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Abstract

Atmospheric aerosol particles have important roles on atmospheric chemistry
and radiation budget. One of major constituents of aerosols 1s sea-salts emitted from sea
surface. Recent works showed the long-range transport of sea-salt particles, so that
contribution of chemical and/or physical processes of sea-salt particles should hbe
widespread. In addition, sea-salt particles arve mostly distmbuted under the conditions
with higher humidity than deliquescence point of sea-salts. Thus, wet or dehigquescence
condition of sea-salt particles should enhance the heterogeneous reactions on the
particles. Although the heterogeneous reactions on sea-salt particles arve helieved to
play roles of source of higher reactive species, and sink of acidic species, we have still
less of a few information. In partieular, the heterogeneous reaction in mghttime should
play an important role i polar regions with longer meght, polar might, and less solar
radiation. In the present study, the heterogeneous processes on sea-salt particles in
Arctic winter/early-spring were focused. Atmospheric aerosol particles and acidic gases
were collected at Ny-Alesund, Svalbard during the winter/early-spring.

Major sea-salt constituents were Na® and ClI' at Ny-Alesund. The
concentrations of Na' and Cl increased in oceanic air mass with lower concentrations of
pollutants. since methanesulfonate was often observed in oceanic air mass, oceanic air
mass should be transported from mid-latitude area with photo oxidation and bioactivity.
Variations of size distribution of Na” conecentration suggested transport of aged oceanie
air mass, For identification of aged oceanic air mass, the molar ratio of Na+
eoncentration in coarse mode to that in fine mode was used as index of aged-oceanic air
rmass.

ln aged oceanic air mass, obvious halogen depletion from sea-salt particles was
ohserved. Single particle analysis showed the internal mixing between sea-salts and
acidic species such as sulfate, sulfite, methanesulfonate, nitrate and mtrite. Then, the
heterogeneous reactionsg between sea-salts and acidic species may cause the halogen
depletion from sea-sall particles, Size digtributions of acidic sulfur species showed that
most of sulfur species were externally mixed with sea-salt particles. Then, the
contribution of sea-salt particles to sink of acidic sulfur species may be smaller,
although some sea-salt particles were depleted by acidic sulfur species. On the other
hand, single particle analysis showed that most of NO,; was internally mixed with wet
sea-salt particles. Considering lower molar ratio of NO; to Na® in seawater, NOy in
sea-salt particles should be formed through the heterogeneous processes during the

transport. Uptake model estimation suggested that NOy in sea-salt particles may be
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mostly due to uptake of gaseous HNO,, and the heterogeneous formation from N,0O; and
NO, may also have important contribution in winter/early-spring Arctic troposphere
with no or less solar radiation, Hence, sea-salt particles should play important role in
sink of reactive nitrogen oxides.

The release of reactive halogen species can oceur simultaneously with the
modification of sea-salt particles by acidic species. The concentrations of gaseous
imorganic chlorine species (g Cl) varied in the range of the level of depleted Cl" amount
estimated from seawater ratio. Furthermore the feature of g Cl in 1996/1997 winter
showed quite similar to that of depleted Cl" amounts. Then the Cl- depletion of sea-sali
particles may be identified as dominant sources of g_Cl in the winter/early-spring Arctic
troposphere. On the other hand, the variations of gaseous inorganic hromine species
(z_Br) tended to increase gradually toward spring season. Moreover, particulate
bromine species (p_Br: Br +Br0O;) exceeded to sea-salt Br' concentration. Then,
imorganic hromine species should be accumulated in the atmosphere during the winter,
Similar tendency was not observed in the features of g Cl and particulate Cl'. Since
higher ¢ Br concentration was found in higher reacted fraction on nitron-thin-film
and/or higher NO; concentration, g Br may be also released through the modification of
sea-salt particles. Considering the contribution of minor reactive nitrogen oxides such
as N.O; and NO, to heterogeneous formation of NO,, higher reactive bromine species

such as BrNO, might be released and accumulated in the atmosphere.
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Chapter 1

General Introduction

1 1. Atmospheric aerosol

Atmospheric aerosol particles play a critical role in the atmospheric
chemistry and radiation budget. Some recent works suggested the role of aerosol
particles as chemical reaction sites in the atmosphere |e. g, Iwasaka et al, 1988;
Okada et al. 1990: Posfai et a/., 1995; Roth and Okada, 1998; Hara et al, 1999)].
In addition, aerosol particles, emitted by human activities and biomass burning,
are believe to be responsible for partially masking the expected increases in
surface temperature associated with greenhouse gas radiative foreing (Turco et
al. 1990: Penner et al, 1994: Pilinis ef a/., 1995; IPCC, 1995). Of course, aerosol
particles, derived from natural sources, should have an influence on radiation
budgets [Winter and Chylek, 1997; Murphy et al, 1998]. Aerosols also have an
important impact on precipitation cycles through the formation of cloud-
condensation-nuclei [e.g., Hegg er al, 1990, 1996; Lin et al., 1992; Zaizen et al.,
1996: Harrison ef al, 1996: Matsumoto ef al, 1998]. Thus the better
understanding of chemical/physical processes by aerosol particles 15 required for
revealing each process of atmospheric chemistry and climate change.

Unlike atmospheric gases, atmospherie aerosol particles have an infinite
number of sizes (a few nm - > 100 pm) and a variable mixed composition. There
are three principal types of aerosol sources: (1) dispersion materials at the
Farth's surface (e.g., sea-salt and dust particles), (2) high temperature processes
meluding combustion and voleanic activity (e.g., soot and organic species), and (3)
chemical reaction or phase transformation in atmosphere such as gas-to-particle
conversion (e.g, HaSO, and ammonium species), Table 1_1 shows the estimations
of elobal source strength of atmospheric aerosol particles. Aerosol particles,
emitted from the surface sources through the shattering and wind blowing, have

the largest contribution to aerosol mass concentration, especially sea-salts and

dusts which are mostly distributed 1n coarse mode (2um In




Table 1_1. Global aerosol particle production rates from the
sources (T'g yr!)

Surface sources
Sea-salts 1000 - 2000
Mineral dusts ~2000

' Volcanoes 15 - 90
Biogenic materals ~100

- Sum = E 3100 — 4200

| ~ Gas-to-particle conversion ® -

' Sulfates from Biogenic gasses 60 — 110
Sulfate from voleanic SOz 4 — 45
Nitrates from NOy 40 — 200
Organic matters 40 — 200

- Sum | _ 145 — 555

Industrial dusts 40 — 130

Soot 5—20
Biomass burning (except soot) 50 — 140
Sulfates from anthropogenic SO2 12 — 180
Nitrates from NOy 20 — 50 |
Organic matters 5 —2b
Sum - 240 - B30

a. Jaenicke, 1993; b. Jonas et al., 1995

diameter). On the other hand, aerosol particles in fine mode (sub-pm in diameter)
are mostly composed of sulfates and organic species, which are formed mainly

through gas-to-particle conversion. Precursors of aerosol particles are emitted

from the natural sources such as marine bioactivity [e.g., Berresheim, 1987,
Pszenny et al., 1989; Bates et al, 1992; Matral et al, 1993; Andreae et al., 1995],
and human activity such as combustion processes [e.g., Hameed and Dignon,
1988: Barrie et al, 1989: Spiro et al., 1992]. Despite the recent increase of the
contribution of anthropologic matters to global atmospheric environment, natural




sources such as wave shattering and bio-activity 1n ocean cannot be neglected in
the effect on atmospheric environment because of the largest source strength and
lurger surface area of ocean on Earth's surface. Therefore, the understanding
each chemical/physical process of marine-origin species is essential to reveal
atmospheric acrosol seience 1n global scale,

Marine aerosol particles mostly consist of sea-salts and sulfates [Warneck,
1988; Fitzgerald, 1991; Murphy et al., 1998]., Despite of the largest mass
concentration of sea-salts in the atmosphere, however, most investigations about
climate impact by aerosol particles were based on the estimation of influence of
fine sulfate particles —mostly sulfate or sulfurie acid— (e.g., Charlson et al.
1987, 1992; 1PCC, 1995). Indeed, Murphy ef al [1998] showed important
radiative effects of sea-salt aerosols. Atmospheric chemistry associated with sea-
salt particles has been huilt from the observations in marine boundary laver
(PBL) [Mour: et &/, 1993; Mclnnen et a/, 1994; Gradel and Keene, 1995; Ayers er
al, 1999], coastal area [Wu and Ono, 1988], lower and upper free troposphere
[Patterson ef al, 1980; lkegami et al, 1991, 1993 and 1994], laboratory
measurements [e.g., Fenter et a/,, 1994; Seisel et al, 1997; ten Brink, 1998] and
model estimation [Clegeg and Toumi, 1997; Keene et a/, 1998]. Although the
concentrations of sea-salts such as Na* and Cl- decreased with aliitude
[Blanchard, 1984; Warneck, 1988], some airborne measurements over tropical
and mad-latitude area [Patterson, 1980:; lkegami erf a/, 1991, 1993, 1994] and
polar region [Yamazaki et al, 1989] showed the presence of sea-salt particles in
upper troposphere due to the long-range transport and/or the convection,
According to Yamazaki ef al [1989], sea-salt parficles 1n upper troposphere over
Svowa station, Antarctica, may be transported from mid-latitudes and tropical
region. This suggested that sea-salt chemistry should have a large influence not

only in PBL but also 1n larger seale —global seale or not? —.

1 2. Heterogeneous chemistry on sea-salt particles

[n general, heterogeneous reactions on aerosol particles mean chemical
reactions resulting from interaction gaseous species with aerosol particles. The
reactions can oceur at the surface of dry particles, at the surface of deliquesced
particles by the interaction with hguid water, or in the agueous phase by the

interaction with other solutes. For example, one of the best-known processes is

the reaction mvolving sea-sall particles, The processes are believed to he a major




global source of volatile tnorganic chlorine 1in the troposphere. Major constituent
of sea-salt particles 12 sodhum chloride (NaCl), which deliquescence point 18 about
70 %, and re-crystallization point is 45-48 % in droplet evaporation [Tang er a/,
1997]. Moreover, minor constituents such as MgCle and CaCle have lower
deliquescence points (MgCla: 33%, CaClz, 24.5%) [Pruppacher and Klett, 1987].
Then, many sea-salt particles ave probably present under the conditions with
higher relative humidity than re-crystallization point, so that most sea-salt
particles may be present as deliquescent particles or droplets except the condition
with lower relative humidity such as upper troposphere and stratosphere. The
wel and/or liquid surface on sea-salt particles 1s very important in atmospheric
aerosol chemistry because the heterogeneous processes are enhanced on wel
surface [van Doren et al, 1990; Behnke et al, 1996; Thomas et al, 1998]. Early
works about heterogeneous reactions on sea-salt particles had been investigated
since 1950's [Junge, 1956; Junge and Ryan, 1958; Robbins et al., 1959; Martens
et al, 1973; Hitchcok et al, 1980]. Consequently, 1t 1s well-known that the
heterogeneous reactions on sea-salt particles cause the modification of sea-

salts—halogen depletion—, for examples, (X= Cl, Br, 1)

(R1 1) 2 NaX + HsS0,; — 2 HX (1) + Naz8S0,
(R1_2) NaX + HNO3 —= HX (1) + NaNOas.

The above reactions (R1_1 and R1_2) are based on the heterogeneous reactions
between acidic species and sea-salts as alkaline halides. Indeed, some field
measurements showed the internal mixing states between sea-salts and acidic
species such as sulfates and nitrates in marine boundary layer [Wouters et al,
1990:; Sievering ef a/,, 1991, 1992, 1995; Mclnnes ef al, 1994; Posfa1 et al., 1995;
Hara et al, 1996, 1999]. Therefore the heterogeneous reactions on sea-salt
particles have the possibility of an important role as the sink of acidic species in
the atmosphere. Recent laboratory measurements also suggested other possible
reactions between sea-salts and reactive nitrogen oxides [e.g., Behnke et al.,
1996 Rossi et a4/, 1996], for examples,

(Hlod) NaCl + NuOjs — CINO:2 + NaNQO3
(R1 4) NaCl + NOg — NaNQO; + Cl]

(R1 5) NaCl + 2 NOz: — CINO + NalNOjy
(R1_6) NaCl + CIONO;z — Cl2 + NaNQOs.




The products in the above reactions (B1_3 - R1_6) have a high reactivity
and unstableness in daytime, and can release high reactive halogen radicals
through the photochemical decomposition, In addition, previous works suggested
a large influence of halogen radicals on the atmospherie chemical reactions with
organic species [Jobson er al, 1994: Kawamura, private communication| and
ozone budgels |eg, Barrie of al, 1988; Zellner, 1999; Georgn and Warneck,
1999]. In particular, surface ozone depletion during the polar sunrise has heen
observed as one of typical phenomena associated with atmospheric halogen
chemistry for last decade. According to Barrie et al [1988]. this phenomenon
might be due to the catalytic reactions by halogen radicals. Similar phenomenon
15 not still observed in mid-latitudes and tropical regions, but similar processes
are likely to have somewhat contribution to ozone budget and other atmospheric
chemiecal processes in mid-latitudes [Vogt ef al, 1996; Sander and Crutzen, 1996;
Hebestreit er al, 1999: Dickerson et al, 1999, Nagao ef 4/, 1999]. The catalytic
system of halogen radicals requires the sources of the precursors and the recycle
processes of lower reactive halogen species to higher reactive halogen species in
the atmosphere. Although some reactive halogen species are released from the
modification of sea-sall particles as mentioned above (eg., R1_1 - R1_6), the
details of the heterogeneous processes on sea-salt particles as the source of
reactive halogen species in the troposphere, especially polar regions, are still

unknown.

1 3. Previous study about heterogeneous processes on
aerosol particles

The heterogeneous chemistry of aerosol has been developed on the
discussion with bulk analysis of aerosol constituents [e.g., Martens et al., 1973;
Hitcheock et al., 1980: Luna ef al, 1991; Sieverimg et al, 1991, 19892, 1995;
Mizohata and Ito, 19956], the model calculations [e.g:, Zhang ef al, 1994;
Dentener et al, 1996] and the laboratory measurements [e.g., Finlayson-Pitts el
al, 1986, 1989; Behnke et al, 1996]. However, most of the field measurements
rarely dealt with the interaction of gaseous matters, the heterogeneously mixing
states and the various phases of individual aerosol particles —with wet or dry
surface”™  1in the atmosphere, 1n spite of basic information for heterogeneous

processes, Then this study attempt to discuss the aerosol heterogeneous

chemistry based on not only bulk coneentration of each speecie but also the mixing




states of individual aerosol particles and the interaction of gaseous reactive

specles.

1_4. Previous works of individual particle analysis

Individual particle analysis has been made mostly by means ol the
electron microscopy (EM) equipped with energy-dispersive X-ray spectrometer
(EDX), which provides only the information of major element (£z=5) in each
aerosol particle |e.g, Okada et 2/, 1990; Mouri and Okada, 1993; Mclnnes et al,
1994]. Chemical tests have been often applied to identification of some 1on
species using electron microscopy: SO% [Bigg et al, 1974; Qian et al, 1991;
Yamato and Tanaka, 1994], NOg [Isawa and Ono, 1979; Mamane and Pueschel,
1980: Wu and Ono, 1988; Mamane et af., 1992: Qian ef al, 1991; Hara et al,
1999], ClI' [Ueno and Williams, 1983; Haufel and Weisweiler, 1998], and NHy
[Weisweiler and Schwarz, 1988]. The recent review of thin-film-techniques was
given by Qian and Ishizaka [1993], and Podzimek and Podzimek [1999]. In the
present study, scanning electron microscopy (SEM) and nitron-thin-film
technique were used for the obhservation of phase and morphologyv of individual
aerosol particles, and the identification of NOg. But chemical states such as
NaNOjs in individual partieles cannot be obtained from by means of thin-film
technique, Then laser microprobe mass spectrometry (LAMMS), which offers
individual particle analysis with high sensitivity for all elements for elemental,
fragmental, and molecular information with regulated laser power density, was
utihized for the identification of chemical states in individual partieles, Details of
the LAMMS technigque are described by Verbueken er al [1988], Hara et al
[1996]. and De Bock and Van Grieken [1999].

1 5. Atmospheric observations in Arctic region

The observation in remote and Polar Regions i1s suitable for the
investigation of atmospheric aerusol chemistry because of less local anthropologie
sources and unique meteorological condition. Polar region has especially umque
conditions on the variation of solar radiation, so that polar region 1s very useful
field from the viewpoint of atmospheric chemistry in nighttime and/or daytime.

In winter/spring Aretie, a large amount of pollutants (e.g. acidic gasses, organic

b




matters, and heavy metals) arve transported from mid-latitude area including
Russian, Kurope and north-America [Rahn ef al, 1980; Barrie and Hoff, 1984
Pacyna, 1993; Heintzenberg and Leck, 1994]. Thus the measurements in the
winfer Arctic region will provide a better understanding of nighttime chemistry
under conditions with slightly anthropogenic influence.

Also winter Aretic region is very important from the viewpoint of global
earth secience and  atmospheric chemistiy, Last two-decade vears, many
investigators locused mostly Avefic haze phenomena due to transport of
pollutants from mid-latitude area [e.g;, Rahn, 1981; Schnell, 1984; Jaffrezo and
Davidson, 1994; Sturges et al., 1993; Franke ef a/., 1997]. Transport of pollutants
to Arctie region should cause the contamination in the Aretie region [Murozumi
et al, 1969; Headley, 1996; Hong ef al.. 1996; Reimann et a/.,, 1996] and the large
influence on eco-system in Arctic region [Norheim, 1967: Godzik, 1991:
Grodzinska and Godzik, 1991; Headley, 1996]. Moreover, atmospheric chemistry
during polar sunrise — assaciated with low ozone episodes on surface— has been
observed for last decade year [e.g., Barrie ef al, 1994; Barrie and Platt, 1997].
Previous works [e.g.. Barre and Platt, 1997] showed that these phenomena were
closely related to photochemical processes of higher reactive species and
anthropogenic species, which should be gradually accumulated in winter season
and/or mighttime with no- or less solar radiation. During outbreaks of Arctic air
mass with a large amount of higher reactive species —such as PAN, HONO,
N20s5, and halogen species—, which are unstable under the conditions with solar
radiation and warmer air, Arctic air mass can affect significantly the oxidant
chemistry of northern hemispherie troposphere. However, better understanding

of the sources of high reactive species 18 not obtained vet.

1 _6. Purpose and focus in this study

This study mainly aimed to obtain the better understanding of chemical
roles —sink of acidic species, and sources of reactive halogen species— of sea-salt
particles i winter/spring Arctic from the viewpoint of heterogeneous chemistry
on sea-salt particles. In Chapter 2, the details of ohservation at Ny-Alesund and
analysis are given. Chapter 3 describes and discusses the transport of oceanic air
mass and aging/modification processes of sea salt particles. The role as the sink
of sea-salt particles is discussed in Chapter 4 on the basis of the measured

vartations of the concentration of each specie in aerosol particles and acidic




gasses, mixing states of individual aerosol particles, and simple uptake model.

Then Chapter 5 discusses the roles of sea-salt particles as the sources of reactive

halogen species.




Chapter 2

Sample and experiments

2-1. Sampling location and the local environment

All atmospheric samples were collected at Ny-Alesund (78°55'N, 11°56'E),
Svalbard, during the winter/springs (December - early March) in 1994/1995,
1995/1996, 1996/1997 and 1997/1998. The location of Ny-Alesund, Svalbard, is
shown in Figure 2 _la and 2_1b. The observatory, Rabben, was built on the hill
(about 40m a.s.l.), and located westerly about 1.5 km away from the village of
Ny-Alesund (a few m a.s.l.) where there is a power. Northern side of Rabben
looks toward the inlet, Aingsfiorden, with the covered sea 1ce and snow during
the winter/springs, and southern side toward mountains and glacier such as At
Zeppelin (474m a.s.l.) and Briggerbreane. Although there 1s a small airport in
southern front of Kabben, fhights were usually once or twice a week in wintertime.
Alr sampling was stopped completely between a preparation of airplane arriving
—mainly clearing snow— and the departure in order to prevent the local
contamination.

The population of the village was 20 — 50 during the winters. About
vehicles such as cars and snowmobiles were used in the village. Then local traffic
should have insignificant contribution to contaminate local atmosphere. Since
electric power 1s supplied to all buildings and systems such as heating and
cooking, activities of a thermal power station may have the largest contribution

to local atmospheric contamination.

2 1 1. Meteorological condition at Hy—ﬁlesund during the
winter

Wind roses of hourly average resultant wind directions and speed are
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Figure 2_la. Location of Ny-Alesund and other observatory in Arctic region.
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Figure 2 _1b. Topographic map of N}r-ﬁﬂesund and surroundings. The shaded
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presented in 16 direction classes and 3 speed classes (Figure 2 2). Prevailing
wind was not ohserved during the winter times in each winter. When the wind
was blowing from the village —eastern side of Rabben— some samples might he
contammated slightly from the loeal human activities (e.g., power station and a
few traffic) in the village.

Figure 2 3 shows the variations of ambient temperature, relative
humidity and wind speed in past 3 winters, 1995/1996, 1996/1997 and 1997/1998
In each winter, sudden inerease of air temperature and relative humidity to 0 °C
and >95% was found under the conditions with storm and precipitation. These
events may be derived from storm access associated with the transport of oceanie
air mass from mid-latitudes. Details of transport of oceanic air mass were
deseribed in Chapter 3.

As the warm current comes up to Greenland Sea, open sea area is
distributed to southern side of Svalbard as shown in Figure 2 4a and b. In past 2
winters, 1996/1997 and 1997/1998, the sea ice grew from mid-January toward
spring season. The farthest distance from the ice margin to Ny-Alesund was
above 100 km in both winters. Then, very local emission sea-sall particles from
sea surface should have few contributions to atmospheric sea-salt particles at Ny-
Alesund. This distance was quite shorter than other Aretic obgervatory such as at
Barrow and Alert where is >1000km away from open sea area in winter/spring

=Ed 5011,

2-2. Samples of aerosol particles and acidic gas for bulk
analysis

A two-stage low volume impactor (LVID) with a back-up filter was used to
collection of aerosol particles for subsequent chemical analysis. The LVI. which 18
made from conductive plastic, separated aerozol particles into a coarse (>2.3 um
in diameter) and the fine (0.2 ~ 2.3 pm 1in diameter) fraction at a flow rate of 1.2
L min‘!, As sampling medium was used aluminum foil for 1994/1995 winter. pre-
cleaned Cu plate for 1995/1996 winter and polyethylene sheet for 1996/1997 and
1997/1998 winters, Sampling of size-segregated aerosols was carried out
contimuously for 2-3 days at a flow rate of 1.2 L min!

No-size-segregated aerosol particles and acidic gases were collected using

a filter holder with a Teflon membrane filter (47 mm PTFE with pore size of 1.0

um: Advantec) followed by two 47 mm filter papers (bA; Advantec) impregnated
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Figure 2_2. Wind rose of surface winds for Ny-Alesund for 1995-1998. The distribution of resultant wind
direction and speed are given in units of percent occurrence for the past 3 winters, Wind speed is
displayed as a function of direction in 3 speed classes.
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with aqueous solution (300 wl) of 1 % Na=COgs and 1 % Glycerol, Sampling of non-
size-segregated aerosols and acidic gases wag continuous for half ~ one day at a
flow rate of 5 L min! in 1995/1996 winter and 18 L min' in 1996/1997 and
1997/1998 winters, Sampling time depended on the weather conditions.

All air samplers were set outside and supported downward facing 1n
weather shields at a height of 1.5 m from snow surface because of collection of
the atmospheric samples under ambient temperature, and because of the
reduction of volatilization of thermally unstable species such as ammonium
nitrate. Hach atmospheric sample was kept into polypropyvlene 15 ml centrifuge
vials with an airtight cap (Iwaki Co.) immediately after sampling in order to
prevent contamination during the sample storage. Sample vials were packed in
polyethylene bags and were kept at about —20 °C in a freezer until chemical
analysis 1n Japan, For gqualitative check of atmospheric samples, procedural

blank samples were taken periodically. Details were given later section (2-2-2).

2-2-1. Analytical Procedures

For extraction of water-soluble constituents in aerosol particles, 14 ml of
ultra-pure water (18.3 MQ, Milli-Q water) was added to each sample vial.
Concentrations of the water soluble constituents were determined with an ion
chromatograph (Dionex, DX-300) using a 500 ul injection loop for each flow
system equipped with an AS11A analytical column and an AG11 guard column
for anion separation, and a CS12 analytical column and CG12 guard column for
ation separation,

For extraction and treatment of acidic gaseous components on alkaline
impregnated filters, 10 ml of ultra-pure water and 0.3 ml of 3% H20= solution
were added to samples of the alkaline impregnated filters. Concentrations of
acidic gases were measured by an ion chromatograph (TOA, ICA-5000) using a
100 pl injection loop in 1995/96 winter and a 200 ul injection loop 1n 1996-1998
¢quipped with an AS12A analytical column, an AG12A guard column and an
auto suppression system (ASRS-1, all columns and equipment are manufactured

by Dionex).

2-2-2. Procedural blank level of each medium
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Procedural blanks are determined for the hackeround in the filter field
blanks rather than the sensitivity of analytical technique. Field blanks were
taken perwodically for each sampling system: once per Z weeks for LVI samples
and once a week for alkaline impregnated filters and its prefilter. Blank samples
were treated as air samples but without the passage of air. When the field blanks
were above the analytical detection limit of ion chromatograph, atmospheric
concentrations were corrected by the mean value of field blanks. The correction
wis done only if the sample amount was two standard deviations (20) above the
mean field blank levels. Atmospheric concentrations of each constituent were
caleulated using total volume of air at 0 °C and 1 atm and the sample amount
corrected by the mean procedural blank in the present study. Procedural blanks
and sampling medium of each sampling system were listed in Tables 2 1a and
2_1b. Atmospheric concentrations of the procedural blank samples were

estimated using a mean sampling air volume in each winter.

2-3. Aerosol sampling for individual particle analysis

Atmospheric aerosol particles for individual particle analysis were
collected daily on electron microscopic grid with collodion film and some reagents
lor SEM observation, and on aluminum foil for LAMMS analysis using a 2-stage
LVT (cut-off diameter, 2.3 pm and 0.2 pm at flow rate of 1.2 L min!) for 10
minutes in SEM samples and 15-20 minutes in LAMMS samples. The LVI was
also sef downward facing in weather shields at a height of about 1.5 m from snow

surface as same as bulk sampling.

2-3-1. Aerosol samples for SEM observation

Sampling of aerosol particles for SEM observation was cartied out only in
1996/1997 and 1997/1998 winters. Nitron (CaoHieNs) coated and/or carbon coated
collodion films on copper electron microscopic grids were used as sampling
medium, Samples were kept into polyethylene capsules immediately after sample
collection. The polyethylene capsules with each sample except nitron-thin-films
were packed in polyethylene bags with a zipper. Nitron-thin-films were packed
into the bag after octanol vapor treatment as described below. All bags with

samples were put into airtight box with silica gels until SEM observation in the

18
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laboratory.

In the present study, SEM observation was mainly based on nitron-thin-
lilm-technique because focused were the mixing states of nitrates, which react
with nitron to form obvious needle-like erystals after exposing to octanol vapor.
Details of the mitron-thin-film technique were deseribed by Isawa and Ono [1979],
Mamane and Pueshel [1980], and Wu and Ono [1988]. Nitron-thin-films were
exposed to octanol vapor for about 24 hours immediately after sample colleetion
in order to grow the needle-like crystals due to nitrates, and to prevent them
from the contamination and the evaporation of HNOz/NOg until SEM
observation. All SEM samples were transported to Japan and then were observed
with SEM (Akashi Beam Tech., ABT-55) in the laboratory at Nagova University.
For the reduction of sample damage (e.g., vaporization) and charging of samples
by radiation of electron beam, a accelerate voltage was regulated to 5 kV during
the SEM observation. To estimate the number fraction for aerosol particles
containing NOg, the number of aerosol particles on nitron-thin-films and aerosol
particles with positive reaction on nitron-thin-film were counted from SEM
images. More than 85 particles (maximum 2104 particles) were counted for one

sample stage fraction.

2-3-2. Aerosol samples for LAMMS analysis

SEM has been only used for the observation of aercsol morphology and
the phase. The nitron-thin-film technique has been only used to identify
effectively particles containing NOy. Thus, the individual aerosol particles were
analyzed with LAMMS for identification of chemical composition in individual
aerosol particles containing NOj. Commercial aluminum foils were chosen for
sampling medium for LAMMS samples because of high purity, clean surface and
no 1sotope. The LAMMS samples in winter Arctic were kept into polypropylene
15 ml centrifuge vials with an airtight cap (Iwaki co.) immediately after
samphing in order to prevent contamination until analysis in laboratory. The
sample vials were also packed in polyethylene bags as same as filter samples and

were kept at about -20 °C 1n a freezer until LAMMS analysis in Japan,

2-3-3 Instruments of LAMMS
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A reflection-type laser microprobe mass spectrometer, LAMMA-1000
(Leybold-Heraeus GmbH), was used in this study, Aluminum foil with aerosol
particles was fixed on sample holder using conductive double adhesive tape.
[ndividual aerosol particles collected on an aluminum foil were ionized by a laser
pulse beam (=6 nsec of Q-switched 4th harmonic Nd-YAG laser, 2=266 nm)
focused 1 ~ 2 uym in diameter, and the generated ions were perpendicularly
introduced into a time-of-flicht type mass spectrometer. where the ions were
separated according to their m/z ratios. For measurements of the samples, the
laser energy density was maintained at a slightly over the threshold of ionization

in order to obtain fragmental and molecular information.

2-3-4. Reference spectra for identification of unknown
samples

LAMMS 1s suitable for identification of chemical composition in
individual aerosol particles because molecular and some fragment ions can be
detected. However, it is difficult to identify unknown samples directly, because
the 1onization mechanism and fragmental patterns of each specie is still
unknown. For interpretation of sample spectra, pure reagents were used as the
reference materials. An aliquot of a saturated solution of a reference reagent
prepared with ultra pure water (18.3 MQ; Milli-Q water) was placed on
aluminum foil substrate and dried in vacuum set on a sample stage of the
LAMMS. Soot samples were prepared by the combustion of candle and some
organic species such as toluene and benzene. Soil samples were collected ai
Antarctic region (Midori pond and Lang Hovde). Spectra of pure silicate
materials were also obtained by Tsugoshi er al [1991]. Examples of typical
spectra of reference reagents in negative ion mode were shown 1n Figure 2 5. The
characteristic fragment ions of reference samples for identification of unknown

species were given in Table 2-2,

2-3-5. Relative abundance for the quantitative estimation by
LAMMS

Beecause of poor reproducibility of LAMMS spectra, the relative
abundance was used as the denominator in this study. A fixed number of

individual aerosol particles visually focused were shot, and the ratios of the

.
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Figure 2_5. Examples of reference spectra
(a) Sulfuric acid on Al foil
(b) Ammonium methanesulfonate
(c) Ammonium nitrate
(d) Soil sample collected at Midori pond near Syowa station




Table 2_2 List of reference reagents and their characteristic fragment ions

Reference materials Characteristic ion species
H:S0, HSO, (n= 3, 4; m/z= 81, 97)
(NH4)2S0, HSOy (n= 3, 4: m/z= 81, 97)
NH:HSO, HSOy (n= 3, 4: m/z= 81, 97)
AlSOy HSOn (n= 3, 4; m/z= 81, 97)
Na2S0y NaszSO4* (m/z= 165)
NaSOy (m/z=119)
Na:S0y NazSO3st (m/z= 165)
NaSOgz (m/z=119)
CaSQ, SOn (n=1-4) (m/z= 48, 64. 80. 96)
CH3sSO3H CHsSO0y (m/z=95)
NaCH3S0; Na,CH3SO3* (m/z=141)
Na(CH3S503)> (m/z=213)
NHsNQOj NOy (n=2,3; m/z=46. 62)
NaNOQOj; Na:NO3z* (m/z=108)
NaNO3» Na(NOgz)> (m/z=115)
Na(Cl Na Cl*
K] R Cl*
MgCls MgnCl,*
CaCls CanmCly*
CuCls CunCls™®
NaBr NayBry*
NasHPO, NasHPO4* (m/z=119)
(NazPO4)NaO- (m/z=180)
KsPO, KHPO4 (m/z=135)
(COOH)2 COOCOO (m/z=88)
NaBrO; Br: (m/z= 79, 81)
Soot! m"
Silicates SimOy* and XSin0,* (X=metallic
elements) ¥
So1l samples 2 Al:Si1,0,
Soil samples % AlS1,0,

1) Soot samples were prepared by combustion of toluene, benzene and candle.
2) Sand was collected at Midori pond, near Syowa station, Antarctica.

3) Rock was collected at Lang Hovde, Antarctica.

4) Tsugosi et al., 1991

*: Fragment ions were obtained in both ion modes.
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frequency of detected characteristic peaks for a specific component to the total
analyzed particle number was defined as relative abundance of the species; hence,
no matrix effect and poor reproductivity were encountered. Thus. relative
abundance means the abundance of particles that contains the species of concern
at more than their detection limit vs the total analyzed particles on the stage.
However attention should be paid to the fact that relative abundance does not
necessarily mean the absolute concentration of the species in the atmosphere
because of total amount of particles collected was different for each sampling and
the amount of particles on each stage were too small to be weighted. The
discussion in Chapter 5 used the relative abundance as the denominator but not
as their absolute concentration in the atmosphere. The relative error of the
abundance in this study was less than 2 % against 200 shots. Interpretation of
LAMMS spectra is manually done by comparison with reference spectra.
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Chapter 3

Sea-salt particles in winter Arctic atmosphere
—Transport of oceanic air mass
and aging process—

3 1. Introduction

Sea-salt particles are one of the dominant species of atmospheric aerosol
particles in troposphere, especially over oceanic and coastal regions. sSea-salt
particles can play an important role in the atmospheric heterogeneous Processes
as mentioned in Chapter 1, so that the better understanding of chemical and
physical properties such as phase, size distribution of sea-salt particles, and
mixing states of each aerosol constituent is essential to reveal the roles of sea-
salt particles, and the heterogeneous processes on the particles. This chapter
summarizes the variations and the size distribution of sea-salts in aerosol
particles, mainly Na* and CI, and then attempts to estimate the aging index of

oceanic air mass containing a large amount of sea-salt particles at Ny-Alesund.

3 2. Results and discussion
3 2 1. Transport of oceanic air mass

The variations of non-size-segregated Na* concentration, air temperature,
relative humidity, and wind speed in winters of the past 3 winters, 1995/1996.
1996/1997 and 1997/1998, were shown in Figure 3_1. The spiky peaks of Na‘
concentration were found under the windy condition and/or storm condition with
higher relative humidity and higher temperature as marked by asterisks. Molar
ratio of Na' concentration to Cl' concentration in each winter was almost similar
to molar ratio in seawater ([Cl]/[Na*]=1.2, Wilson [1975]) as shown in Figure 3 2.

L

This correlation suggests that Na* and Cl- in the atmosphere were mostly derived
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rom sea-salt particles directly emifted from open sea surface. Then air mass
with high concentrafion of Na* is likely identified as oceanic air mass. As shown
in Figure 2 4a and 2_4b, the sea ice margin during December — March was
located in south of Spitshergen. Then very local emission of sea-salt particles
arpund Ny-Alesund can be ignored in spite of higher wind speed.

In Figure 3 _3a and b shown were the typical examples of weather maps
at surface level on 8 February 1998 and 16 January 1998, when higher Na* nss-
S504% concentrations were found, vespectively. Air parcel on 9 February 1998
should be transported from mid-latitude area through the access of low-pressure
system as shown in Figure 3_3a. In addition, methanesulfonate (CH:SO3) was
tound in back-up mode and coarse mode (see in Figure 4_1) during the periods
with high Na® concentration in 1995/1996 winter. Also Heilzenberg and Leck
[1994] showed the presence of methanesulfonate at Ny-Alesund during the
winter seasons. Methanesullonate is produced through photooxidation of
dimethylsulfide (DMS) released from marine phytoplankton [Hatakeyvama, 1985].
The concentrations of DMS and CHySOy showed minimum in winter polar
regions because of less bwactivity and less solar radiation [Turner ef 2., 1989
Leck et al., 1990; Bates et al., 1992; 11 and Barrie, 1993: Li et a/., 1993: Savoie et
al., 1993; Jaffrezo et al, 1994]. Considering the lowest photooxidation ability in
the dark Arctic winter [Barrie and Hoff, 1984], most of CH3803 should be not
produced in the dark winter Aretic. Then presence of methanesulfonate at Ny-
Alesund in winter season must be indirect evidence of transport from mad-
latitude are with more bioactivity and active photochemical reactions, Although
the air mass on 9 February 1998 was transported over Scandinavia, the
concentrations of pollutants such as SOz and 804% were very lower as shown in
Figure 3_4. Therefore, oceanic air mass al Ny-Alesund should contain less
pollutant despite transport from mid-latitudes. On the other hand, air parcel
flowed from higher Arctic region on 16 January 1998, when higher
concentrations of pollutants such as 8Os and nss-S04? were found, as shown in
Figure 3_3b. Therefore, Arctic air mass should be identified as polluted air mass.

3 2 2. Modification of sea-salt particles

Figure 3_5a shows the variations of Na* concentration and its
mass size fraction in past 4 winters, 1994/1995, 1995/1996. 1996/1997 and
1997/19985, and Figure 3_5b those of Cl- Na* was mainly distributed in coarse
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Figure .2—2: Wind rose of surface winds for Ny-Alesund for 1995-1998. The distribution of resultant wind
direction and speed are given in units of percent occurrence for the past 3 winters. Wind speed is
displayed as a function of direction in 3 speed classes.
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mode (> 2.3 pm in diameter) i every winters, and minor in fine and hack-up
mode (0.2 - 2.3 ym in diameter). Tn contrast to size distribution of Na+, the
concentratioms of CL in fine mode were quite lower than sea-salt (ss-) Cl
concentration, estimated from Na® concentration using molar ratio ([CL)/[Na'] =
L20n seawater [Wilson, 1975]), in past 4 winters. This is hkely due to chlorine
depletion of sea-salt particles through the heterogeneous processes as described
below and later Chapter. Indeed individual particle analysis by means of
LAMMS showed the internal mixing states hetween sea-salts and acidic species
such as S04, SOz%, CH3S0s, NOg, and NO«-.

Individual particles analysis by means of LAMMS showed the internal
mixing hetween sea-salts and some acidic species as shown in Figure 3 6. In
Figure 3_6a, characteristic fragment ions due to NaCl (NaClyz, m/z=93, 95 and
97: NaoCly, m/z=151, 153 and 155), KCl (KClz, m/z=109, 111 and 113), MgCl.
(MgCls, m/2=129. 131. 138 and 135) CaCle (CaCly, mfz= 145, 147 and 149) were
abserved but fragment ions due to other species were not observed. The aerosol
particle shown in Figure 3_6a should be identified as less modified sea-salt
particle. On the other hand, characteristic fragment 10ns due to sea-salts (NazCl-,
m/z= 81, 83 and 85; NaKCl*, m/z=97 and 99) and mixture of CHsSO3Na and
CH3SOsK (NazCH3SOg%, m/z= 141; NaKCH:S03* m/z=157) were ohserved in
Figure 3_6b. Tn addition, the fragment ions due to mixture of 1 iS00y and KaSO,
(NaaS0s*, miz= 165: Na:KSO4*. m/z= 181 NaKsSO4t, m/iz= 197) were also
obtamed in Figure 3_6¢. Considering that the lower molay ratio of sulfate to sen-
salts in seawater as shown in Table 3_1 and that the characteristic fragment ions
due to sulfate were hardly observed from sea-salt particles in freshly oceanie air
mass, acidic species must be caused by heterogeneous processes on sea-sall

particles during the transport, for examples,

(R3_1) 2NaCl+ HxSO04 — 2HCI (1) + NasS0,
(R3_2) 2NaCl + HuS03 —= 2HCI (1) + NazS0,
(R3_3) NaCl + CH4SOsH — HCI (1) + NaCH1S0..

Thus aerosol particles showing Figure 3 Gb and 3_6e should be identified
as modified sea-salt particles by sulfates and/or methanesulfonates. Internal
mixing states of sulfates and methanesulfonates on sea-salt particles were often
observed in marine atmosphere [Kolaitis et 2/, 1989] and Antaretic region
[Wouters et al, 1990; Hara ef al., 1996]. In Figure 3 6d. the fragment 10ns due to

sea-salts such as NaCl were not detected, whereas the fragment 1ons due to
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Figure 3 6. Examples of LAMMS spectra of coarse aerosol particles
collected on 20 January 1996 (a, b), collected on 22 January 1996 (c),
and collected on 25 January 1996 (d, e, f, g).

Asterisks(*) indicate background peaks due to Al foil.
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Table 3_1. Concentrations and molar ratio of each specie in sea

water
Species in sea water Concentration png/kg Molar ratio to Na*
(ppb) concentration

Na* 10.78 x 106 1

CI- 19.35 x 106 1.16

Br 67 x 109 1.79 x 103
S042 2.71 x 106 6.02 x 102
5032 n.d. n.d.

CH:S0; n.d. n.d.

NOjy < 10-3°
NOy» n.d. n.d.

n.d.: not determined
*: Parungo et al. 1987

NaxSO0s (NaSOyz, m/z=103), NuasSO; (NaSOy, m/z=119), NaNOs (Na(NOs)s,
m/z=115) and NaNO; (Na(NOs)z, m/z= 147) were observed. This particle should
be identified as wholly Cl-depleted sea-salt particles. Sea-salt particles contained
not only sulfur species but also inorganic nitrogen species such as nitrates and
nitrites. In Figure 3_6e, fragment ions due to sea-salts (NaClg; m/z=93, 95 and
97) were identified as dominant ions. Also NO» ion (m/z=46) due to nitrate/nitrite
and some nitrogen oxides was observed in Figure 3 6e but characteristic
fragment ions due to NaNOjs and NaNOs were not detected. The particle showing
in Figure 3_6e might be identified as a slightly modified sea-salt particle by
reactive nitrogen oxides, Since peak intensity of NOs ion in Figure 3_6e was
smaller than that in Figure 3_6f a small amount of nitrate/nitrite or some
nitrogen oxides may be present on the sea-salt particle. On the other hand,
characteristic fragment ions due to sea-salts (NaClgz; m/z=93, 95 and 97), sodium
nitrate (Na(NO3)2; m/z =147) and sodium nitrite (Na(NOz2)2; m/z=115) were
obtained in Figure 3_6f. This particle showing in Figure 3_6f might be identified

as a sea-salt particle modified by reactive nitrogen oxides such as nitrates and
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nitrites. Sea-salt particles containing nifrates have often been observed in the
polluted marine atmosphere \references in Fitzgerald, 1991: Wu and Okada,
1194] and in winter Arctic [Hara et af. 1999], with enrichment factors to
seawater of nitrate relative to Na* of >10¢ [Parungo et al, 1987] as shown in
Table 3_1. Hence, NOs in sea-salt particles also must be caused by
heterogeneous processes in these cases. Nitrite on sea-salt particles could also he
caused by heterogeneous processes on sea-salt particles as reported hy Li [1994].
In Figure 3 6g, fragment 1ons due to NaCl were not detected, whereas Na(NO4)»
and Na(NOs)» were obviously observed. Thus, the particle showing in Figure

o_6g might be identified as & wholly Cl-depleted sea-salt particle —more
modified than that in Figure 3_6F— by reactive nitrogen oxides,

Individual particle analysis suggested that the less CI- concentration in
fine mode may be due to the modification of sea-salt particles —Cl-depletion— by
acidic species during the transport. Since fine particles have longer residence
time 1 atmosphere [Warneck, 1988| and relatively larger surface area to their
volume, prominent Cl-depletion of sea-salt particles could oceur in fine mode.
Other halogens such as Br and ' in sea-salt particles can be depleted through
the similar heterogeneous processes [Keene et al. 1946; Ayers et al; 1999]. As
the modification of sea-salt particles, so called halogen depletion, should oeccur
during the transport. aging processes of sea-salt particles and/or oceanic air mass
must be important key to diseuss the heterogeneous processes on sea-sali
particles. Then the qualitative index of aging of oceanic air mass with many sea
salt particles was estimated for identification of aged pceanic air mass 10 an

attempt to understand to aging processes of sea-salt particles.

3 2 3. Aging index of oceanic air mass

Figure 3 7 shows the typical size distributions of Na* and Cl
concentrations in 1995/1996 winter. Although Na‘* concentration increased 1n
each fraction under the storm condition as marked by asterisks, the increase of
Na* concentration in fine mode in spite of no- or minor increase in the coarse was
observed as marked by arrows in Figure 3 7, Preferential removal of coarse son.
salt particles through wet and dry deposition during transport would cause the
relative inerease of the concentration of Nat and O] in the fine particle fraction.
Then the air masses marked by arrows in Figure 37 should be identified as aged

oceanie air mass. Transport of aged oceanic air mass to Ny-Alesund was also

8
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observed by Staebler ef g/ [1999]. This suggests that the molar ratio of Na
concentration in coarse particle fraction to that in fine particle fraction (C/F
ratio) can he used as aging index of oceanie air mass. The variations of C/F ratio
of Na* and size distribution of Na In each winter were shown in Figure 3_8.

The C/F ratios of sea-salts in ather region were given in Tahle 3_2. Lower
C/F ratio of Na* at Ny-Alesund was found in aged oceanic air MASKes, as
mentioned above. Observations at Barrow and Antarctic Sea showed also the
lower C/F ratio under the conditions isolated from open-sea area with the
subsequent emission of sea-sulf particles. Although mean C/F ratio of Na was
U.867 [L1 and Winchester. 1980] in winter seasons at Barrow where 1s >1000 km
away from the opened sea ares during the winter, C/F ratio ranged from 3.7 to
12.3 1n summer season when Open sea area 1s a few km away from the
observation site. Also the C/F value during the eruise of 38th Japanese Antaretic
Research Expedition in Antaretic sea ranged from 0.97 to 11.1. whereas lower
U/F value, 0.97 - 2.00, was observed under the condition covered with sea ice.
Then lower C/F ratio was found under the condition isolated from opened sea
area. This tendency was likely due to preferential deposition of coarse sea-salt
particles, and due to absence of subsequent forming of sea-salf particles from the
sea surface. Hence C/F ratio of Na* can be used as an aging index of oceanic air
mass in the observation site isolated from open sea area, for example polar and

inland regions,

3_3. Chapter Summary

Sea-salt particles were one of the dominant aerosol species at Ny-Alesund
in every winter, Some sea-salt particles were internally mixed with sulfates,
sulfites, methanesulfonates, nitrates and nitrites, which were likely due to
heterogeneous reactions on sea-salt particles during the transport. The
concentrations of sea-salts such as Na' and C- mereased in oceanic air mass
transported from opened sea arvea through the storm accesses. Also the transport
of aged oceanic air mass was often observed in Ny-Alesund. For identification of
aged oceanic air mass, molar ration of the concentration of Na* in coarse mode to
that in fine mode (C/F ratio of Na‘) was used as the aging index of oceanic air

Mmasses.
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Chapter 4

e P

Sea-salt particles as Scavenger for acidic species
—Sulfur species and reactive nitrogen oxides—

4 1. Introduction

As described in Chapter 3, some sea-salt particles were internally mixed
with 80,2, SO3%, CH3804. NOs and NOz2, which are the most important acids in
atmosphere, and are the end products of gaseous sulfur species [e.g., Warneck.
1988] and reactive nitrogen oxides [e.2., Ehhalt and Drummond, 1982; Roberts et
al., 1995] through gas phase reactions and heterogeneous processes on aerosol
particles in the atmosphere. If the subsequent production and uptake of acidic
species on sea-salt particles —internal mixing between acidic species and sea-salt
particles—~oceur in winter Arctic atmosphere, sea-salt particles with higher
deposition velocity through dry and wet processes [Warneck, 1988] can play an
important role in sink of acidic species such as gaseous sulfur species and
reactive nitrogen oxides.

The heterogeneous processes on sea-salts have been mainly discussed on
the basis of laboratory measurements (e.g., references in Table 4 1). However, it
1s important to know the ambient mixing states of particulate species 1n
individual particles in order to understand the heterogeneous processes on sea-
salt particles and its contribution in winter Arctic atmosphere. For better
understanding of heterogeneous chemistry on sea-salt particles and sink
processes of atmospheric acids, this chapter summarizes the measurement
results, and then attempts to elucidate the chemiecal roles of sea-salt particles as

the sink of atmospheric acids and its contribution.

4-2. Results and Discussion
4-2-1. The roles as the sink of sulfur species
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Sulfate, sulfite and methanesulfonate in the modified sea-salt particles
were 1n the forms of Na.SO,. NasSOy and NaCH:S0;, (see Figure 3_5b, ¢ and d),

which should be formed through heterogeneous reactions on sea-salt particles, for

example:

{.R:‘;_” 2 Na(Ql] + H::Fl'[j.1 — 2 H(C] {T} + N-’IESO-i
(R3 2) 2 NaCl + H»-803 — 2 H(1 (1) + NasS0g4
(R3_3) NaCl + CH;SO3H — H(] (1) + NaCH350:,

The formation of particulate sulfur species on sea-salt particles may be cauged by
(1) uptake of gaseous H2S0, and CH3SOsH on sea-salt particles, (2) oxidation of
precursors on/in sea-salt particles, and (3) coagulation of acidic aerosol particles.
As gaseous HuSO4 and CHSO;H are mainly formed through the reaction
between precursors (eg., SOs and DMS: dimethylsulfide) and photochemical
oxudant such as OH, the contribution of this process can be neglected in polar
winter condition with less or no solar radiation. According to Luria et al. [1991]
and Sievering et al [1991, 1992, 1995], nss-SO4% on sea-salt particles could be
formed mainly through the heterogencous oxidation of 502 with ozone rather
than coagulation of fine sulfate particles. Recent work suggested that CH1SO«
also could be formed through the heterogeneous oxidation of precursors on
aerosol particles (Jafferson et g/ [1968]). Thus nss-50,2 and CH3SOy on sea-salt
particles may be formed mainly through the heterogeneous processes during the
fransport.

Although nss-SO4* was mostly found in fine mode in each winter
(1994/1995, 1995/1996, 1996/1997 and 1997/1998) at Ny-Alesund as shown in
Figure 4_1, sulfates were also found in coarse mode (se¢ in Figure 3 5a), which
were mainly consisted of sea-salt particles. If sulfates in codarse mode were
internally mixed with sea-salt particles, sea-salt particles have some contribution
to sulfur eycles, especially sink processes. However, single particle analysis using
LAMMS showed not only internal mixing states as shown in Figure 3 6¢ and
3_6d but also the presence of coarse sulfates as shown in Figure 4 2. The
characteristic fragment ions such as HSO, (n=3 and 4: m/z= 81 and 97) due to
H2504, NH{HSO,; and/or (NH4)250, were observed. Then. this particle should bhe
identified as not modified sea-salt particle, but sulfate particle, similar to fine
sulfate particles. Coarse sulfate particles were obgerved in remote boundary layer
[Mouri et al, 1995]. In addition. coarse sulfate particles containing soot
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Figure 4_2. LAMMS spectrum of coarse sulfate particle collected on 3 February 1996




were also observed in 1995/1996, 1996/1997 and LOYT/1998 winters. Sulfate
particles vontained soot even in remote marine boundary layer [Posfai of a2/
L999]. Aceording Lo Poslar er a/ [1999], internal mixing between sulfate and s00t
were perhaps derived from heterogencous processes on soof particles, Because of
higher concentration of saot in winter/spring Arctic [Heitzenberg and Leck, 1594],
sulfate formation through the heterogeneous processes on soot particles mavhe
vecurred. Indeed, many sulfate particles mixed internally with soot af Ny-
Alesund |[Hara, unpublished data]. Considering low concentration of ngs-50,42 in
coarse mode and mixing states of coarse sulfates. the heterogencous formation of
nss-SO4* on sea-salt particles may have smaller contribution to remaving
processes of sulfur species in winter Aretic. In contrast, CHySOy was distributed
in coarse and back-up modes, and present as internal mixture with sea-sall
particles i coarse modes as shown in Figure 3 5. However, CHSOs
concentration may be too low to have a significant influence on acidie sulfur evele
in the winter Arctic atmospheric. Therefore the modification of sea-salt particles
by acidic sulfur species (e.£., R3_1 - 3_3) may have smaller or less contribution to
sink processes of acidie sulfur species in winter Arctie, whereas the modification
of sea-salt particles by sulfur species might have some contribution fo halogen
eyeles in winter Arctie because inorganic halogenated compounds are formed
simultaneously in the modification of ded-salts, Details of emission of inorganic
halogenated species through the modification of sea-salt particles will be
described in next chapter.

4-2-2. The role as the sink of reactive nitrogen oxides

As shown in Figure 3_5e-g, some sea-salt particles were internally mixed
with nitrates/nitrites, which were in the forms of NaNOjy and NaNOsz. How was
the relation between sea-salt particles and inorganic nitrates? Figure 4 _3 shows
the size distribution of particulate NOs concentration at Ny-Alesund in the past
4 winters (1994-1997). Particulate NOy¢ in each winter was mostly distributed in
the coarse particle fraction (> 2.3 um in diameter) and minor 10 fine mode, Above
H0% of NOy 1n average was distributed in ecoarse particle fraction especially in
the 1996/1997 winter except for the end of February when the concentration of
nss-Ca*t and nss-Mg?t, derived from mineral particles, suddenly inereased.
Graseous HNOjg concentration mostly ranged around or below the field blank level
(0.6 nmol m3) 1n this study, According to Barrie |personal communication, 1997,

the mean and maximum gaseous nitrate concentrations were 5 and 20 ppty (0.2 -
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(.8 nmol m+) at Ny-Alesund in L3996 winter. respectively. The particle fraction of

Inorganic nitrate (%),

100% f— VO, Lo
[Nf}j_ £ HN{}‘JW.,,I '

may range from 85 to 98 % in 1996/97 winter using mean concentration
measured by Barrie [personal commuimeation, 1997] at Ny-Alesund. Most of the
morganic nitrate was present as particulate NOs in the coarse mode, which is
dominated by sea-salt particles. A similar tendency of fractionation of norganie
mitrate to the particulate phase was also obgerved at Alert, Canadian high Arctic
in winter-spring [Barrie ef a/., 19944].

Individual particle measurements were made with nitron-thin-film in
order to understand the mixing state and phase of coarse particles. The typical
SEM image of the coarse particles on mtron-thin-film are shown in Figure 4 4.
Prominent needle-like crystals due to the reaction between NOy and nitron were
observed on the surface of the thin-film. Some particles with needle-like crystals
had an angular-erystal nuclei similar to the shape of sea-salt particles shown in
the papers by Miura ef a/ [1991], lkegami ef al. [1991 and 1994] and Posfai er 2/
[1995]. As shown in Figure 3_0, nitrates were mostly in the forms of NaNOs. Also
LAMMS analysis showed particulate NOy might he mternally mixed with sea-
salt particles and/or in the states of wholly Cl-depleted sea-salt particles. In
Figure 4 4, some particles had the staing around the particle as marked by
arrows. Because nitron-thin-film has a relatively high sensitivity to agquenus
solution, impacting droplet on the film may form the stains. Actually, relative
humidity at Ny-Alesund in winter ranged from 42-98%, higher than the
crystallization points (45-48%) of NaCl aerosols in droplet evaporation [Tang et
al, 1997]. Since NaCl particles have = large hysteresis effect in phase
transformation [Tang et 4/, 1997], hquid phase should remain on surface of most
sea-salt particles 1n winter at Ny-Alesund. The presence of liquid phase on sea-
salt particles may enhance the uptake of gaseous HNO; and the formation of
particulate NOg through the heterogeneous reactions.

To estimate the number fraction of aerosol particles containing NOy, the
number of coarse aerosol particles on nmtron-thin-films and aerosol particles with
positive reaction on nitron-thin-film were counted from SEM umages. More than
85 particles (maximum 2104 particles) were counted for one sample stage

fraction. Figure 4 5 shows the variations of (a) the total number concentration of

50




Figure 4 4 Typical SEM images of aerosol particles in coarse particle fraction
on nitron-thin-film.
(a) aerosol particles collected at 17 December. 1996

(b) aerosol particles collected at 12 December. 1996
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conrse particles, (b) the numhber concentration of coarse particles containing NOj
(c) reacted fraction of coarse particles on nitron-thin-film. (d) molar ratio of Na*
concentration in coarse mode o that in fine mode (C/F ratin), (e) Nat
concentration on prefilter and (f) NOy concentration in 1996/1997 and 1997/1998
winters. The value of C/F vatio of Na concentration 15 used as an index of aging
of oceanic air mass as described in Chapter 3, The total number concentration of
toarse particles ranged from 14.4 to 420.0 L7 in 1996/1997 winter and from 4.3
to 2228.0 LV 1997/1998 winter. and increased during the stormy conditions
when Na* concentration sharply increased in hoth winters. On the other hand,
the number concentration of aerosol particles containing NOy ranged from 3.8 to
207.2 L1, in 1996/1997 and from 0.3 to 1045.6 in 1997/1968 winter. Although the
spiky peaks of the concentration of particles containing NOy were found during
the periods of higher concentration of coarse particles, poor correlation was
observed between the number concentration of aerosol particles containing NOy
and that of coarse particles. The reacted fraction of coarse particles ranged from
2.6 to 74.7 % in 1996/1997 winter, from 1.4 to B0.7 % in 1H97/1998 winter as
shown in Figure 4 _5¢. Higher reacted fractions of coarse particles were ohserved
in early December, early February and the end of February when the number
concentration of coarse particles and C/F molar ratio of Nat concentration
deereased below 10, High reacted fractions of coarse aerosol particles on nitron-
thin-film were found in aged oceanie air with lower C/F ratio of Na®, so that the
reacted fraction intreases 1 aged oeceanic air masses. Hence, particulate NOgy
should be gradually formed on sea-salt particles during a long-range transport.
The mitron-reacted fraction of our samples was about 20 % on average.
This value is much higher than the value (< 1 %) for upper marine boundary
layer and free troposphere over Greenland Sea and near Svalbard [Parungo ef al,
1993]. As sea-salt -particle concentration deereased with mereasing altitude
[Blanchard, 1984], the nitron-reacted fraction may decrease significantly with
altitude, assuming that reactive mirogen oxides were internally mixed with sea-
salt particles. On the other hand, without heterogeneous removal of HNOy with
sed-salt s, much high HNOjy concentration would be expected for upper
troposphere due to lack of sea-salt particles. Indeed. lgh HNOy concentrations
up to 367 ppty (=15 nmol m9) were reported in the free froposphere of spring
Arctic [Jaeschke, 1997]. Thus, the high nitron-reacted fraction of conrse particles
and the low conecentration of gaseous HNOy suggest that sea-salt particles act as
a large sink of inorganic mitrate within the marine boundary layer in winter
Arctic. In turn, the presence of wholly Cl-depleted sea-salt particles mmght be

used as an index of aging degree of sea-galt particles and oceanic air masses.
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4 2 3. Estimation of the formation of particulate inorganic
nitrates from reactive nitrogen oxides on sea-salt
particles

For the estimation of contribution of each reactive nitrogen oxide to
particulate NOg formation, we carried out calculations using a simple uptake
model. Time variation of particulate NOg concentration, [NOgs]. in coarse
particles was written by the following equation:

:I[NU,'J IJ[NOJ' J d{HN(’J.ll

i

(4_1).

— — g —

clt dt di

In equation (4_1), dINOx]y v/ dt and dlHNOgovap/dt mean the production rate of
NOg through the heterogeneous reaction. and HNO; loss rate through the
evaporation from aerosol particles, respectively. The caleulation was based on the
heterogeneous formation of particulate NOs in the liquid phase because of the
presence of surface water, as mentioned above. The possible processes of
heterogeneous formation of particulate NOs on deliquescence sea-salt particles
were as follows:

(R4_1) HNOj3 (g) <= HNO3 (aq)

(R4_2) HNOg (g) + NaX — NaNOs + HX

(R4 _3) N205 (g) = N20j; (aq)

(R4 _4) N20j5 (ag) + X™ — NOg + XNO-» (aq)
(R4_5) N20s5 (aq) + H20 (aerosol)— 2 HNO4 (aq)
(R4 _6) NO3 + Hs0 (aerosol) = HNO, (aq)+ OH
(R4_7) NOs+ X — NOs+ X

(R4 8) NO:z (g or aq) + oxidant — NOgy (aq)

(R4 9) XONO: + H20 (aerosol) = HNO3 + HX
(R4 10) XNOz + H:20 (aerosol) = NOg + HX
(R4 _11) PAN + H:20 (aerosol) = NOg- + CH3C(0)O- + H*

where X is Cl or Br [Finlayson-Pitts, 1983; Finlayson-Pitts and Pitts, 1986;
Finlayson-Pitts ef al., 1989; van Doren et al., 1990: Behnke ef al. 1991 1992,
1994, 1996, 1997; Langer et al., 1992; Fenter et al. 1994, 1996: George et al.,
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Table 4_1. Uptake coefficients of reactive nitrogen oxides on salt in
laboratory measurements
reagent Uptake i W 8 Substrate condition Reference
coefficient
HNO; (.193-0.158" 268-273 Water droplet van Doren et a/.
[1990]
N:O5 0.03 298 Wet salt aerosols Behnke et al
[1991]
0.039-0.014 1 263-273 Droplets (reorge et al.
[1994]
0.032 Wet NaC(Cl Behnke [1997]
NO; 0.2 x 10-3-6.0 x 273 NaCl solution Rudich er al
104 [1996]
2.0x 103 293 Na(Cl solution Thomas et al
[1998]
NOg 6 x 105 —5 x 10® 298 Dry NaCl Vogt and
Finlayson-Pitts
[1994]
PAN <10+ 199-226 H:S042) Zhang and Leu
[1997]
CINO: 3.41 x 106 277.4 H-0 Frenzel et al
[1998]
2.7 x 107 291 Wet salt aerosols Behnke et al.
[1997]
BrNO» >3.8 x 106 291 NaCl solution Frenzel et al
[1998]
1.26 x 106 275 H-0 Frenzel et al.
[1998]
BrONO: >().2 210-220 HS0,42 Hanson and
Ravishankara
(1995]
CIONO: 6.7T x 109 -4.6 % 225-296 Dry NaCl Timonen et al
10-3 [1994]
1): The values were used in model calculation.
2): The uptake coefficient on NaCl was still unknown as far as we knew.
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1994; Timonen et al, 1994; Vogt and Finlayson-Pitts. 1994 Hanson and
Ravishankara, 1995; Karlson and Ljungstrom, 1995: Leu et al. 1995 and 1997;
Rossi et al, 1996; Ru dich et al, 1996; Seisel ef al. 1997: Zhang et al, 1997
Frenzel et al., 1998; Thomas et al., 1998].

The NOjy production rate through the heterogeneous reactions on sea-galt
particles, d[NOy]y ... /dt, was only calculated for order-estimation of contribution
of each reactive nitrogen oxide to particulate NOs. The NOs formation from
CIONOz, CINO: and BrNO: through reactions (R4 9) and (R4 10) was not
meluded in the model ealeulation because of lower uptake coefficients (see in
Table 4_1), and the absence of direct measurements of these species in the winter
Arctic troposphere. On the other hand, BrONO: was included in the model
caleulation because of its higher uptake coefficient as given in Table 4 1 despite
an absence of direct measurements. Sea-salt particles also contain NaBr that
reacts with reactive nitrogen oxides to form particulate NOy and reactive
halogen species [Finlayson-Pitts et al, 1989; Behnke et al. 1994 and 1996
Frenzel et al, 1998]. However, the molar ratio Br” to C1™ is about 1.54x10* in
seawater [Wilson, 1975], as shown in Table 3_1. Moreover, the uptake coefficient
of reactive nitrogen oxides on NaBr and KBr was of similar order to that on NaCl
(Fenter et al, 1994 and 1996; Leu et al, 1995 and 1997; Rudich et al, 1996
Rossi ef al, 1996; Seisel et al, 1997]. Thus, the formation of particulate NOy
from the reaction between bromide and reactive nitrogen oxides was not included
in the model ealculation. Consequently, the heterogeneous production rate of
particulate NOg on sea-salt particles, d[NOg ] .io../dt (nmol s-' m), 18 here given

by the following equation;

JLND; b kN0, |+ 2k, [N,0. |+ k. [NO, T+ £, [NO, )+ k [BroNo, ]+ &, [PAN ]

7 0

In equation (4_2), ki is the first-order rate constant for the removal of 1 species on

the surface of sea-salt particles from the gas phase and is given by

where w; is the mean molecular speed of 1 species, A the surface area for reactions

in cubic meter of air, and y, the reactive uptake coefficient of i species. The uptake




Table 4_2. Concentrations of each gaseous reactive nitrogen oxide
in winter Arctic atmosphere

Specie Concentration, Location of Reference
nmal m? measurements
HNO3 <().6 N}'—ﬂlesund This work
0.2-0.9 Ny-Alesund Barrie *
NO, 7.1-13.4 Ny-Alesund Beine et al.[1997]
and Solberg et
al.[1997]
HONO 0.2—381 Ny-Alesund Barrie *
~3.13) Alert Li [1994]
PAN 3.1 ~32.5 Nyv-Alesund Beine et al.[1997]
Minor reactive 0.9-8.9 Ny-Alesund Solberg er al.[1997]

nitrogen oxides!
Ultra minor 4.5 4
reactive nitrogen

oxides?

*: Personal communication
1): NOs + N2Os + HONO + HO2NO2 + HNO3
| 2): NO3 + N2Os + HO:NO:
3): The values before polar sunrise
4):. Concentration range was conjectured using the results of previous
measurements in Table 2.

coefficient of each reactive nitrogen oxide 1s listed in Table 4 1. For the

estimation of production rate of particulate NOg, the following values were used;

2 pm for aerosol particle diameter and 263 and 273 K for air temperature.
| Moreover, we used 20 L' as the number concentration of aerosol particles
because the average number concentration of aerosol particles containing nitrate
was =20 L' except during storm conditions. Atmospheric concentration levels of
each reactive nitrogen oxide in winter Arctic are listed in Table 4_2. As there
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have never been direct measurements of N:Os in the winter Arctic, the
concentration of ultra minor reactive nitrogen oxides (NOy + NoOs + HONOw)
was assumed from the results of previous measurements as shown in Table 2.
The concentration of BrONO: has not been measured in winter Arctic eS0T,
Thervefore, the concentration of BrONO:» was assumed to be 0.04 nimol m un
based on the concentration of BrO [Richiter ef al, 1998: Hehestreit ef al. 1999
MeElroy et al, 1999] as a precursor of BrONOy, the kinetic of following reaction:
BrO + NOz — BrONOgz, [De Moore, 1994] and the concentration of BrONO.
caleulated from model for bromine cyele in Arctie spring [Fan and Jacob, 1992].
The NOy production rate through the heterogeneous reactions was estimated for

following three cases:

case 1 assumed precursors; HNOjg + NoOs + NOy + BrONOs + NOs + PAN
case 2 assumed precursors; HNOj + N2Os + NOy + BrONO.
case 5 assumed precursors; HNOs + N2Os + NOy

case 4  assumed precursor; HNOj,

The results of our model calculations suggests that heterogeneous
production rate of particulate NOy was larger at 263 K (Figure 4 6a) than that
at 273 K (Figure 4 _6b). Consequently, production of particulate NOy in
heterogeneous processes might be enhanced in the winter Arctic with lower
temperature. The difference between case I and case 2 suggested that presence of
NOg and peroxyacetyl nitrate (PAN) should have insignificant contribution to
divectly forming particulate NOs due to lower reaction probability in spite of the
higher concentrations of NOz and PAN in winter Arctic (see in Table 4 1 and
4 _2). As PAN is thermally decomposed in oceanic air mass with relatively high
temperature (> -10 °C), PAN can play a role of the source of NOs, which can be
precursors of ultra minor reactive nitrogen oxides such as N2Os and NOj. The
major process of forming particulate NOg should be the uptake of gaseous HNOg
on wel surface of sea-salt particles. However, heterogeneous formation from ultra
minor nitrogen oxides may have an important contribution to formation of
particulate NOag under the condition of lower HNOj; (g) concentration and/oy
higher concentrations of ultra minor reactive nitrogen oxides. Despite the high
uptake coefficient of BrONOgz, BrONO: may have a little contribution to forming
NOjs 1n the assumed concentration ([BrONO:] = 0.04 nmol m¥). When BrONO.
concentration i1s more than the assumed concentration, the contribution of
BrONO: to NOg formation cannot be ignored. Using the mean number

concentration of sea-salt particles containing nitrate, 20 L}, the observed average
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d[NO,, netero/dt, nmol s'm

1

d[NOB_]hEtﬂmfdt, nmols m

Figure 4_6. Production rate of particulate NO, at 263 K (a) and 273 K (b)

Initial sea-sall-aerosol size: 2.0 um, [NO_] = 12 nmol m”°, [PAN] = 10 nmol m~®,
[BrONO,] = 0.04 nmol m™

Case 1 (circle): HNO, + NLO, + NO, + BrONO, + NO, + PAN;

Case 2 (triangle): HNO, + N,O, + NO, + BrONO,;

Case 3 (cross): HNO, + N,O, + NO,;

Case 4 (square): HNO,,




NOy concentration in single aerosol particles containing NOy was estimated to
2.0 x 10F nmol. Assuming that new sea-sali particles did not contain NOy, it
would take 10.3 days at 263 K and 13.9 days at 273 K in case 1 to reach 5.0 = 103
nmol NOy in a single sea-salt particle through the heterogencous processes only
in expected concentration levels, HNOs: 0.2 nmol m- and N2Os + NOg: (0.5 nmaol
m*. On the other hand, the time in case 3 may he about 1.6 fimes at 263 K and
about 1.4 times at 273 K as long as that in case 1 Considering the low HNOq ()
concentrations in the marine boundary of the winter Arctic and much shorter
residence timé (several days) for coarse sea-salt particles in lower marine
boundary layer [Gong ef al., 1997], heterogeneous reaction hetween sea-salts and
ultra minor reactive nitrogen oxides might be needed to sustain particulate NOy
concentration. Thus, the heterogeneous formation of particulate NO+ on sed-salt
particles may have an important contribution to the rapid deposition from
reactive nitrogen oxides in cold and dark atmosphere such as in the winter Arctic.
These heterggencous processes can geeur not only in winter Arctic but also in any
marine boundary layer in nighttime. In particular, the heterogeneous formation
of particulate NOs from ultra minor reactive nitrogen oxides may be more
important in the polluted coastal areas with high concentrations of reactive
nitrogen oxides. Moreover, the NOgs formation on sea-salt particles may have
inportant contribution to halogen eveles in troposphere because higher reactive
halogenated species can be emitted to atmosphere simultaneously through the

heterogeneous reactions on sea-salt particles (R4 1 ~ R4 11).

4 3. Chapter Summary

This chapter discussed the role of sea-salt particles as sink of acidic
speeies. Most sulfur species (nss-S042) were distributed in fine particle fraction.
Moreover, coarse aerosol particles contaiming sulfates were not only internal
mixture with sea-salt particles but also coarse sulfate particles internally mixed
with soot. Although methanesulfonate in coarse mode were internal mixture of
sea-salt particles, its concentration was too low to have a significant mfluence on
sulfur cyecles in winter Arctic. Then, sea-salt particles might have a small
contribution to removing processes in acidic sulfur gpecies.

In contrast, most inorganic nitrates (>85%) were present as particulate
mtrates in coarse particle fraction, SEM observation using nitron-thin-film
technique showed that most coarse particles had a liquid phase on the particle
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surface and that some coarse particles contained Inorganic nitrates. LAMMS
analysis showed that inorganic nitrates/nitrites were mostly in the forms of
NaNO3y/NaNO;y on the modified and wholly Cl-depleted sea-salt particles. The
number fraction of coarse aerosol particles containing nitrates inereased in aged
oceanic air masses. Considering lower molar ratio of NOgz to sea-salt s in
seawater, NOy on sea-salt particles must be formed during the transport.

The model estimation showed the dominant forming processes of
particulate NOg should be uptake of gaseous HNO: on sea-salt particles in
winter Arctic troposphere. However, ultra minor reactive nitrogen oxides such as
N205, NO3 and BrONO: may have a large contribution to particulate NOi
formation in winter Arctic with longer nighttime and/or dusk condition, since
their concentrations are expected to increase in nighttime. Therefore, particulate
NOgy formation in coarse sea-salt particles may play an important role as a sink
of reactive nitrogen oxides in winter Arctic troposphere.
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Chapter 5
e g o ot

Sea-salt particles as the sources of
reactive halogen species

5 1. Introduction

The modification of sea-salt particles by acidic species causes the
formation and emission of reactive halogen species to the atmosphere as
described in the previous Chapter. Reactive halogen species are converted to
halogen radicals, which play an important role in atmospheric chemistry,
through photochemical processes. For example, there are strong indications that
surface ozone depletion and other atmospheric photochemistry in the Arctic
troposphere during polar sunrise is due to halogen-catalyzed cycles such as Br <
BrO [e.g, Barrie ef al, 1988: Le Bras and Platt, 1995; Sander ef a/l, 1997; Barrie
and Platt, 1997; Ramacher ef al,, 1997 and 1999: Tuckermann et al., 1997; Ariya
et al., 1998 and 1999; Summer and Shepson, 1999]. A key outstanding issue in
atmospheric chemistry associated with halogen cycles in polar region is the
source of reactive halogen species. As mentioned in Chapter 4, the modification of
sea-salt particles by acidic species can be one of the important primary sources of
gaseous reactive inorganic halogen species. According to Barrie and Platt [1997],
the possible sources of reactive halogen species during Arctic spring are halogen
liberation in sea-salts either in the aerosol particles or on the ice/snow surface,
and decomposition of organohalogen species. This chapter discussed halogen
liberation from sea-salt particles as one of the primary sources of reactive

imnorganic halogens.

5 2. Results and Discussion
5_2 1. Variations and mixing states of atmospheric
halogen species
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Figure 5_1 shows the variations of the concentrativns of FASROUS
morgame chlorine species (g_Cl) and gascous inorganic hromine species (g By),
and the variations of molar ratio of g Cl concentration to g_Br concentration in
1996/199T and 1997/1998 winters at Ny-Alesund. Qur analytical method cannot
identily each gaseous halogen specie (HX, HOX, XNOs, XY, Xo. XONO;z and XNO;
Xor Y = Cl or Br) because of the release of Cl- and Br- from each specie upon pure
water extraction, The g Cl concentration ranged (rom BDL (0.5 nmol m) to 11.9
nmol m 1 1896/1997 winter and from BDL to 6.4 nmol m* in 1997/1998 winter.
On the other hand, the g_Br coneentration vanged from BDL (<0.01 nmal m-4) to
(.71 nmol m* m 1996/97 winter and from BDL to 1.9 nmol m= in 1997/1998
winter. These ranges were almost similar to the ranges observed at Alert
Canadian high Arctic (Barrie ef a/, [1994]), The molar ratio of g _Cl concentration
to g_Br concentration showed the guite lower value than the molar ratio in
seawater ([CI]/[Br] = 648). According to Keene et a/ [1998] and Avers ef al
[1989], more efficient bromine deficit should take place on sea-salt particles than
chlorine deficit in marine boundary layer, Thus, the lower molar ratio of g Cl to
g_Br than seawater ratio may be caused by halogen fractionation in the halogen
iberation either on sea-salt particles or sea-salts on the surface of snow and sea
ce.

The comcentration of g Br gradually inereased toward spring in hoth
winiers as shown in Figure 5_1. The increasing rates, estimated from the
varation of running mean (5 points; 2.5 days), were given to

lg_Br] = 0.0018 [day of year 1997] + 0.051 (R2 = 0.69) in 1996/1997 winter,
and
[g_Br| =0.0046 [day of year 1998] + 0.052 (R2= 0.43) in 1997/1998 winter. 1

However, the inereasing tendency in the concentrations of particulate bromine
species (p_Br; Br- and BrOy) was not observed as shown in Figure 5 2, Also the
mcreasing tendeneies of g Cl and particulate chlorine species (p_Cl) were not
observed in both winters. As shown in Figure 5_2, mase fraction of ¢ Br had a
mimmum around the winter solstice in both winters, and gradually increased
toward to spring season. The mass fraction of g_Br reached up to about 60% in
ecarly March, whereas mean mass fractions of nss-Br were 16% in 1996/1997

l winter and 19% in 1997/1998 winter. Therefore, inorganic bromine species
(inorg_Br = g Br + p_Br) should be gradually accumulated in winter Aretic
troposphere, and may be distributed mostly in gaseous phase and partly in
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particulate phase in the winter Arctic troposphere, Exceed bromine SPOLILS L0 55-
Br- were often observed in other Arctic regions (Barrow and Alept) during the
winter/spring [Berg et al, 1983; Sturges and Barrie, 1988; Sturges ef ai, 1990
Sturges and Shaw, 1993; Barrie et a/, 1994a, 1994b: Li ef a/. 1994]. In order to
obtain the mixing states of aerosol particles containing exceeded hromine species,
individual particles analysis was carried out using LAMMS in the present study,

LAMMS analysis showed that brominated species were often detected
with sulfates and/or soot in fine mode, although the chemical state of particulate
bromine species such as bromides and bromate was not identified in this study
beeause of only detection of Br- (m/z=79 and 81). In addition, ss-Br may be toolow
concentration in sea-salt particles to deteet Bre, considering the seawater ratio
([Br|/[Nat]=1.79x10-%). Thus, obtained Br- should be derived from the exceeded
bromine species 1n aerosol particles. Figure 5 3 indicates the variations of
relative abundance of bromine, and sulfate detected together with bromine in
fine mode in 1995/1996 and 1996/1997 winters. The features and ranges of
relative abundance of bromine species (Figure 5_3a and b) were similar to those
of bromine species detected with sulfates. The exceeded bromine species in
particulate phase may be internally mixed in fine sulfate particles in winter
Arctic troposphere. Because of higher concentration of g Br, the exceeded
bromine species were likely due to uptake of g Br on fine sulfate particles during
the transport. Higher relative abundance of sulfates particles containing bromine
species was found 1n oceanie air masses with higher Na* concentration, whereas
less found in polluted or Arctic air masses with higher SOz or nss-S042
concenirations. This variation suggested the possibility that the exceeded
bromine gpecies 1n {ine sulfate particles and g Br was derived from marine
origing, Details of sources of g Br were discussed in later section.

5 2 2. Sources of inorganic halogen species in winter
Arctic
a. Source of gaseous inorganic chlorine species

[n contrast to the variation of inorg Br, the mecreasing tendency of ¢ Cl
and p_Cl conecentrations was not obtained in both 1996/1997 and 1997/1998
winters, so that an insufficient or less accumulation of inorganic chlorine species
(inorg_Cl = g Cl + p_Cl) occurred in winter Aretic troposphere. Most of p_Cl was

in the torm of Cl, which concentration is almost equivalent to ss-Cl expect the
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periods with large CI depletion on sea-salt particles by acidic species. Since Cl
depletion was often observed, depleted ClI- (dep (Cl) amount was estimated

arithmetically from the following equation using seawater ratio;
[Dep_C1] = [ss-Cl] - [Cl] = 1.2x[Na*] - [C1] (6_1).

Figure 5_4 shows the variations of the concentrations of g Cl, dep_Cl- and Cl in
1996/1997 and 1997/1998 winters, Lower dep_Cl' concentration was found in the
periods with higher concentrations of sea-salts, whereas higher dep Cl was
observed in the periods with lower Na* concentration. Then less Cl- depletion on
sea-salt particles probably occurs in relatively fresh oceanic air mass, and
obvious Cl depletion was eobserved in aged oceanic air mass. In both winters,
dep_Cl concentration showed almost similar range to g Cl concentrations.
Moreover the variations of dep_Cl- concentrations had a good correspondence to
that of g_Cl 1in 1996/1997 winter. Hence g Cl in winter/spring Arctic troposphere
might result from volatihzation from sea-salt particles by acid displacement
reactions involving HNO3;, H:S0,, and others.

b. Sources of gaseous inorganic bromine species

In contrast to inorg Cl, the inorg_Br concentration exceeded atmospheric
ss-Br- concentration, and an inereasing tendency of g Br concentration was
ohserved, as menfioned above. The accumulation of inorg_Br must depend on the
halance between the source strength and sink strength. Here, the source
processes of norg Br were only discussed for the first step of better-
understanding in atmospherie bromine eycles in winter/spring Arctic troposphere
because of large uncertainty in deposition and removing processes of each
inorg Br under the winter/spring Arctic condition. Some investigators suggested
the following sources of g Br; (1) halogen depletion of atmospheric sea-salt
particles through the heterogeneous processes [Mogzurkewich, 1995; Vogt er al,
1996; Oum er al, 1998a], (2) halogen liberation from sea-salts on the surface of
sea 1ce and/or snow through the heterogeneous processes [McConnell and
Henderson, 1993; Tang and McConnell, 1996; Oum et al. 1998b], (3) the
decomposition of organic bromine species (org_Br) and organic chlorine species
(org Cl) such as CHyBr and CHBryg |Oltmans ef al, 1989; Li et al, 1994; Elhott
and Rowland, 1995; Yokouch: ¢¢ al, 1996] and (4) human activities [Thomas ef
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al, 1997),

As the decomposition of org Br oceurs mainly through photochemical
processes [la er al, 1994; Yokouchi et al, 1996], the contribution of
photochemical decomposition of org Br and org Cl can be neglected or less 1n
winter Arctic during the periods (December - January) with no solar radiation.
Although org_Br and org Cl can also decompose through the reaction with NOs.
which concentration increase in nighttime, reaction rate is too slow to have
sufficient contribution to sustain inorg Br concentration in winter Arctic
troposphere [Singh and Fabian, 1999]. Thus the decompusition of org Br may
have insignificant contribution to inorg Br formation in winter/early-spring
Arctic with less solar radiation. However, transport of air mass from mid-
latitudes, where org Br should he decomposed through photochemical processes,
maybe have a possibility the sources of reactive halogen species in winter/spring
Arctic. Although some org Br such as CH3Br can be hydrated slightly, org Br
have too slow hydrolysis rate [Elliot and Rowland, 1995] and low concentration
[Yokouchi ef al, 1996] to have a swgnificant contribution to inorg Br in winter
Arctic troposphere, Therefore, the decomposition of org Br may have an
msignificant or small contribution to the release of inorg Br in dark/dusk winter
Arctic. Indeed, L1 er al [1994] and Barrie et al. [1994a, 1994b] suggested the
lower contribution of organic bromine species to morg Br at Alert, Canadian high
Arctic, in winter/spring seasons,

5032, nss-504* were used as the tracer of polluted air masses in the
present study, because major pollutants in winter Arctic are SOa, nss-S0,4% and
soot [Barrie and Hoff, 1984; Barrie and Bottenheim, 1993], Figure 5 5 shows the
variations of the concentrations of g Br, SO2 and ngs-80,2 in 1996/1997 and
1997/1998 winters. Poor correspondence hetween g Br concentrations and those
of SOz and nss-S0O4* was found in both 1996/1997 and 1997/1998 winters, Then,
most of inorg Br in winter and spring Arctic may be released from other
processes rather than anthropologic sources, According to Sturges and Barrie
[1988], atmospheric bromine species might be derived from biological activity in a
sea, Also Sturges and Shaw [1993] suggested that particulate bromine species
was derived from the marine-origins.

As mentioned above, halogen depletion of atmospheric sea-salts either in
sea-salt particles or on sea-ice/snow through the heterogeneous processes is
expected as the g Br sources in winter Arctic troposphere. Gaseous reactive

bromine species can be released through following heterogeneous reactions:
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modification of coarse sea-sal particles by reactive nitrogen oxides was also
observed in coastal region of mid-latitude [Pio and Lopes, 1998]. In addition,
Ayers ef al. [1999] suggested that preferential bromine liberation might occur on
coprse sea-salt particles 1n mavine boundary layer. Thus, a carrespondence
between g Br. NOg, and higher reacted fraction on nitron-thin-film suggested
that the modification of coarse sea-salt particles by reactive nifrogen oxides 1s
ikely one of important sources of g Br in winter Arctic troposphere, simce the
release of g Br occurred together with particulate NOg formation on sea-salt
parficles through the above reactions (R 5.4 -~ R5_9).

c. Estimation of the emission rate of gaseous inorganic
bromine species from heterogeneous reactions on sea-
salt particles

For the estimation of the release-amount of g Br through the
heterogeneous processes on sea-salt particles, simple uptake model as same as
that in Chapter 4 was used. In this Chapter, ss-Br concentration was added.
Other initial parameters such as surface area of aerosol particles and the
concentration of reactive nitrogen oxides were as same as the model estimates in
Chapter 4. The release rate of g Br in the forming of particulate inorganic
mtrates was only estimated in this model because of large uncertainty of
deposition/decomposition velocity of each gaseous halogen specie in winter Arctic
troposphere. Moreover, the fractionation of halogen species in the deficits on sea-
salt particles, as mentioned above, was neglected in the model estimation
because of large uncertainty in the fractionation processes, so that releasing rate
of g Cl and g _Br from sea-salt particles was assumed to depend on sea water
ratio 1n sea-salt partieles. Figure 5_7 shows the results of the estimation of
releasing rate of g Br and g_Cl through the heterogeneous reactions between
sea-salts and reactive mtrogen oxides. The increasing rate of g Br concentration.
—.0018 nmol m* day! in 1996/1997 winter and 0.0046 nmol m# day!' in
1997/1998 winter as deseribe above— was ranged in the estimated rveleasing rate
of g Br. Then, heterogeneous reactions between reactive nitrogen oxides and sea-
salt particles might be one of important sources of g Br in winter/spring Arctic
troposphere. During the higher concentrations of ultra minor rveactive nitrogen
oxides such as N20s; and NOj under the dark/dusk condition in winter/spring

Aretie, significant amounts of higher reactive brominated species such as BrNO4
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Figure 5_7. Estimated releasing rate of g_Br at 263 K; Filled circle indicates total releasing

rate of g_Br; Open circle indicates releasing rate of g Br through the reaction between
bromide and ultra minor reactive nitrogen oxides.




and Br can be released through the heterogeneous reactions on sea-sal particles
(e.g:, R6_5 and R5_6). Indeed, presence of BrOy in the winter Aretic troposphere
should suggest indirect evidence of significant amount of higher reactive
brominated species in the atmosphere, because precursor of BrOs iz BrO- that
might result from the ozone oxidation of By in sea-salt particles and/or uptake of
SrO/HOBr, La er gl [1994] also suggested the contribution of higher reactive
bromine species such as Brz in the dark period and HOBr in light to inorg Br. If
air masses containing significant amounts of higher reactive brominated species
mcluding inorg_Br are exposed to enough intensity solar radiation to release
halogen radicals, the catalytic system related surface ozone depletion could stari
in polar sunrise. Furthermore, Arctic air mass with higher concentrations of
unstable and high reactive species may affect the atmospheric chemistry —
especially oxidant chemistry —of northern hemispherie troposphere, when
reactive species are decomposed through photochemical processes during the
outbreaks of Arctic air mass to mid-latitudes. Indeed the meteorological condition
as shown in Figure 3_3b may cause the outbreaks of Arctic air mass around
Spitshergen to mid-latitudes.

The heterogeneous reactions on sea-salt particles may have a large
contribution to sustain the concentration of gaseous inorganic halogen species in
the winter/spring Arctic atmosphere. Although the release of gaseous halogen
species from the snow/ice surface is also expected, we cannot estimate the
contribution because of less knowledge abeout the kinetics on snow/ice surface in
winter Arctic. For better understanding of halogen cyeles during polar
winter/spring, we will need more information, for examples, @ size distribution of
particulate brominated species, @ kinetics of each reaction related with halogen
species under low temperature, and @ deposition/decomposition velocity of
gaseous halogen species under the condition during polar winter/spring.

5 3. Chapter summary

In Chapter 5, the variations and sources of morganic halogen species
were discussed from the viewpoint of the modification of sea-salt particles as the
SOUrces.

Obvious Cl depletion was found 1in aged oceanic anr mass, but less n
fresh oceanic air mass. By comparison between variation of g Cl and dep O
amounts, the dominant source of g_Cl was probably the CI liberation of sea-salt
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particles through the heterogeneous reactions in winter/spring Arctic froposphere.
Although g Br can be release from the modification of sea-salt particles, molar
ratio of g_Cl concentration to g Br concentration showed quite lower value than
molar ratio of CI' to Br- in seawater, This tendency may result from fractionation
of g_Br in the modification of sea-salt particles. Then, g_Br was likely enriched to
seawater ratio in winter Arctie troposphere.

Inorg Br was gradually accumulated in the atmosphere from winter
season toward to spring season, although this tendency was not observed in the
feature of inorg_Cl. Exceeded inorg_Br to ss-Br concentrations was distributed in
gaseous phase (=60% in average), and slightly in particulate phase (=16% in
average). Single particle analysis using LAMMS showed that the exceeded
bromine species in particulate phase were internally mixed in fine sulfate
particles. The variation of relative abundance of sulfates internally mixed with
bromine species suggested that inorg Br was derived {rom the marine-origin. In
addition, the variations of g Br had a good correspondence to the variations of
NOgs concentration and/or reacted fraction of coarse particles —occurrence of
aerosol particles containing NOs— on nitron-thin-films. According to simple
uptake model estimation, g Br releasing rate from the modification of sea-salt
particles also showed similar range to g_Br concentration and increasing rate of
g_Br concentration in winter/spring Arctic troposphere. Therefore, the
modification of sea-salt particles was one of significant sources of g Br in

winter/spring Arctic troposphere.
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Chapter 6
e e — e ——————
Conclusions

The present study investigated the heterogeneous chemistry on sea-salt
particles in winter/spring Arctic troposphere, and its chemical roles as sink of
acidic species and source of reactive halogen species.

Oceanic air mass containing large amount of wet sea-salt particles was
transported from mid-latitudes to Ny-Alesund through storm access. Also aged
oceanmic air mass, which was identified using aging index (C/F ratio of Na*), was
also often observed. Although the modification of sea-salt particles —halogen
liberation—vrarely occurred in fresh oceanic air mass, large halogen liberation on
sea-salt particles was observed in aged oceanic air mass. Single particle analysis
by means of LAMMS and thin-film technique showed some modified sea-salt
particles contained acidic species such as sulfates, sulfites, methanesulfonates.
nitrates, and nitrites. Then, sea-salt particles should be gradually modified
—halogen liberation—by acidic species during the transport. As sea-salt particles
was mostly distributed in coarse mode (> 2um in diameter) with shorter
residence time in the atmosphere, sea-salt particles as alkaline reagent can play
a role in deposition or removal processes of atmospheric acidic species.

Major particulate sulfur specie was sulfate, and minor was
methanesulfonate in winter/spring Arctic troposphere. Sulfates ware mostly
distributed in fine mode (0.2 — 2 um in diameter). Coarse aerosol particles
containing sulfates were present as the internally mixtures of sulfate/sea-salt
particles and soot/sulfate particles, whereas most fine sulfates were externally
mixing with sea-salt particles. Then, sea-salt particles may have a small or less
contribution to removing acidic sulfur species from atmosphere. On the other
hand, imorganic nitrates were mostly (>85%) present as internal mixture of
coarse sea-salt particles. Then, coarse sea-salt particles with short residence time

may enhance to significant removing of atmospheric reactive nitrogen oxides.
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which were converted to particulate nitrates on ses-salt particles through
heterogeneous reactions. Simple uptake model estimation showed that dominant
precursor of particulate NOy on sea-salt particles is probably gaseous HNO4, and
minor souree of NOy formation may be the heterogeneous reactions between
ultra minor reactive nitrogen oxides such as NuOs and NOs and sea-salts. Sinee
the concentrations of NuOs and NOs increase in nighttime, winter Aretie
condition with polar night and low solar radiation likely enhance the particulate
NOy formation on sea-salt particles, and the release of higher reactive halogen
species such as BrNQOs,

Finally, the sources of gaseous inorganic halogen species were discussed
from the viewpoint of heterogeneous reactions on sea-salt particles. The
dominant source of gaseous chlorine species (g_C1) might be the modification of
sea-sall particles m winter/spring winter Arctic troposphere. In contrast,
morganic bromine species (inorg_Br) was enviched to seawater ratio ([C1]/[Br])
in winter Arctic atmosphere. Exceeded mmorg _Br (gaseous Bromine species and
nss-Bre) was mostly distributed in gaseous phase (>60% in mid-February — early
March), and shghtly in particulate phase. Although gaseous bromine species
(g_Br) can be release from the modification of sea-salt particles as well as in the
case of g Cl, molar ratio of g Cl concentration to g Br concentration showed
quite lower range than molar ratio of Cl' to Br- in seawater. This might be caused
by fractionation of g Br in the modification of sea-salt particles. Single particle
analysis using LAMMS showed that the exceeded bromine species in particulate
phase were internally mixed in fine sulfate particles and suggested that inorg Br
was derived from the marme-origin. The vamations of g Br had a good
correspondence to the variations of NOy concentration and/or reacted fraction of
coarse particles —oceurrence of aerosol pavticles containing NOg— on nitron-
thin-films. Then, the eyeles of reactive nitrogen oxides were likely linked to the
processes of g Br emission. According to simple uptake model estimation, g Br
releasing rate from the modification of sea-salt particles by reactive nitrogen
oxides also showed the similar range to g Br concentration and the 1nereasing
rate of g Br concentration in winter/spring Arctic froposphere. Therefore, the
modification of sea salt particles was probably identified as one of significant
sources of g Br in winter/spring Arctic troposphere.

Sea-salt particles play important voles of the sink of acidic species, and
the sources of reactive halogen species in winter/spring Arctic troposphere. When
arctic air masses with higher concentrations of higher reactive halogen species

are flowed to mid-latitude atmosphere, Arctic awr mass may affect the

79




atmospheric chemistry, especially oxidant chemistry. Figure 6 la and b
schematize the chemical roles of sea-salt particles in winter/spring Arctic region
and north hemispheric troposphere.
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