7502|:760 60:|: 30
0.117-15.9 (18) 10-2640 (18) 10-100 (18)
Chukchi and East Siberian Seas, 67-71°N 2.5+1.5 830+680 50+20
0.260-4.30 (14) 670-2320 (14) 20-100(15)




Table 6. Average characteristics of ion composition of atmospheric aerosol on the route of RV
Akademik Fedorov and Professor Khljustin (numerator indicates the average ion content in ug-m= and
standard deviations; denominator indicates the average values on the forward and backward routes, n
is the number of samples; and Yions is the summed ion content).

lons Ared
Region 4, East Siberian Chukchi Sea, Beringsea, Okhotsk Sea, Japan Sea,
(n=14) Sea, (n=1/1) (n =6/2) (n =3/4) (n=3/2) (n=4/1)
\ 0.27:0.13  0.62£0.98  0.6240.62  1.00+1.66  0.65:0.40
N e e
a 0342024 5181038  029/1.58 0380080  0.34/1.99  0.49/1.30
. 0.02£0.02  001£0.02  0.05:0.01
NH 0.00 0.00
¢ 013007 0.01/0.02  002/000  0.05/0.04
K oomoos Q185011 008:011  026:041  0.28:043  0.48:0.20
0440 0.10/026  004/019 006041 039011  0.45/0.61
\ 0.02+0.01  0.07£0.11  0.06£0.05  0.13£024  0.05:0.02
M 2 + Y VULV VL
g 0.03+0.02 5021003 003018 0040008 003028  0.050.07
\ 0.04:0.01  0.05:0.06  0.07+0.06  0.10£0.10  0.12+0.05
Ca? N 0.04=0.01
0044002 5030053 0030010 0030010 010011  0.13/0.10
OF  oegiozs 0488025 0.80:091  100+114  163:257  L10:0.67
-0610. 0.31/0.66  053/1.60  0.66/141  058/321  0.82/2.23
B 00m00r Q001200  0002:0.004 0.002+0.002 0.005:0.010 0.004+0.004
D091 6.001/0.009  0.001/0.006 0.001/0.003 0.001/0.011 0.004/0.003
_ 0.001  0005+0.010 0.01140.020 0.005:0.011 0.110-+0.085
NOs' 0038004 (50100 000700 000019  00/0.013  0.103/0.140
_ 0.069:0.003  0.25:0.35  0.84+0.89  0.42+047  0.58+0.21
SO 1140,07 2:009x0.003
« OIR007 00680071 013060 0347122 029061  0.66/0.28
s jagigos 06052 188+250  297:1.06 3584507  3.4+1.00
3940, 0.72/1.45  1.06/426  152/406  1.75/6.33  2.75/4.67




Table 7. Average values (+ SD) of concentrations [ng-m™] of water-soluble elements in aerosol along
the route of RV Akademik Fedorov and Professor Khlyustin (July-September, 2013).

Area
Element Arctic ocean East Siberian Chukchi Sea  Bering Sea  Okhotsk Sea  Japan Sea
(A) Sea

Fe 6.06+4.22 0.55+0.061 2.1+1.5 2.0+1.0 2.6+3.1 6.1£5.0
Zn 8.71+4.81 10.3+£5.8 20.3+13.7 11.0+£2.1 35.5+31.4 36.1+11.6
Al 0.70+1.33 0.29+0.032 1.6+£2.3 5.1£7.2 5.6+6.7 2.2+0.8
Cu 1.08+0.72 3.0+1.6 2.9+1.1 3.9+2.1 5.245.2 8.1+3.1
Sr 0.65+0.38 1.06+0.72 0.61+0.74 0.64+0.54 1.10+1.29 1.03+0.31
Mn . 0.20+0.18 1.19+1.04 0.11£0.16 1.40+1.99 1.51+1.71
Ba 0.99+0.44 1.05+0.076 1.0£0.4 1.0+0.3 0.97+0.50 2.1+0.3
Ni 0.27+0.25 0.21+0.08 0.62+1.13 0.32+0.35 0.41+0.51 0.98+0.46
Cd 0.36+0.19  0.050+0.030  0.074+0.029  0.14+0.21 0.09£0.05 0.11£0.06
Cr 0.100+0.074 0.031+0.031 0.078+0.076 0.37+0.41 0.14+0.13 0.24+0.06
Se 0.141+0.068  0.23+0.07 0.10£0.13  0.050+0.078  0.06+0.08 0.22+0.14
Pb 0.086+0.038 0.16+£0.03 0.224+0.06 0.25+0.16 0.28+0.23 0.41+0.12
\Y/ 0.024+0.010 0.15+£0.03 1.22+2.84 0.093+0.069 0.16+0.17 0.74+0.67
Mo  0.04740.019 0.024+0.010 0.023+0.014 0.016+0.016 0.023+0.024  0.039+0.025
Ti 0.064+0.189 0.00 0.009+0.023  0.003+0.007 0.00 0.026+0.036
Co 0.003+£0.013 0.007+0.010  0.005+£0.010  0.002+0.006  0.007+0.010  0.015+0.011
Sb 0.126+0.438 0.014+0.001 0.023+£0.016 0.013£0.004 0.046+0.048  0.065+0.049
Li 0.00494+0.0079 0.044+0.041 0.049+0.053  0.023+0.022  0.040+0.040 0.077+0.037
As  0.0057+0.0042 0.014+0.013 0.012+0.017 0.005+0.012  0.023+0.042  0.034+0.035
Be 0.00 0.0012+0.0021 0.0002+0.0005 0.0001+0.0002 0.0002+0.0004 0.0002-+0.0003
ZTE 19.42 17.39 32.13 25.04 53.65 60.10
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Table 8. The average concentrations of gas phase species in the atmosphere [ug'm=] on the route of
RV Akademik Fedorov and Professor Khljustin (numerator indicates the total average in the region and
standard deviations; denominator indicates the average in the forward and backward directions).

Area HCI HNO3 SO, NH3
Arctic ocean (4) 0.91+0.46 0.46+0.16 4.31+2.55 0.73+0.28
- 4.842.9 0.06:£0.00 0.0740.08
East Siberian Sea 2.7/6.8 0.00 0.06/0,06 0.01/0.13
. 5.843.5 0.1340.14 0.120.09
Chukehi Sea 6,3/4.6 0.00 0.11/0.20 0.09/0.21
Bering Sea 9.5:6.5 0.1120.19 0.1540.15 0.0420.02
15.7/4.8 0.26/0.00 0.26/0.07 0.03/0.04
Okhotsk Sea 16.3+11.7 0.40-0.36 0.45:039 0.0420.02
24.7/3.6 0.66/0.00 0,70/0.09 0,05/0.04
Japan Sea 20.9:12.4 0.45:0.44 0.66:037 0.05:0.03
24.5/6.4 0.56/0.01 0.81/0.05 0.05/0.03

Table 9. Diurnally average vertical fluxes of water-soluble substances together with aerosol and gas
phase species [mg-m™ day] according to data of measurements in Arctic and Far East seas (RV

Akademik Fedorov and RV Professor Khljustin).

Deposition velocity

Area 1.9-103ms* 2.0-102ms*
lons TE lons Gl
Acrctic seas
Arctic ocean (region A) 0.21 0.003 2.17 0.034 6.28
East Siberian Sea 0.17 0.003 1.75 0.030 541
Chukchi Sea 0.28 0.005 2.94 0.056 6.64
Far East seas (midlatitudes)
Bering Sea - - 4.14 0.043 10.64
Okhotsk Sea - - 5.68 0.093 18.48
Japan Sea - - 4.59 0.104 23.74

Table 10. Diurnally average vertical fluxes of sulfur and nitrogen together with aerosol and gas phase
species [mg-m2-day] according to data of measurements in Arctic and Far East seas (RV Akademik

Fedorov and Professor Khljustin).

Saer N aer Sgas

Ngas

Area (8042') (NHe+NOs)  (SO2)  (NHa+HNOg) SaertSgas  NaertNgas
Acrctic seas
Arctic ocean (region A) 0.06 0.19 3.91 1.37 3.97 1.56
East Siberian Sea 0.04 0.00 0.05 0.11 0.09 0.11
Chukchi Sea 0.14 0.002 0.12 0.19 0.26 0.192
Far East seas (midlatitudes)
Bering Sea 0.48 0.03 0.14 0.12 0.62 0.15
Okhotsk Sea 0.24 0.02 0.41 0.26 0.65 0.28
Japan Sea 0.33 0.11 0.60 0.30 0.99 0.41
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Figure captions

Figure 1. Map of the routes of Arctic cruises of RV “Akademik Fedorov” and “Professor Khljustin™:
numbers indicate the regions where AOD values were calculated; letters and ovals indicate the sections
of the routes within which the aerosol microphysical parameters were determined.

Figure 2. Average spectral dependences of AOD in the regions of (a) Arctic and (b) Far East seas
(symbols <2,3,4,5> indicate the average AOD values for the Arctic regions 2-5).

Figure 3. (a) The time behavior and (b) the latitudinal dependence of height Hgy, calculated according
to data of ship-based measurements (blue circles), CALIPSO satellite (red asterisks), and ECMWF
reanalysis (black line with rectangles). Solid lines show polynomial fits of the latitudinal dependence
of HgL.

Figure 4. Trajectories of of air mass motion: red color is for the third day of motion of air masses,
green color is for the second day, and blue color is for the first day.

Figure 5. The average volume distributions of aerosol particles dV/dr in the regions K, B, A, and F as
compared to analogous data in the White and Kara Seas, in Tiksi, and Barensburg (Sakerin et al.,
2012).

Figure 6. Time behaviors of the parameters Na, Ma, and Mgc on the route of RV “Professor Khljustin”
(circles indicate the average values of the parameters in water basins of separate seas).

Figure 7. The average volume distributions of aerosol particles over the Japan and Okhotsk Seas,
obtained on the forward and backward routes of RV “Professor Khljustin”.

Figure 8. Latitudinal distribution of parameters Na, Ma, and Mgc in Far East seas: asterisks indicate
the linear regression, and thick lines indicate the average values within separate latitude zones.

Figure 9. Time behaviors of the (a) number concentrations of submicron N¢ and (b) coarsely dispersed
N aerosol fractions; (c) the volume particle size distributions dV/dr; (d) the wind speed (black) and the
relative air humidity (blue); (e) the along-trajectory rainfall amount; and (f) the fraction of trajectories
passing over land.

Figure 10. The measured and model (calculated) values of the aerosol number concentration.

Figure 11. The scatter diagrams of number concentrations of submicron Nf and coarsely dispersed Nc
aerosol at middle (red) and high (blue) latitudes.

Figure 12. Average ion content in aerosol over Arctic and Far East seas.

Figure 13. Average concentrations of elements in aerosol composition over Arctic and Far East seas.
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Figure 1. Map of the routes of Arctic cruises of RV “Akademik Fedorov” and “Professor Khljustin™:
numbers indicate the regions where AOD values were calculated; letters and ovals indicate the sections
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Figure 2. Average spectral dependences of AOD in the regions of (a) Arctic and (b) Far East seas
(symbols <2,3,4,5> indicate the average AOD values for the Arctic regions 2-5).
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Figure 4. Trajectories of air mass motion: red color is for the third day of motion of air masses, green
color is for the second day, and blue color is for the first day.
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Figure 6. Time behaviors of the parameters Na, Ma, and Mgc on the route of RV “Professor Khljustin”
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(circles indicate the average values of the parameters in water basins of separate seas).
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Figure 7. The average volume distributions of aerosol particles over the Japan and Okhotsk Seas,
obtained on the forward and backward routes of RV “Professor Khljustin”.
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Figure 8. Latitudinal distribution of parameters Na, Ma, and Mac in Far East seas: asterisks indicate
the linear regression, and thick lines indicate the average values within separate latitude zones.
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Figure 9. Time behaviors of the (a) number concentrations of submicron N¢ and (b) coarsely dispersed
N aerosol fractions; (c) the volume particle size distributions dV/dr; (d) the wind speed (black) and the
relative air humidity (blue); (e) the along-trajectory rainfall amount; and (f) the fraction of trajectories
passing over land.
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Figure 10. The measured and model (calculated) values of the aerosol number concentration.
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Figure 11. The scatter diagrams of number concentrations of submicron Nf and coarsely dispersed Nc
aerosol at middle (red) and high (blue) latitudes.



B Arctic Ocean
[ Bering and Chukchi Sea
[ Japan and Okhotsk Sea

(Ju/ 3rl') nogenuou0)

Figure 12. Average ion content in aerosol over Arctic and Far East seas.
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Figure 13. Average concentrations of elements in aerosol composition over Arctic and Far East seas.



