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Abstract. The TROICA-9 expedition (Trans-Siberian Ob- away from Moscow, observed concentrations were low, even
servations Into the Chemistry of the Atmosphere) was carthough local particle sources, such as forest fires, occasion-
ried out at the Trans-Siberian railway between Moscow andally increased concentrations. During the measured forest
Vladivostok in October 2005. Measurements of aerosolfire episodes, most of the aerosol mass appeared to consist
physical and chemical properties were made from an obseref organic particulate matter. Concentrations of the biomass
vatory carriage connected to a passenger train. Black carboburning tracers levoglucosan, oxalate and potassium were el-
(BC) concentrations in fine particles (BM| aerodynamic di-  evated close to the forest fire areas observed by the MODIS
ameter<2.5um) were measured with an aethalometer usingsatellite. The polluted air masses from Asia seem to have
a five-minute time resolution. Concentrations of inorganic significant influences on the concentration levels of fine par-
ions and some organic compounds{CNO3, SOfl_, Na', ticles over south-eastern Russia.

NH,, K+, C&", Mg?", oxalate and methane sulphonate)
were measured continuously by using an on-line system with

a 15-min time resolution. In addition, particle volume size ]

distributions were determined for particles in the diameterl Introduction

range 3—850 nm using a 10-min time resolution. The contin-

uous measurements were completed with 24-hy Pfilter Atmospheric aerosol particles have significant influences on
samples stored in a refrigerator and analyzed later in a chenfRUr €nvironment and the quality of our life. In global and re-
ical laboratory. The analyses included the mass concentra@ional scales, aerosol particles have a potential to affect cli-
tions of PMps, ions, monosaccharide anhydrides (levoglu- mate and hydrological cycle (Ramanathan et al., 2001; Pen-

cosan, galactosan and mannosan) and trace elements (Aler etal., 2006; Yu et al., 2006). More locally, and especially
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, V and zn). The in polluted urban environments, aerosol particles deteriorate

mass concentrations of PM varied in the range of 4.3— Visibility and have adverse effects on human health (Watson,
34.8ugm-2 with an average of 21,69 m~3. Fine parti- 2002; Pope and Dockery, 2006). Better understanding of
cle mass consisted mainly of BC (average 27.6%)3{80 these aerosol effects requires detailed information on how

(13.0%), NH (4.1%) and NQ (1.4%). One of the major aerosol particles originating from different sources are dis-
constituents was obviously organic carbon which was not de {fiPuted in the atmosphere and how the chemical and physical

termined. The contribution of BC was high compared with properties of particles vary from location to location. Until
other studies made in Europe and Asia. High concentraOW: very little is known about the concentrations and chem-
tions of ions, BC and particle volume were observed betweer{c2! composition of aerosol particles over the Russian terri-
Moscow and roughly 4000 km east of it, as well as close totory. Such information would be of great interest for sev-
Vladivostok, primarily due to local anthropogenic sources. eral reasons. First, there are large urban areas and industrial

In the natural background area between 4000 and 7200 krPMPlexes in Russia with poorly known but potentially large
emissions of anthropogenic aerosol particles. Aerosol mea-

Correspondence to: K. Teinila surements downwind of such sources would be of great bene-
(kimmo.teinila@fmi.fi) fit for global aerosol modelers, as well as for people planning

Published by Copernicus Publications on behalf of the European Geosciences Union.



4794 S. Kuokka et al.: Aerosol chemistry between Moscow and Vladivostok

Particle Into Liquid Sampler (PILS), are applicable in mov-
ing measurement platforms and have real advantages over
more traditional sampling techniques.

n ,@{“}‘Q 2 Measurements
Moscow 5 Khabarovsk o )
Nizhniy"Novgorod . Trans-Siberian Railfoad  /~~_\ / 2.1 Description of the campaign
Pem.q , . k‘ The TROICA-9 expedition continued the series of
Yekaterinburg Chita Vladivostok . . )
e OFBK Novosibirsk Ulan Ude X Transcontlnentgl Observauons. Into th_e Chemistry .of
- rkutsk Atmosphere train-based campaigns having occurred since
' y Q L 1995 (e.g. Crutzen et al., 1998; Oberlander et al., 2002).
q P The expedition started on 4 October 2005, from Moscow
[ : - and reached Vladivostok on 10 October 2005. The journey
"N oo = 4 from Vladivostok back to Moscow started on 11 October
] ' ! and ended on 18 October. Figure 1 shows the course of the

Trans-Siberian railway from Moscow to Vladivostok over
Fig. 1. The route of the expedition from Moscow to Vladivostok the distance of 9200 km.
and back. An observatory carriage was coupled to a passenger train
just behind the electric locomotive, and it was equipped with
_ ) _ ) ) several instruments measuring aerosol particles and trace
air quality regulations in Rgssm. S_econd, most of the _Earth,sgases. The TROICA-9 expedition was the second campaign
boreal forests are located in Russia. A recent analysis baselﬂat had been carried out on the new laboratory carriage elab-
on long-term aerosol measurements demonstrated that bosaieq and manufactured at the Torzhok carriage plant in
real forests in Northern Europe produce large quantities OfRussia with a specific purpose of making atmospheric mea-
natural aerosol particles into the atmosphere (Tunved et al'surements. The Obukhov Institute of Atmospheric Physics

2006). Whether forests in Russia are capable of doing the, p,qgja had instruments for measuring meteorological pa-

same cannot be verified without detailed aerosol measur€z;aters and trace gas concentrations. A global positioning

ments there. Third, aerosol particles formed by agriculturaly, 1o (GPS) was used to determine the accurate location of
and fp_rest fires n Russia can, under spltable.meteorologlc he train. Events such as forest fires and observed settlements
cr(])ndltlrc:ns, deteriorate serr:qusly the air quality all the,zvai’(were marked on a diary. Aerosol chemical and physical mea-
through Europe and over high Arctic areas (e.g. Saarikoski,.ements were made by the Finnish Meteorological Institute

etal., 2007; Stohl etal., 2007). Aerosol measurements in the 4 niversity of Helsinki. Most of the measurements were
vicinity of these fire spots would be of great help in develop- made with a high temporal resolution.

ing operational systems by which such air pollution episodes
could be predicted in the future. 2.2 Instrumentation and chemical analyses

In this paper, we present results from aerosol measure-
ments conducted using a carriage mobile laboratory in arhe sample air for aerosol measurements was taken from the
moving passenger train in Russia. The measurement canroof of the carriage. We estimated that when the average train
paign lasted for two weeks, during which period we traveledspeed was 80 km/h and the bulk flow rate of the aerosol sam-
roughly a 10 000-km transect from Moscow to Vladivostok pling system was 38.4 | mirt, the sampling flow would be
and back. The measurements discussed here include fine partose to isokinetic with a 6 mm diameter tube. The aerosol
ticle mass and volume concentration and the chemical cominstruments were connected to an uninterruptible power sys-
position of fine particulate matter. Both on-line measurementtem (UPS) in order to avoid breaks in measurements.
techniques and more traditional filter-based sampling meth- The black carbon (BC) concentration was measured with a
ods were used. The main objective of this paper is to provide5-min time resolution using a dual-wavelength aethalometer
for the first time ever, experimental information on aerosol (model AE-42, Magee Scientific; Hansen et al., 1984) with a
chemistry over a relatively large geographical area in Russiaflow rate of 5Imirr. The aethalometer operates at 370 nm
In this regard, we will investigate how the BM concentra-  (UV channel) and 880 nm (IR channel) wavelengths, and it
tion and its chemical composition varied between urban, ru-was equipped with a cyclone removing particles larger than
ral and remote areas encountered during the trip, and how ow.5 um in aerodynamic diameter. The aethalometer collects
observations compare with similar measurements made eaparticles onto a quartz fiber filter and measures the attenu-
lier in Europe, Northern America and major Asian cities. We ation of light simultaneously for both wavelength channels.
will further illustrate that despite their complexity and asso- The method uses an inverse-lambda relationship in order to
ciated problems, rapid on-line chemical techniques, such ascale the UV channel data relative to the IR channel. The
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assumed absorption cross-section was 34.§Th for the 3um, type FS, Millipore). The fine particle filter was fol-
370nm channel, and 16.64g 1 for the 880 nm channel. lowed by a nylon backup filter (Pall, Nylasorb, pore size
The BC absorbs strongly in both IR and UV regions. In the 1.0um) in order to collect nitric acid evaporating from
near UV region also many aromatic organic species have aerosol particles on the upper filter. The VI used the same
strong absorbance. Such aromatics can be found, for exansampling line as the PILS system, so acidic gases and am-
ple, in wood smoke and in fresh diesel exhaust. monia were removed also from the sample air entering the
The ionic composition of aerosol particles was mea-VI. The total flow rate of the VI was 16.7 Imit. The sam-
sured using a Particle Into Liquid Sampler (PILS; Metrohm pling duration was 24 h. The PTFE filters were weighed be-
Peak Inc; Orsini et al., 2003) coupled with two ion chro- fore and after the sampling. After the sampling, the PTFE
matographs (IC) for direct on-line analysis of the collected samples were cut into four pieces and stored frozen &tG-20
sample. A virtual impactor (VI; Loo and Cork, 1988) was before chemical analyses.
used to remove patrticles larger than 218 in aerodynamic Anions and cations were analyzed from the PTFE filters
diameter from the sampled air. The major flow of the VI by using two Dionex DX500 ion chromatograph systems
(151 min~1), carrying only the fine fraction (particles smaller (Dionex, Sunnyvale, USA). One quarter of the filter was
than 2.5um) of aerosol particles with it, was fed into the used to extract collected particulate matter using a solution
PILS system. Annular denuders (URG) in series upstreantonsisting of 10% MeOH in deionized water (Milli-Q, Mil-
of the PILS were used to remove acidic gases and ammolipore Gradient A10). The anions were analyzed using a
nia from the sample air. Two denuders were coated usingtx250 mm AS-11 analytical column andk%0 mm AG-11
a KOH (1%) solution and one denuder was coated using ajuard column with chemical suppression (sulfuric acid) and
H3POy(3%) solution. Inside the PILS aerosol particles are NaOH eluent (gradient run from 0.3 to 16.7 mM, runtime
grown into droplets inside a cavity that contains water vapor.12 min). The cations were analyzed using>é2%0 mm CS-
After the cavity the droplets are impacted onto a collection12A analytical column, 50 mm CG-12A guard column,
plate. The impaction plate is washed off with a steady streamt mm CSRS-ULTRA Il suppressor and methanesulfonic acid
of transport liquid containing an internal standard (LiF) and eluent (isocratic run with 20 mM MSA, runtime 12 min). The
delivered into two sample loops (1020, one for anions  determined ions were the same as those determined by the
and the other for cations. The samples were analyzed simulPILS-IC system. The uncertainty of IC analysis from the fil-
taneously using two Dionex ICS-2000 ion chromatographsters was 5—-10% for all of the analyzed ions. Anions from the
(Dionex, Sunnyvale, USA). The anions were analyzed us-nylon backup filters were analyzed in a similar way as those
ing a 4x 250 mm AS-18 analytical column,d0 mm AG-18  from the PTFE filters.
guard column, 4 mm ASRS-ULTRA Il suppressor, CR-ATC  Three monosaccharide anhydrides (levoglucosan, galac-
anion trap column and potassium hydroxide eluent generatosan, mannosan) were determined from one quarter of the
tor. An isocratic run, having the hydroxide ion concentra- VI samples by using a liquid chromatograph mass spectrom-
tion of 39 mM and the eluent flow rate of 1.0mlmih was  eter (LC-MS; Agilent 1100 Series, Trap SL, Agilent Tech-
used for the anion analysis. The cations were analyzed usingologies, USA). The column used was Atlantis®dG um,
a 4x 250 mm CS12A analytical columnxs0mm CG-12A  2.1x 150 mm. The standards for quantitative chemical analy-
guard column, 4 mm CSRS-ULTRA Il suppressor, CR-CTC sis were prepared by dissolving known amounts of monosac-
cation trap column and methanesulphonic acid eluent generharide anhydrides with 50% tetrahydrofurane in deionized
ator An isocratic run with 20 mM MSA and eluent flow rate water. The VI samples were dissolved with 50% tetrahydro-
of 1.2mlImirm! was used for the cation analysis. Concen- furane in deionized water. The uncertainty of the LC-MS
trations of Ct, NO3, SO;~, Na*, NHJ, K+, C&*, Mg?*,  method for monosaccharide anhydrides was estimated to be
oxalate and methane sulphonate (MSA) were quantified witli20%. More details about the LC-MS analyses can be found
a time resolution of 15 min. The uncertainty of the IC anal- in Saarikoski et al. (2007).
ysis connected with the PILS has been estimated to be 5%, The trace elements were analyzed by using an inductively
even though higher uncertainties can be encountered close wupled plasma mass spectrometer (ICP-MS; Perkin Elmer
the detection limit. The level of noise in the baseline was Sciex Elan 6000, The Perkin-Elmer Corporation, Norwalk,
negligible in this instrumental set-up, so the limit of detec- USA) from one quarter of the VI samples. The aerosol sam-
tion was estimated to be 0.3 ngmilfor all the ions ana- ple was extracted with a HNHF mixture (3+1) (Jalkanen
lyzed. This is equivalent to the concentration of approxi- et al., 1996). Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb,
mately 0.005.g m~2 in the air. V and Zn were analyzed by the ICP-MS. The uncertainty of
A VI identical to that used in connection with the PILS the ICP-MS analyses was of the order of 25% for Cr, Cu and
was used to collect samples for gravimetric and chemicalNi, 30% for Zn, 35% for Fe and 20% for all the other trace
analysis. The VI divides the sample air into fine (aerody- elements.
namic particle diameter P<2.5um) and coarse fractions Particle number size distributions were measured with a
(2.5um<D,<8um). The particles were collected on poly- twin differential mobility particle sizer (DMPS; Winkimayr
tetrafluoroethylene (PTFE) filters (diameter 47 mm, pore sizeet al., 1991). The DMPS measured the number of particles
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Table 1. The concentrations of iong.§g m=3) in PMa 5 of the VI (virtual impactor) samples. The largest value of each ion is marked in

bold.

Sampling time

Sampling time

Distance from

UTC start UTC end Moscow [km] CI  NOZ S~ Ox*~ Na+ NHf KT Mgt ca&t
05/10/2005 13:16  06/10/2005 10:02  1761-3268 0.108 0.430 1.802 0.116 0.079 0534 0.391 0.019 0.051
06/10/2005 16:15  07/10/2005 13:26  3287—4561 0.058 0.180 0988 0.082 0.061 0.259 0.175 0.012 0.089
07/10/2005 16:22  08/10/2005 11:11  4751-5884 0.069 0.196 1.480 0.082 0.109 0.417 0.193 0.010 0.068
08/10/2005 12:05  09/10/2005 09:15  5926-7064 0.030 0.423 0945 0.159 0.039 0.461 0.111 0.007 0.049
09/10/2005 09:20  10/10/2005 09:07 7064-8476 0.123 0.563 0.952 0.133 0.058 0.281 0.468 0.013 0.111
10/10/2005 09:14  10/10/2005 22:05 8476-9242 0.051 0250 1.870 0.159 0.083 0577 0.332 0.014 0.080
11/10/2005 09:30  12/10/2005 09:00  7818-9230 0.051 0520.719 0.290 0.146 3.352 0.777 0.067 0.132
12/10/2005 09:51  13/10/2005 07:39  6538—7800 0.003 0.103 4.085 0.092 0.035 1.325 0.233 0.015 0.029
13/10/2005 07:46  14/10/2005 08:19  5136-6538 0.016 0.022 0552 0.011 0.028 0.176 0.016 0.004 0.024
14/10/2005 08:25  15/10/2005 14:38  3286-5136 0.081 0.144 0.886 0.025 0.040 0.281 0.066 0.006 0.039
15/10/2005 22:24  16/10/2005 10:18  2376-3286 0.029 0.304 3.825 0.137 0.067 1.262 0.326 0.011 0.028
16/10/2005 10:31  17/10/2005 09:20 9512376 0.088 0523 4.617 0.213 0.106 1557 0.496 0.023 0.063
17/10/2005 09:28  18/10/2005 00:01  0-940 0.033 0509 4.292 0.235 0.100 1.298 0.680 0.009 0.062

in 50 (+2 zero) partially overlapping voltage channels (for as high temporary concentration levels in the measurements.
more detailed description of the DMPS used here, see Vartiin this paper, we concentrate on the Pdvaerosol fraction.
ainen et al., 2007). The DMPS raw data were converted into

number size distributions which were further converted into3.1  Back trajectories and meteorological conditions during
volume size distributions. By integrating the volume distri- the expedition

bution between 3 and 950 nm (electrical mobility diameter of

a particle), the total volume concentration of particles for this |y order to get some idea on the potential source areas
size range was obtained with a ten-minute time resolution. of measured aerosol particles during the journey, 96-h air
mass back trajectories were calculated for the arrival heights
of 100 and 500m above the ground level by using the

. . N HYSPLIT-4 model, developed by NOAA/ARL (Draxler and
The laboratory carriage was equipped with instruments forHeSS 1998). The HYSPLIT-4 is a single particle lagrangian
measuring meteorological variables (temperature, air pres; y

sure, humidity, solar radiation) as well as concentrations Oftrajectory dispersion model. The model runs were made us-
' ' ing the Global FNL meteorological archive with a spatial res-
gaseous compounds §ONO, NO,, CO, CQ, SO, CHy, 9 9 P

NMHC). M ¢ | de for the wind dolution of 190x 190 km. The trajectories were calculated ev-
. ) easurements were aiso made for the wind spee ery 6 h, such that the location of the arriving air mass at each
wind direction, vertical wind speed and for the concentra-

. . 3 time corresponded to the location of the train at the same
tions of 0f222Rn and its decay product§'€Po,?14Pb,214Bi). : P

. . S me.
The date and time, distance in kilometers from Moscow, lat-

itude, longitude, altitude, as well as the speed and course otfh Accord:ng tc_: the trajectory gr;faly3|st,bthte sourtche et\reats of
the train were recorded during the journey using a GPS. € sampled air masses were dirierent between the two tran-
sects (from Moscow to Vladivostok and from Vladivostok to

Moscow) (Fig. 2). In the middle of the route the air came
mainly from the south-west direction (direction of Kaza-
khstan) on the way to Vladivostok and from the northern side
The concentrations of measured chemical components i®f Mongolia on the way back to Moscow. Near Vladivostok
aerosol particles varied largely during the journey. Thisthe measured air masses came from west (mid-Siberia) on the
was expected, since the railway route included remarkablyvay to Vladivostok, whereas on the way back to Moscow
polluted regions from Moscow to Yekaterinburg and from the air came from south (China). No major differences in
Khabarovsk to Vladivostok (Fig. 1). In these areas theair mass transport areas between the trajectories arriving at
main aerosol sources are energy production, process indug00 m and 500 m heights were observed, so in the following
try and traffic. The railway route went also through sparsely-we use solely the trajectories arriving at the 100 m height.
populated regions in mid-Siberia between Novosibirsk and The average ambient temperature varied between —5.5 and
Chita (Fig. 1). In this natural background area, there were22.3C and relative humidity between 24 and 100% dur-
major local sources due to forest fires, which could be seering the expedition. The air pressure varied in the range

2.3 Other data

3 Results and discussion
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Table 2. The concentrations of total particulate mass, levoglucosan, mannosan and galacgasar in PM 5 of the VI (virtual impactor)
samples, the average concentration of BC (black carbon) in IR (infrared) and UV (ultraviolet) channels, and Jotaid@ntration from
the PTFE (teflon) and nylon filters. The largest value of each component is marked in bold.

Sampling time Sampling time Distance from BC BC PTFE+nylon
UTC start UTC end Moscow [km] Mass (IR (uv Galacto Manno Levogl NO
channel) channel) san san ucosan
05/10/2005 13:16  06/10/2005 10:02 1761-3268 2424 6.15 6.49 0.039 0.011 0.204 1.00
06/10/2005 16:15 07/10/2005 13:26  3287-4561 20.22 5.90 5.89 0.029 0.017 0.202 0.45
07/10/2005 16:22  08/10/200511:11 4751-5884 18.19 7.20 6.72 0.030 0.018 0.157 0.52
08/10/2005 12:05 09/10/2005 09:15 5926-7064 34.80 5.44 6.55 0.265 0.153 0.958 0.87
09/10/2005 09:20  10/10/2005 09:07 7064—-8476 23.80 5.29 6.14 0.068 0.022 0.241 0.96
10/10/2005 09:14  10/10/2005 22:05 8476-9242 16.86 5.01 4.58 0.020 0.007 0.073 0.40
11/10/2005 09:30 12/10/2005 09:00 7818-9230 3198 6.47 5.77 0.015 0.006 0.089 1.79
12/10/2005 09:51  13/10/2005 07:39  6538-7800 1445 2.28 2.08 0.032 0.013 0.130 1.15
13/10/2005 07:46  14/10/2005 08:19 5136-6538 430 2.09 1.83 0.003 0.002 0.011 0.07
14/10/2005 08:25 15/10/2005 14:38 3286-5136 10.33 3.90 3.76 0.019 0.010 0.143 0.29
15/10/2005 22:24  16/10/2005 10:18 2376-3286 2423 5.74 5.36 0.027 0.008 0.165 1.29
16/10/2005 10:31  17/10/2005 09:20 951-2376 32.994.77 9.74 0.058 0.031 0.449 2.12
17/10/2005 09:28 18/10/2005 00:01 0-940 2413 5.25 5.22 0.031 0.019 0.235 1.55
896-1025 mbar. The overall weather conditions were cooler Mosoow Viadivostok

Arrival hesght 100m (96 hours backward)
whaklekince S . .

and cloudier on the way from Vladivostok to Moscow than
on the way from Moscow to Vladivostok. Snowfall was en-
countered around 5700 km east of Moscow on the morning
of 14 October (Vartiainen et al., 2007).

3.2 Particulate mass concentrations

The mass concentrations of BNifrom the VI samples var-

ied in the range 4.3-34,8y m~3, the average concentration
being 21.60.gm~3. The measured P mass concentra-
tions were, in general, similar to those measured at urban
background sites in Europe (Querol et al., 2004) and urban
areas in United States (Pinto et al., 2004). In one region
in mid-Siberia on the way back to Moscow, the measured
PMzs mass concentration was lower than what has been re- :
ported for regional background sites in Europe (Querol et |!
al., 2004). The mass concentrations measured in this work
were substantially lower than concentrations measured in six
Asian cities (Kim Oanh et al., 2006) during the dry sea-
son (44-16@g m3), or during most of the wet season (18—
104ugm-3).

The PM 5 mass concentrations obtained from the VI mea-
surement were compared with particle volume concentra- | .
tions obtained from the DMPS measurements. In order to b
do this, we averaged the DMPS data over each VI sam- b
pling. There was a high correlation between the mass and
volume concentrations 630_92, Fig. 3). The average den- Fig. 2. 96-_h backward a_ir' mass trajectories for the arrival height of
sity of aerosol particles during the campaign can be es00mM during the expedition.
timated from the slope of the regression line, and it was
1.76 g cm3. The density varied between 1.5 and 2.4 gém

L
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the high levoglucosan concentration, the aethalometer UV
channel showed sustained increases over the IR channel con-
centration, which is probably due to organic compounds ab-
sorbing the UV radiation (Table 2).

The concentrations of the trace elements from the VI sam-
ples in PM s are shown in Fig. 4. The VI sample corre-
sponding to the distance of 951-2376 km from Moscow (on
the way from Vladivostok to Moscow) was collected when
the train passed through the big cities of Yekaterinburg and
0 s 10 15 2 25 Perm. In this sample the concentrations of Pb, Zn, As, V
and Cd were at their highest level. In the same area also the
concentrations of BC were at their highest. Traffic and differ-
ent industrial processes can be sources of these compounds
Fig. 3. The relation between average volumerC® cm™3)andmass i, the vicinity of big cities. The same compounds had high
(g m™*) concentrations during the campaign. concentration on the way to Vladivostok, but since the mea-
surements started after Perm, the VI sample 1761-3268 km

) ) _ ) . from Moscow included only the passage through Yekaterin-
during the campaign, being higher close to Vladivostok andy, . ' the Vi samples close to Viadivostok, the concentra-

lower near Moscow. The density obtained by the similar WaYtions of soil-derived elements Al, Ca, Fe and Mn (Song et

from DMPS measurements and grawmetgg mass of VI sam, 5001) were elevated both when going to Viadivostok and
ples for fine particles was 1.88.13gcn™ in May 2004 e coming back to Moscow. The concentrations of Cr and
in a background area of southern Finland (Saarikoski et al.\j; \were elevated near Viadivostok only on the way there,
2005). but not when coming back to Moscow. This indicates that
their sources were more likely regional or long-range trans-
port than local. Cr and Ni can be emitted from coal or oil

. . combustion (NAEI 2003).
The concentrations of the measured ions and total mass as

well as the concentrations of levoglucosan, galactosan and A Summary of the mean mass concentrations irB&ind
mannosan, are shown in Tables 1 and 2. The BC concentr&hemical components in it between Moscow and Vladivostok
tion from the aethalometer measurements was averaged ov&t ShOWn in Fig. 5. The mass concentrations were taken from
each VI sampling period (Table 2). Concentrations of mostthe VI samples, except that of BC which was taken from the
of the ions and BC were low in mid-Siberia, whereas higheraethalometer measurements. The contributions of measured
concentrations were observed near Moscow and Vladivos¢hemical compounds to fine particles for each VI sample are
tok. The different concentration levels between the urbarShOWninFig. 6. Fine particles consisted mainly of BC (15.8—
and rural areas could be seen more clearly on the way back t§8-7%. average 27.6%), 0 (2.7-33.5%, 13.0%), NH
Moscow than on the way to Vladivostok. The particle mass(1.2-10.5%, 4.1%), and N(0.5-2.4%, 1.4%). Trace met-
concentration followed closely the concentrations of major@ls together accounted for 0.4-9.8% of the fine particulate
ions, except in one sample collected in mid-Siberia on theMass. The fraction of monosaccharide anhydrides was in
way to Vladivostok. This sample, discussed later in morethe range 0.4-1.6%, except in one sample (5926-7064 km
detailed, was affected by forest fires and showed an elevatetiom Moscow) on the way to Vladivostok when it was as
particle mass concentration without a similar increase in ionhigh as 4%. The measured chemical components accounted
concentrations. for 27.7-78.5% of the Pk mass. The unidentified frac-
The levoglucosan concentration, a tracer of incomplete_tion is expected.to include organic particulate matter, water-
biomass combustion (Simoneit et al., 1999), varied typica"y!nsoluble materla! and water. The concentration of water-
between 0.01 and 0.455m~3, but in one sample (5926- insoluble inorganic matter, calculated based on measured

7064 km from Moscow) on the way to Viadivostok it reached aluminum concentrations, was found to be typically less than
a value of 0.96.g m=3 (Table 2). The particle mass concen- 10% in the collected samples. The unidentified fraction was

tration was the highest for this sample. However, comparedlighest in the sample having the highest total aerosol mass
with other samples, the ion and BC concentrations did not in-2nd levoglucosan concentration. As mentioned above, most

crease similar to the levoglucosan concentration. This show§f the unidentified mass in this sample was probably organic
indirectly that in this sample most of the aerosol mass Conpart[culate mattgr formed in forest .flres. Close to wildfires
sisted of particulate organic matter. The high contribution of O Piomass buming, organic material can account for up to
particulate organic matter is most probably due to biomass’0-90% of the total aerosol mass (Yamasoe et al., 2000).
burning, as has been observed also elsewhere during forest The contribution of BC to PMs was much higher during
fire episodes (e.g. Saarikoski et al., 2007). In the area havinghe whole expedition than what has been observed in Europe,

Vimass [ ug m?¥]
N
o

Volume [pm3 cm3]

3.3 Chemical composition of PM
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Fig. 4. The concentrations of the trace elements (Mgin PMy 5.

where the BC fraction has estimated to be in the range 5-1098.4 Variability of concentrations during the campaign
(Putaud et al., 2004). The fraction of EC (elemental carbon)

in PMy 5 has been found to be 5.4-9.0% in urban areas inln order to get information on rapidly changing concentra-
Europe (Sillanga et al., 2006). In China, the contribution tions of ions in aerosol particles, PILS measurements were
of EC to PMpshas been estimated to be 6.6-8.8% (Cao etmade during the journey. The 15-min time resolution of the
al., 2004). Measurements made by Sillaaet al. (2006) at  PILS gives much better information on the changing aerosol
six urban sites in Europe showed nssiS@oncentrations ~ ion composition than the VI which integrated the sampling
of 14-31% to PMs. During our expedition the Sij con- over more than a thousand of kllometers. lon concentrations
tribution was lower on the way to Vladivostok, but on the from PILS measurements are typically lower than concen-
way to Moscow it was close to contributions measured intrations based on f|lter or |mpact9r meqsurements (Orsini et
Europe. The contributions of NDand N"ﬁ to PMy s in Eu- al., 2003). The typical concentration ratios between the PILS
rope have been found to be in the ranges 1.1-18% and 7_O§nd impactor measurements have been of the order of 0.7-0.9

9.3% (Sillanfsa et al., 2006), respectively, which are higher for major ions like SG, NO; and NH; (Ma et al., 2004).
values than measured during our expedition. The correlations between the concentrations measured by the

PILS and impactor have usually been relatively high (Ma et
al., 2004).
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It seems that there were some problems with the PILSwere checked with standard test solutions. The most proba-
measurements during the expedition. The concentration rable explanation for the lower concentrations measured with
tios of measured ions between the PILS and VI were un-the PILS system was either problems with the liquid flow
usually low, and the agreement being good only for sul-rates of the system or some unexpected problems caused by
phate (R=0.68) and ammonium @0.75). The correla- strong vibrations in the moving train. The concentrations of
tions between VI concentrations and average PILS concenpotassium, oxalate, sodium, chloride, calcium and magne-
trations during the sampling time for %O and NI—Q are  sium were near the detection limit of the PILS system, which
shown in Fig. 7. The uncertainties in the PILS measure-might further explain the observed differences.

ments can be due to uncertainties in the IC analyses con- The concentration differences between the VI and PILS

nected with the PILS system, in sample or liquid flow rates, :
) . Y : measurements were unexpectedly large for nitrate, although
or in particle losses inside the sampling system. The sam: : : .
: : - the measured nitrate concentrations were most of the time
ple flow rate was monitored during the expedition and losses

. o clearly above the detection limit. In some occasions nitrate
for particles smaller than 2/om of aerodynamic diameter . . )
L . concentrations measured with the PILS were much higher
should have been minimal. The accuracies of the IC system

ﬁwan those measured with the VI. When having a more
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detailed look at the VI and PILS results, it seems that evapo-
ration of nitrate from the PTFE filters had been taking place
during the samplings. Large amounts of nitrate were found
in the nylon backup filters, as well as small amounts of chlo-
ride. Sometimes the nitrate concentrations in the nylon filters
were higher than those in the PTFE filters. When compar-
ing the nitrate concentration obtained from the PILS with the
sum of nitrate found in the PTFE and nylon filters (Table 2),
the agreement between these two measurement devices we
much better. The calculated average cation to anion ratio
(PTFE) was 0.98 and varied from 0.91 to 1.07. This ratio is
related to the acidity of aerosol particles and was near unity
here. Itis possible that particulate ammonium nitrate and am-
monium chloride evaporated as volatile acids like nitric acid
and hydrochloridic acid from the PTFE filter during the sam-
pling. Since denuders were used upstream of the sampling
line, the extent of evaporation from the PTFE filters may have
increased. Such evaporation is taking place until equilibrium
between the cations and anions is being reached (neutraliza
tion). When looking at the VI sample between 7818-9230
km on the way back to Moscow, much higher nitrate con-
centrations were obtained from the PILS measurements thar
from the VI PTFE filter. In this sample also the amount of
nitrate found in the nylon backup filter was the highest. The
high concentration of sulphate in this same sample indicates
that the collected aerosol was very acidic, which had proba-
bly increased the evaporation of nitrate from the PTFE filter.
Although the concentrations from the PILS measurements
were lower than those from the VI measurements, they still
give valuable information on the variability of the ion con-
centrations during the journey because of the high temporal
resolution of these measurements. From the PILS data it is
also possible to find temporary high concentration levels and
exact locations of the events such as forest fires. The PILS
data were used in this study merely to see fast temporal vari-
ations in ion concentrations.

The concentrations of Sfp NO; and NI—Q from the
PILS measurements ([x2.5um), BC from the aethalome-
ter and volume concentration of particlesnt® cm—3) from
DMPS measurements are shown in Fig. 8. On the way to

Vi[ug m9]
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Fig. 7. Comparison of S§7 and NI—H concentrations obtained
from VI samplings and PILS measurements.

Vladivostok the measured concentrations did not show averg.5 Selected regions

large variability. On the way back to Moscow, clear differ-

ences between the background areas in mid-Siberia (40003.5.1 A high-concentration region

7200 km from Moscow) and urban areas could be seen. Also

several temporary high concentration levels could be identi-On the way back to Moscow, concentrations of ions, BC
fied from the PILS data. Some of these peaks were due tand particle volume were at a high level over large dis-
passings through industrial areas during the journey. Espetances (7400-8800 km from Moscow). The concentrations
cially in the beginning of the way back to Moscow (7400— of SOfl_, NO; and NI—[{ were around one order of magni-

8800 km from Moscow), the concentration of ?O NO3,

tude higher on the way to back to Moscow than on the way

NH; and BC, as well as the total particle volume concentra-to Vladivostok. The concentrations of BC and particle vol-

tion were high.

www.atmos-chem-phys.net/7/4793/2007/

ume were quite similar during both directions in this area,

but high compared with concentrations measured during the
whole expedition. From the calculated air mass back trajec-
tories it can be seen that on the way back to Moscow, the
ion concentrations were high for air masses traveled through

Atmos. Chem. Phys., 7, 4793-4805, 2007
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range-transported aerosol particles. The increased potas-
Moscow to Vladivostok (04/10/2005 - 10/10/2005) . . . . . . .
Viadivostok to Moscow (11/10/2005 - 18/10/2005) sium and oxalate concentrations in this area are indicative
1000 of biomass burning. The presence of calcium is an indica-
” WMM tor of long-range-transported soil particles. The concentra-
tions of S(Ii_, NO; and NI-[{ from the PILS measurements
(D,<2.5um) and BC from the aethalometer measurements,

WW as well as the concentration of particlesn® cm=3) from

001 the DMPS measurements, in this region are shown in Fig. 9.

0.001
0

e The concentrations of Sfp NO; and NI—[{ correlated

[WW7WLM% strongly with each other (}0.95 between S and NH;

R?=0.80 between SP and NGj; R?=0.88 between NQ

|~ and NH}) (http://www.atmos-chem-phys.net/7/4793/2007/
e W#W‘MMW acp-7-4793-2007-supplement.pdf). The concentrations of
oo BC and total particles volume varied in the same way but had

] N | J' | no correlation with ion concentrations. The concentrations of
N«W Y
] WNWWMWW“ both scj— and BC were above g m—3 throughout the re-
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Fig. 8. The concentrations of sulphate, nitrate, ammonium, BE ( 352 Alow-concentration region

-3 ; 3 -3
m and total particle volumem® cm between Moscow and . . . . . .
) P o ) The lowest ion concentrations were measured in mid-Siberia

Vladivostok.
(4000-7200 km from Moscow) on the way back to Moscow.
This is a rural area with few local pollution sources. In addi-
A \wadivostok-Moscow(11/10/2005- 18/10/2005) \ tion to ions, also the concentrations of BC and particle vol-

og 10 ume were very low in this area. However, the concentrations

. m% of NO3, NH;, BC and particle volume were around one or-

der of magnitude higher on the way to Vladivostok than on

100 the way back to Moscow. The concentration of sulphate was

" /‘/«—\J\\Av nearly at the same level during both directions. There was a
W% clear difference in the origin of the air masses between the

10d way to Vladivostok and back to Moscow. It seems that when

the air masses were coming from over the northern side of

! the railroad in mid-Siberia, the air was much cleaner than air

% coming from the west, southern Russia or near the border of
10 Kazakhstan.

TN NS The concentrations of SO, NO; and NHf from the
4 PILS measurements (3<2.5um), BC concentration from

BC [ugm?¥ NO; [ug m? NH4* [ug m™] 8042‘ [ug m™] Volume [um

_ WM the aethalometer measurements, and the total particle vol-
WO’M ume concentration from the DMPS measurements in the
1 : : : : : : low-concentration region are shown in Fig. 10. In this
7400 TR0 TR0 800 E00 B0 80 80 region, SG, NO; and NHf concentrations correlated

well with each other (R=0.81 between Sﬁ) and Nl-g;

Fig. 9. The concentrations of sulphate, nitrate, ammonium, BC R?=0.69 between Sb and NO}; R?=0.71 between NO
(ng m3) and total particle volumem® cm=3) in the high-  and NHf) (http://www.atmos-chem-phys.net/7/4793/2007/
concentration region. acp-7-4793-2007-supplement.pdf), but not as strongly as in
the high-concentration region. The concentrations of BC and
total particles volume varied in the same way but had no cor-
the north-east China. When the source area of the air masseslation with ion concentrations. The observed correlations
was close to the Russian border on the way to Vladivostokpetween the major components reflect their different source
the concentrations of ions were not as high. types in this region: while the concentration of BC was very
It is quite evident that the measured high concentra-possible influenced by intermitted local sources, the concen-
tions on the way back to Moscow were mostly long- tration of Sci‘ varied smoothly over larger regional scales.

Distance from Moscow [km]
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Overall, the concentration of 30 was mainly below
1ugm~23 in the low concentration region and that of jiH
was all the time below &g m=3. The NG; concentra-
tion was slightly lower than that of Nfl The concen-
tration of BC varied between 0.01 and 109 m~2, while
that of total particle volume varied mostly between 0.1 and
10m® cm2. The concentrations of SO, NO; and NHJ
were typically one to two orders of magnitude lower in this
region as compared with the high-concentration region.

‘ — Vladivostok-Moscow (11/10/2005 - 18/10/2005) ‘
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3.5.3 Forest fire episodes

o

o
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On the way to Vladivostok, between 5925-7064 km from .
Moscow, the concentration of levoglucosan was extremely
high in the VI sample. At the same area, there were three -
periods with high concentration levels of oxalate and potas-
sium in the PILS measurements (Fig. 11). Oxalate and potas-
sium together with levoglucosan have been used as biomas: 4000 4500 5000 5500
combustion tracers (Simoneit et al., 1999). Of these, the Distance from Mascow [k

only specific tracer for biomass combustion is levoglucosan

formed during the thermal breakdown of cellulose (Fraserl:ig. 10. The concentrations of Sulphate, nitrate, ammonium, BC
and Lakshmanan, 2000). In addition to biomass combus{#9 m~3) and the total particle volumeufn® cm™3) in the low-
tion, potassium can be derived from soil, whereas oxalate cafioncentration region.

be formed in the atmosphere from hydrocarbons or be emit-

ted by other primary sources. Different types of man-made ‘
or wildfires (e.g. forest fires, agricultural waste combustion,

flaming, smoldering) have different emission profiles (Conny =~ %oz - ‘ :

and Slater, 2002), in addition to which the chemical compo- 2o } ]

sition of emitted particles may be changed during their trans- S oo ‘ RUNSEN
i
|

portation in the atmosphere. 8%

° i
In awildfire map based on the observations by the MODIS & o1s }
satellite (http://modis.gsfc.nasa.gov/), forest fires were ob- =g ‘ BN

served over large areas close to the locations having high o
20 4
10 4
ferent extents (Fig. 11). The overall concentration oﬁSi@
.0
5900 6000 6100 6200 6300 6400 6500 6600 6700 6800 6900 7000 7100

ally observed high concentration levels of potassium, black Distance from Moscow k]

carbon, sulphate and particle volume did not coincide with

the high oxalate concentrations. These differences in thesig 11. The concentrations of oxalate;K sulphate, BCg m—3)
composition of biomass combustion particles may be due tand total particle volumeim3 cm~3) in the area where the lev-
differences in burning conditions. Both BC and potassiumoglucosan concentration was high (5926-7064 km distance from
are emitted to a larger extent from flaming fires comparedMoscow) and forest fires were observed.

with smoldering fires, whereas oxalate is emitted preferably

from smoldering fires (linuma et al., 2007; Allen and Miguel,

1995). 4 Summary and conclusions
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same time with biomass combustion tracers, but to very dif-

1 ugm~3) seen during the forest fire episodes. TheséSO B0 ‘
concentrations remained, however, clearly below those mea- :’ o4 }
sured throughout the high-concentration region. Occasion- g o :

concentrations of oxalate and potassium. The concentrations g
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this region was similar to that in the low-concentration re- 2
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Aerosol chemical and physical measurements were made at
the Trans-Siberian railway in Russia in October 2005. Con-
centrations of BC, aerosol ions and particle volume were
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measured using continuously-measuring devices for fine parincluding forest fires or industrial areas, which were not de-

ticles (<2.5um diameter). In addition, 24-h samples were tectable from the 24-h VI samples. We also found evidence

collected using a virtual impactor for mass concentration de-that evaporation of nitrate from the PTFE filters had been tak-

termination and chemical analysis. ing place during the samplings. The concentration of nitrate
The concentrations of measured chemical components imvas higher in the high-time-resolution measurements com-

aerosol particles varied largely during the journey. Due pri-pared with the VI measurements, and large amounts of ni-

marily to local anthropogenic sources, the areas around thé&ate were found in the nylon backup filters. The evaporation

route of the Trans-Siberian railway were heavily polluted be-particulate nitrate seemed to be strongest in the sample hav-

tween Moscow and roughly 4000 km east of it, as well as ining the highest concentration of sulphate, which is expected

the eastern part of the route close to Vladivostok. Observedecause the aerosol acidity increases evaporation. The ex-

concentrations were typically low in the middle of the route, tent of nitrate evaporation may have been enhanced because

even though there were local particle sources, such as forestf the use of denuders upstream of the sampling line.

fires, that increased particulate matter concentrations occa-

sionally. The polluted air masses from Asia seem to haveacknowledgements. This study was funded by the Academy

significant influences on the concentration levels of fine par-of Finland (Program “Russia in Flux”), grant no. 208208. The

ticles over the south-eastern Russia. TROICA expedition was partly funded by the ISTC Project #2773.
The mass concentrations of BMfrom the VI samples L. Sogacheva is acknowledged for the trajectory runs.

varied in the range 4.3-34.8 m3 with an average of

21.6pg m~3. These concentrations are comparable to thosd=dited by: A. Pszenny

observed in Europe and North America, but considerably

lower than concentrations measured in major Asian cities.
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