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SUMMARY

In this dissertation the aerosol spectrometry nektivas used to define
the processes which change the physical propeofiestmospheric aerosol
particles. It presents the results from both, Idagn and field campaign
measurements. The state of art instrumentation wsasl to determine sub-
micron aerosol particle number size distributioregital cluster and Air lon
Spectrometer, NAIS, and Scanning Mobility Parti€ieger, SMPS) volatility
(Volatility Tandem Differential Mobility Analyzer, V-TDMA), and
hygroscopicity (Hygroscopicity Tandem Differentidobility Analyzer, H-
TDMA) properties of an aerosol. In this work volidyi and hygroscopicity
techniques, which link aerosol size to chemical gosition, were combined to
determine aerosol particle mixing state and to tstdad factors favouring
nocturnal new particle formation.

Long term measurements at the Preila EnvironmdRéslearch Station
(Lithuania) indicated periodic, exclusively highresol particle number and
black carbon (BC) mass concentration episodes. plozesses altering
physical properties of the background environmestosol particles were
found to be biomass burning and emissions fronsttigs. It was shown that
high levels of black carbon and high accumulatioaden particle number
concentration are related to the transport of asses rich in biomass burning
products arriving from Kaliningrad region, Ukraiaed south western part of
Russia. One hour aerosol particle number and BG roascentrations during
such episodes exceed 40000 + 4000°@nd 11000 + 550 ngfirespectively.
The background concentration values are known tarbend 3800 + 380 crh
and 340 + 20 ng/th Angstrom exponent of light absorption coefficiemas
2.4. Moreover, during the situation of connectechcaspheric flow between
three atmospheric observation stations along thiicB&ea coast: Vavihill
(upwind, Sweden), Utd (upwind, Finland), and Prédawnwind, Lithuania) a
clear increase in particle number concentratioanfaiter interval 50 — 400 nm)
by a factor of 2.1 from UttNy = 870 = 90 crﬁ) to Preila, and by a factor of
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1.7 from Vavihill (Nyayinn = 870 + 90 crif) to Preila, was found. Likewise, the
aerosol particle light absorption coefficiedt£ 530 nm) was 2.7 times greater
at Preila than at Vavihillgps, vaviniit = 0.9 = 0.05 Mn'11) and 1.7 times greater
than at Ut Qaps, uis= 2.2 £ 0.1 Mml). During the periods of connected flow,
the absorption Angstrdm exponent at Preila wasddorbe near unity, further
supporting the conclusion that ship-emitted paldigu matter contributed to
the background aerosol properties in Lithuania.

A one month long field campaign was carried ouXianghe, China, as a
part of “Campaign of Air Quality Research in Begiiand Surrounding Region
2013" (CARE-Beijing 2013) project. The results ioatie that during the
observation period, 19 of 32 nights experienceddrdqursts of ultra-fine
particle, which were attributed to a new parti@denfation with a condensation
sink (for particles in the range of 2 — 750 nm)G8 = 0.055 &. The lower
limit of nocturnal new particle formation rate w4 + 5 cni’s*, which is 1.25
times higher than a daytime value. Several factene found to favour a new
particle formation including relative humidity, vdrspeed and most important
— wind direction. The upwind life-stock lofts weli@ind to be the main source
of possibly high concentrations of Nldnd condensable organics (amines), all
contributing to a nocturnal new particle formatiand rapid growth. It was
also concluded that such nocturnal events intenpidyticle aging and

effectively change the mixing state of aerosolipkes.



List of Abbreviations:

AQI

ATN

BC

CCN

cgs

CPC

CS

DF

DMA
DMPS
DPS

EC

FRP
GDAS
GF
GF-PDF
HELCOM
H-TDMA
HV
HYSPLIT
IPCC

LV

MAE
MDF
MODIS
NAIS

NF

NH

NPF

Air Quality Index

Optical Attenuation

Black Carbon

Cloud Condensation Nuclei
centimeter—gram-second system
Condensation Particle Counter
Condensation Sink

Total Deposition Fraction
Differential Mobility Analyzer
Differential Mobility Particle Sizer
Differential Pressure Sensor
Elemental Carbon

Fire Radiative Power

Global Data Assimilation System

Growth Factor

Growth Factor — Probability Density Funitio

Helsinki Commission

Hygroscopicity Tandem Differential Mobilitinalyzer

High Voltage

HYbrid Single-Particle Lagrangian IntegrdtTrajectory

Intergovernmental Panel on Climate Change

Low Volatility
Mass Absorption Efficiency

Measurement Distribution Function

Moderate-resolution Imaging Spectroradiomete

Neutral Cluster and Air lon Spectrometer

Number Fraction
Nearly Hydrophobic

New Particle Formation
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PMyo
PM: s
PNSD
PSAP
PSL
PVSD
RH
R-MDF
SF
SMPS
STP
T-DMA
T-DMPS
TPF
vOC
V-TDMA
WD
WS

Particles (< 1Qum (geometric) diameter)
Particles (< 2.5m (geometric) diameter)
Particle Number Size Distribution

Particle Soot Absorption Photometer
Polystyrene Latex

Particle Volume Size Distribution

Relative Humidity

Retrieved-Measurement Distribution Function
Shrinking Factor

Scanning Mobility Particle Sizer

Standard Temperature and Pressure
Twin-Differential Mobility Analyzer

Twin Differential Mobility Particle Sizer

Total Particle Filter

Volatile Organic Compound
Volatility Tandem Differential Mobility Andyzer
Wind Direction

Wind Speed
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INTRODUCTION

Scientific problem

Because of the unique location of the Preila Emrmental Pollution
Research station, representing East Baltic reg@d@mass burning (wildfire)
and ship related emissions have a profound infleemto background aerosol
properties. Due to high sorption capacity and @ptproperties, black carbon
originated from biomass burning is of a great inipoce to the atmosphere
processes. Black carbon alters chemical and pHysoaperties of the
atmosphere and snow albedo. The long-range transgoratmospheric
particulate matter is a trans-boundary problem tbam have significant
impacts on PNy and PM s levels in the background environments.

Moreover, ship emissions are one of the largest laast regulated
sources of a various atmospheric pollutants. Orlohad) scale, more than
60000 cardiopulmonary and lung cancer related deatnd a change in
radiative balance over a marine environment is @atad with particulate
matter from ships. Increasing traffic in the Balt®ea necessitates the
evaluation of the impact how ship emissions afféebe background
environment. However, despite these processesarstey no attempts were
made to identify how regional biomass burning amg@ng in the Baltic Sea
influences the background aerosol particle phygoaperties.

In parallel to the direct aerosol sources, atmospheew particle
formation by a nucleation from gaseous precursas lecome a subject of
intense experimental and modeling studies. A befttelerstanding about this
phenomenon and how it changes the aerosol particteng state is needed.
The exact molecular mechanisms and participatipgrsacausing atmospheric

nucleation events are still open to discuss.
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Aim of the work

The aim of this work is to investigate the processéiich alter the
atmospheric aerosol particle physical propertiésguthe aerosol spectrometry

method as well as to develop the new methods.

The following tasks were set:

1. To conduct a long term aerosol particle physicapprties measurement
using the aerosol spectrometry method at the Piergironmental
pollution research station.

2. To identify and evaluate the processes which #lieparticle properties

in the background environment during the air meassport.

Following task for a new method development was set

1. To combine the newest aerosol particle volatilityd ehygroscopicity
spectrometry methods to investigate how nocturnalv nparticle

formation alters the mixing state of aerosol pésic

Novelty of the work

1. Regarding the long term measurements, the regioioahass burning
impact onto aerosol particle physical propertiesrduthe long range
air mass transport to Preila Environmental Reseastdtion was
assessed.

2. The Baltic Sea shipping influence onto backgroumdosol particle
physical properties was evaluated.

3. Two different (volatility and hygroscopicity) tange differential
mobility analyzers were combined to investigateage rmocturnal new

particle formation and the favoring conditions flmis process.
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4.

The influence of a nocturnal new particle format@mo particle mixing
state was evaluated.

Work relevance

1.

2.

3.

The derived aerosol particle physical propertiekictv are influenced
by wildfire and shipping in the Baltic Sea, candiectly implemented
in air quality models.

The results of a nocturnal new particle formationgraent the
knowledge about this process leading to reducedertaiaties in
nucleation models.

The assessed factors altering aerosol particle tiNtyla and

hygroscopicity augment the knowledge about the mgixstate of

aerosol particles.

Author input

The author applied the aerosol spectrometry methoddefine the

processes changing atmospheric aerosol particlesigdly properties,

participated in the field measurements, was pracgsmnd evaluating the data

and presenting the results. The input covers:

1.

Conducting the long-term measurements, being resiplen for
instrument calibration, diagnostics and repair &l @ws measurement
quality.

Data evaluation, visualization, interpretation amdeparation for
publication.

Writing publications, presenting the results atfeoences and seminars.
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Statements to defend

1. During the long range air mass transport regiooalesbiomass burning
influences the background environment aerosol qartiphysical
properties. The aerosol particle number and blaekban mass
concentrations increase up to 10 and 33 timesgctisply.

2. The intensive shipping in the Baltic Sea contrisutg to 60% of
aerosol particle number and black carbon mass otrat®ns in the
background environment.

3. Nocturnal new particle formation under 0.055 ondensation sink is
favored by a high (> 98%) relative humidity, volatiorganics and
condensable vapor concentration.

4. Nocturnal new particle formation up to 3 times gases the internally
mixed particle fraction by changing particle vdigti and

hygroscopicity properties.
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1. REVIEW OF THE LITERATURE

1.1. Atmospheric aerosol particles

An aerosol is defined as a system of solid, liquidntermediate state
particles suspended in air or other gaseous enweots, meaning that
basically the whole atmosphere can be seen asrasch€éHinds, 1982). The
most evident example of aerosol particles in timeoaphere are cloud droplets
with a particle diameter of approximately 10mn. Earth’s atmosphere is
constantly enriched with aerosol particles fromumnak sources such as
windblown dust, sea spray, volcanic eruptions, gorffires etc., as well as
from anthropogenic sources, such as human driveh dcambustion and
industrial processes. Chemical components of articodate matter are
mostly sulfate, nitrate, ammonium, sea salt, minéust, organic compounds,
and soot carbon, each of which typically contrilsute 10 — 30% of the overall
mass load (Heintzenberg, 1994). The life time ofaarosol particle depends
on meteorological conditions and particle sizetingsfrom a few days in the
atmospheric boundary layer to several weeks inftbe troposphere, thus
allowing the distribution of particles around théanet. Particle number
concentrations vary with time and space and cachraa high as f(articles
per cubic centimeter (¢ in polluted urban areas, while a clean marine
environment would accommodate as low as 100 peastiger cubic centimeter
(Junge, 1963). The main sink of atmospheric aenoadicles is wet deposition
or so called in-cloud scavenging. Dry particle d8fpon by a convective
transport, diffusion and adhesion to the Earthidame is less important on a
global scale. However, it is highly relevant wiltetrespect to local air quality,
health effects, soiling of cultural monuments.

Depending on the origin, aerosol particles canlassdied as primary,
directly emitted in the condensed phase, or secgndlarmed by chemical
reactions and gas to particle conversion of va@airiganic compounds (VOCSs)
in the atmosphere. VOCs are emitted into the atimagp from both,
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anthropogenic and biogenic sources (Aschmann g2@02). Anthropogenic
VOC sources include organics such as alkanes, edkearomatics and
carbonyls. Biogenic VOCs, for example, are isopseaerd monoterpenes. In
urban environments aromatics as well as monotegeame identified as
secondary organic aerosol precursors (Griffin 28103).

The main sources of primary organic aerosol pagicre natural and
anthropogenic biomass burning, fossil-fuel comlaunstibiological materials,

sea spray etc.

1.1.1. Aerosol particle size distribution

Aerosol particle size distribution ranges from ediegly mono-
disperse laboratory aerosols to multimodal atmaspleerosols where sizes
are spread more than five orders of magnitude.cliheate forcing and human
health effects of aerosols depend on both, dianstdrconcentration of the
particles (Willeke and Baron, 1993). The evolutiohaerosol particle size
distribution reflects the physical and/or chemigalcesses in the atmosphere.
The second moment of the atmospheric particle diz&ibutions can be
related to a global climate modification througle thffects on the radiation
balance. The chemical composition of the aerosdigbes is found to be size-
dependent. Moreover, human respiratory system zs-stlective. Different
tracts absorb different size ranges of the aengaticles. Therefore, an aerosol
particle size distribution is the most importanygibal parameters of particles.

The well-known normal distribution is the earliesathematical formula
used to approximate the measured particle sizeildisons. However, the
works of Kottler (1950a, 1950b) show that most bk tparticle size
distributions are skewed. Lognormal distributionswistly applied to fit
silver halide grain, dust particle, silica and gmicalcite powder
measurements. Kottler has summarized the prevituases and proved that
lognormal distribution fits the atmospheric aerosalface or volume size

distributions the best. However, the nature of psses which modify
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atmospheric aerosol particle size distribution tofam of lognormal

distribution was never fully understood. Back in789 Whitby showed that
most of the atmospheric environment physical erdigg distribution can be
characterized by a tri-modal model consisting dhiee additive lognormal

distributions:

2
dN N. logd,—logd
=—L—exp (——( B dpl0g %) ) (1.1)
dlogdy v2mlogay Z(IOgO'g)

where N; - total number concentration of the mod#, - number-mean
diameter,o; — geometric mean standard deviation of the distion, d, —
particle diameter, and log - representation ofJoyote that eq. (1.1) is used to
describe aerosol particle number size distribution.

The modal size distribution structure greatly defseon the aerosol
sources, physical and chemical processes. Chasdictanodes and relevant
processes shaping the particle size distributiensaown in Fig 1-1. Referring
to a particle size, four distinct aerosol sizeribsition modes can be separated
(Whitby and McMurry, 1997). Firstly, there is a ateseparation between the
fine mode (particle diameter < ~ @n) and the coarse mode (> ~ugn)
particles. The fine mode further is separateda@eation mode (2 to 20 nm),
which describes freshly nucleated particles, tH®wiong Aitken mode with
the particles of 20 to 100 nm and the accumulatimae of particles between
100 and 1000 nm. After a new patrticle formatiom, tlucleation mode particles

coagulate into Aitken and accumulation modes.
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Fig. 1-1. Schematic of the atmospheric aerosol size distributions, different sources and removal

mechanisms (sinks) leading to different modes (picture from http://elements.geoscienceworld.org).

Particles grow either by coagulation or condensation processes. The
accumulation mode name derives from the observation that aerosol particles
growing into this range tend to remain there maintaining the longest life time
of any particle size. If the physico-chemical properties of the particles are right,
accumulation mode particles can grow further to a coarse mode by
condensation. Coarse mode particles are mainly removed by sedimentation. As
an accumulation mode particles are less sufficient to be removed via rain-out
or washout - typical three mode particle size distribution is found in the
atmosphere. As can be seen in Fig. 1-1, ultrafine particles are dominant in the
nucleation and Aitken number concentration modes.

Size, position and total number of the sub-micrometer modes are
controlled by the strengths of the related gas-to-particle sources combined with
the effects of aerosol dynamics. Boundaries between the modes differ

depending on the aerosol particle origin. Modal aerosol particles size
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distribution structure can give insights about guesaerosol sources, their
transformation and evolution in the atmospherenf®&l and Pandis, 2006).
For example, the urban aerosol number size disioibbdnas a strong nucleation
mode in a 10 to 20 nm size range. This mode resntidffic aerosol particles
and corresponds to a vehicle exhaust particulattemaBiomass burning
aerosols contain a strong mode at 120 nm and a weale at 2.24m with a
characteristic mode standard deviation of 2.0.i€amumber size distribution
(PNSD) measured in the exhaust duct of the coad flieating plant can be
represented with a strong Aitken and accumulatioderwith a mean diameter
of 45 to 100 nm. A sub-micrometer part of the fshamode is at 400 nm.
Natural gas burning produces a bimodal shape numsikerdistribution with
mean diameters of 4 and 100 nm. Gasoline and diesgines produce
particles which can be characterized by two modils the geometric mean
diameters of 10 and 80 nm. Despite the similar rhettacture, total particle
number concentration is considerably higher foriesal than a gasoline
engines. The presence of several modes in the enaerosol PNSD show the
existence of different aerosol types in the enwvment. The mode at 600 —
1200 nm is representative for a sea salt compooérd marine aerosol.
Different marine aerosol/chamber measurementsalaéirmed a presence of
200 nm mode at a marine aerosol PNSD. The numberdstribution of a
suburban background aerosol has two predominanesnati25 and 900 nm.
These modes are very similar to those of the traffiluenced aerosols
(Morawska, 1998 Kumar et al., 2013).

1.1.2. Aerosol — climate interactions

Global climate change describes the increase irageeEarth’s surface
temperature. The radiative forcing (in Wjnis a measure of incoming and
outgoing radiative energy balance. It is defined ths stratospherically
adjusted radiative flux change evaluated at theopause level (IPCC, 2007).

The radiative forcing is linearly related to the anesurface temperature.
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Positive forcing tends to increase the surface &raipre while negative
forcing contributes to cooling. IntergovernmentanBl on Climate Change
(IPCC, 2007) states the importance of the anthreprgradiative forcing,

which is believed to have greater importance far ¢hrrent climate change
than the natural existing radiative forcing compadseParameters controlling
the aerosol forcing are combined together in thdodong equation

(Haywood and Shine, 1995):

AF ~ —=DS, T4 (1 —A.)(1 — Ry)?w,f36 - A. (1.2)

WhereAF — average aerosol forcing at the top of the atimexsgD — daylight
fraction, & — solar constantT, — atmospheric transmissiod\. — cloud
fraction, Ry — surface albedowy — aerosol single scattering albedd, —

average aerosol up-scatter functién; aerosol optical depth,
A=1— 2Rg (1—(»0).

(1_Rs)2 wOE

Eq. (1.2) represents annual mean forcing at thetape atmosphere. Surface

forcing can be much larger. The algebraic sign ué tradiative forcing
determines whether forcing is negative (cooling)positive (warming). The
key parameter controlling the amount of coolingsusr heating is the single
scattering albedo. When aerosol particles inteveith light, two different
types of processes occur: received energy mighsdagtered or absorbed.
Scattering takes place in all directions but witiffedent intensities. The
absorbed radiation energy might also be transformméa other forms of
energy, such as heat and/or energy of chemicalioea€arbonaceous aerosol
particles are known to attenuate the visible lighainly by absorption.
Scattering is dominant for water droplets (Friedim 2000). The amount of
incoming solar radiation that is scattered by a@sodepends strongly on the
particle size distribution, where the accumulationde is the most efficient
size range. Light extinction is dependent on thaotive index of the

particles. The refractive index depends on the cbainparticle composition
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and their water uptake ability at different relatikumidity (RH). Angstrom

exponent and single scattering albedo is defined as

A A
_ 1Og(asclaL“L“/Usczatt) __ Oscatt
L oy = st (1.3)
lOg(Al/ﬂ.z) Oext

where a - Angstréom exponentgl, ., — light scattering coefficient at the
wavelength A, ay — single scattering albedag,,, — light extinction
coefficient.

Radiative forcing caused by gases is considerdsetwvell understood
(relatively small error bars in Fig. 1-2). The doemt uncertainty in the
radiative forcing is caused by the lack of knowlkedg aerosol effects. The
greenhouse gases such as carbon dioxide, methaoesroxide, water vapor
and halocarbons alter the incoming solar radiattbns having a warming
effect. In contrast, the direct aerosol effectgreated to cool the atmosphere
by a 0.27 Wrif (IPCC, 2007). However, the indirect aerosol effectaerosol
particle ability to act as cloud condensation niydke much less understood
(Lohmann and Feichter, 2005). Under atmosphericditions, pure water
vapor concentration is not enough to initiate hoemmpus nucleation. The
needed supersaturation to form a cloud, howeveredsiced if pre-existing
particles are present, because those particles acanas potential cloud
condensation nuclei (CCN) (Twomey effect, or sdechfirst indirect radiative
forcing effect of an aerosol). This leads to a kigloncentration of cloud
droplets which greatly reduce the amount of pressater vapor being
condensed onto particles (Twomey, 1974). Such ahangloud structure has
implications on the radiative properties (albedb)louds — it reflects much
greater portion of the incident solar radiation kb&z space. The decrease in
cloud droplet size decreases the precipitatiortieficy and hence, prolongs a
lifetime of the cloud. This effect is called thecsad indirect effect or Albrecht
effect (Albrecht, 1989). The changes in aerosoligarphysical and chemical

properties influence the processes in the cloudsi(Land Cotton, 2009). The
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assessment of the radiative forcing is still assted with high uncertainties
due to the limited knowledge of the temporal anatigp global distribution of
aerosols and their related physico-chemical andcalpproperties. Global
modeling studies require extensive long-term fieldeasurements to
completely characterize aerosols with respect wir tikoncentration, size
distribution, size-dependent chemical compositietate of mixture and
morphology, as well as information about aerostdtesl formation and
transformation processes which are still poorly arstbod (Heintzenberg et
al., 1997).

Emitted Resulting Atmospheric ot : T : Level of
Compound Drivers Radiative Forcing by Emissions and Drivers Conlidence
' T T T T )
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Fig. 1-2: Global average radiative forcing for the year 2005 relative to the start of the
industrialization (1750). Error bars indicate the uncertainty of the respective forcing (IPCC, 2007).
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1.1.3. Aerosol particles and health effects

Numerous cardiovascular, respiratory, allergic akes, severe health
effects, even enhanced mortality are related tdfittee particulate matter and
traffic-related air pollutants (Rissler et al., 2010One of the most severe air
pollution incidents, related to aerosol particas recorded in London, 1952.
Under certain meteorological conditions, the palhis were trapped within the
city causing thick fog and the death of 4000 crize

The scale of a damage which aerosol particles cdaséuman
respiratory system highly depends on the physical ahemical particle
properties. The particle size is one of the mogtartant characteristics, which
defines particle permittivity, the depth which pelg will penetrate after the
inhalation (Scanlan et al., 2003). As it goes deépdhe respiratory system,
the diameter and the length of airways decreask e number of branching
increases. In the head and lung airways, the sauifacovered with a layer of
mucus. This layer is slowly propelled by ciliarytiao to the pharynx and is
then subconsciously swallowed to the gastrointaktiract. This mucociliary
transport can get the deposited particles out ef réspiratory system in a
matter of hours. The alveolar region, however, does have the same
mucociliary mechanism. Insoluble particles depdsite this region may be
engulfed by alveolar macrophages and transportdginbph nodes although
generally it can take months or years to clear th&he total deposition
fraction OF) in the respiratory system according to InterrmelogCommission

on Radiological Protection model is:

DF = IF (0.0587 + 0911 0943 )

14e(#77+1485Indp) © 4 ,(0.503+2.58Indp)

(1.4)
whered, is particle size imm, andlF is the inhalable fraction defined as

IF=1-05 (1 - ;) . (1.5)

1+o.00076d,2,-8
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1.1.4. Aerosol particle chemical composition

Atmospheric aerosols are typically complex mixtuoésnorganic and
organic compounds. Variable amounts of sulphatenamium, nitrate, sodium,
chloride, trace metals, crustal elements, water@mdonaceous materials are
usually found as a fraction ofmaospheric aerosols (Wallace and Hobbs, 1977;
Whitby, 1978). The sulphate component originatesmfrthe atmospheric
oxidation of the anthropogenic and natural sulptamtaining compounds such
as sulphur dioxide, dimethyl sulphide etc. Nitretdormed from atmospheric
nitrogen dioxide. Sulphate and nitrate are inyigtresent as sulphuric and
nitric acid which are progressively neutralized agmospheric ammonia,
forming the corresponding ammonium salts. Ammonnitrate gas-to-particle
conversion is strongly dependent on the temperallioeeover, because of the
Kelvin effect, particulate nitrate is rarely foumdthe sub-micrometer particle
size range (Seinfeld and Pandis, 2006). Studiegmral Europe have shown
the dominance of ammonium sulfate and carbonaceousponents, both
largely due to combustion sources, in the fine igart composition.
Carbonaceous aerosol components account for afiag®on of atmospheric
particulate matter. BC (optical definition) and raknt carbon (EC) (thermal
definition) consist of carbon content of graphiteel material and other
disordered stacks of graphene layers or large poligcaromatics. The EC
mass fraction increases in winter. This can be amptl by an increased
combustion of fossil fuels during the cold seaddre water-soluble fraction of
organic carbon increases moving from urban enviemtno rural area. This
can be attributed to different aerosol sourcesmited aging and oxidative
transformation of the organic aerosol componentschvgenerally increases
the number of functional groups and thus the wat@ubility of organic

molecules.

27



1.1.5. Volatility of aerosol particles

Volatility of a molecule determines the dynamicstween gas and
particulate phase. The easiest way to charactealadilization temperatures,
at which compounds evaporate, is to use the latnyrgenerated particles of a
known chemical composition. For example, sodiunoeté, which boiling
point is much higher than 28D (~ 1400C), is known to be non-volatile in
most thermo denuders operated under not oxidizmgr@anments (Scheibel
and Porstendoerfer, 1983). Citric acid, as a ref@esubstance for rather high
volatility secondary organic aerosols, completelgmorates at 12€. Thermal
studies of ammonium sulfate have shown the decomnpoprocess before it
changes into the gaseous state. 150 nm pure suHard particles evaporate
completely at 30T, even though residence time of the particles ha t
conditioning field is as low as 32 ms. Nitrates &oend to be more volatile
than sulfates (Raatikainen et al., 2010).

Polydisperse aerosol particles consisting of ausiglfacid, ammonium
nitrate and chloride were found to evaporate afperatures between 60 and
200°C, typically at 108C for a sulfuric acid. Ammonium sulfate and bistéfa
were found to evaporate at the temperatures beth@@mnd 22%C. However,
compared to the polydisperse particles, quasi-miepedse population exhibit
a different volatile behavior due to their smaiteass. This is mainly because
of different equilibrium dynamics between gaseousl @ solid particulate
state.

Almost all volatility observations of ambient patés smaller than im
have indicated the non-volatile cores that do maiperate at temperatures of
300°C. Polluted environment studies revealed a stramgetation between the
non-volatile aerosol fraction and the light-absmnptcoefficient suggesting a
close correspondence between refractory and lighttding particle fractions
(Birmili et al., 2010). Even newly formed particleave shown the non-volatile
residuals at temperatures, which are considerée toigh enough to volatilize

most of the organics (Wehner et al., 2005).

28



1.1.6. Hygroscopicity of fine aerosol particles

Water is a very important component of atmospheaerosol
(Rosenfeld et al., 2008). Most of the aerosol phe$i grow by taking up
water when the relative humidity of the atmospharereases. Particle
hygroscopicity plays a crucial role in acid deposit visibility reduction,
formation of clouds and air quality in general. Bteracting with water vapor
particles can change their size. It influencessitedtered light intensity (Fierz-
Schmidhauser et al., 2010). The number size digtob and the hygroscopic
properties of aerosols also determine which fractibaerosol particles can act
as a CCN and thus contribute to the indirect radiagffect. It is well known
that most of the atmospheric aerosol particles aiaitg soluble materials
show a hygroscopic behavior (Zhou et al., 2002)o Tmain particle groups
that can be separated from their hygroscopic grogplectra are called
hygroscopic and hydrophobic particle fractions. @l particles with a high
affinity to the water molecules are called hygrgscqarticles. Water uptake
by atmospheric aerosols has been associated veithitiorganic components,
such as sodium chloride, ammonium sulfate and flaisyl ammonium and
sodium nitrates. Lots of attempts were made to rstaded hygroscopic
behaviors of these salts (Gysel et al.,, 2002). Hewenot all questions are
answered. For example, what is the chemical cormpnsif freshly nucleated
aerosol particles? How does organic species inflei¢ine water uptake, mixing
state and optical properties of the inorganic feex@ Particles containing an
organic fraction may exhibit vastly different hygompic behavior compared to
pure inorganic species (Murphy et al., 2006). Sanganics can decrease the
surface tension of agueous droplets and enhanaesogapic growth (Facchini
et al., 1999). Others can form surface layers ihiaibit the uptake of water
vapor influencing the wettability of solid partislgKotzick and Niessner,
1999). The particles that does not take up watecabked "hydrophobic”
fraction. Single particle analysis supports the dthesis that the less

hygroscopic mode consists of hydrophobic soot glagi Pagels et al. (2009)
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investigated the hygroscopic and optical propermiesoot particles internally
mixed with sulfuric acid. Fresh soot particles éxteid no change in mobility
size at the sub-saturated conditions, whereas padicles coated with a
sulfuric acid experienced a lager hygroscopic ghowtth increasing RH.
Saxena et al. (1995) used H-TDMA and impactor tia@onclude that organic
material from freshly produced aerosols hinderedrdgcopic growth, while
organic species found in aged air masses seemeadr&ase the growth. Cruz
and Pandis (2000) suggested that the organic dgragle fraction decreases
their hygroscopicity. Xue et al. (2009b) investeghtthe morphology and
hygroscopicity of soot aerosol, internally mixed tlwidicarboxylic acids
(succinic acid and glutaric acid). They found timérnal soot and glutaric acid
mixing transformed particles from hydrophobic todhgphilic state and

modified their morphology, enhancing their hygrqscgroperties.

1.1.7. Mixing state of aerosol particles

Individual, nano-metric size particles control e characteristics and
effects of the aerosols. Because of the multitulgpassible sources and
transformation processes, individual particlesnna& portion have their own
characteristic properties. However, the availableyspcal and chemical
information about aerosol particles concerns butpprties of a large number
of aerosols. It gives wide range of uncertaintigdserefore, knowledge about
state of mixing (distribution of particle propediemong a population of
particles with a common sorting property) is needed

Two extremes can be distinguished when speakingutalberosol
particle mixing: a) externally mixed aerosols, wheessential particle
properties differ between particles of a given sorting property; and b) internally
mixed particles, where all particles of a givenesirmnge have similar
properties. Atmospheric transformation processemwk as “aging”, alter
particle properties making them more internally @dxas their residence time

in the atmosphere gets longer. In the source regemrosol particles are
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expected to be mixed externally. Different appr@schsuch as electron-
microscopy, aerosol mass spectrometry or the ssgbe particle photometers
are used to study the mixing state and chemicalposition of the individual
aerosol particles. However, the traditional methtmslistinguish the mixing
state of aerosol particles reach their limitatisrieen aerosol particle size gets
below 100 nm. Aerosol particle hygroscopicity amd/olatility properties can
be used to determine the state of mixture with Isigk and time resolution. At
any given sub-micrometer particle size, these nreasents reveal the
information about physical properties of an aerosbheir characteristic
behavior gives an insight about particle chemicahpgosition. Studies have
shown that internally mixed aerosol particles absmore light compared to
externally mixed ones (Jacobson, 2001). Carbonaceompounds are known
to absorb less light when they are 100% externafiixed (Bond and
Bergstrom, 2006). Numerous atmospheric processies akrosol particle
properties by a process called “aging”. Hydrophilarticulate organic matter,
co-emitted together with BC can coagulate and/odeosate on carbonaceous
particles increasing their hydrophilic potentialpt@al models show 2 to 4
times amplified specific absorption cross sectidnirdgernally mixed BC
compared to the externally mixed cases. The globadate models assume
that all BC is mixed externally (Cooke et al., 199% results in high
uncertainties and a need to properly evaluate thengn state of aerosol
particles.

A concept of a mixture of two different aerosol gps, presented by
Junge (1952), is shown in Fig. 1-3. Let us assuma¢ &t the source point
primary particles are not affected by any procestbs would lead to a non-
volatile material to be equally distributed witha particle volume where
particles are mixed internally. The volatility sizistribution of internally
mixed, one volatility type aerosol particles, wilave a mono-modal shape
distribution. Internally mixed particles from a féifent source will correspond
to different residual mode diameters. When at leagtparticle populations are

mixed together without the transformation processke resulting aerosol
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system represents an external mixture of internally mixed particles. This is
rather rare in the atmosphere, where processes such as gas-to-particle mass
transport, coagulation, mixing of different air masses and deposition change
the mixing state of aerosols to a combination of internally and externally mixed

particles.
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Fig. 1-3. The Mixing state of aerosol particles represented as two different aerosol particle
species from source A and B. A+B illustrates an external mixing state. Aerosol transformation

processes (condensation, coagulation) change the mixing state into internal.

The volatility and hygroscopicity measurements are used to investigate
the aerosol particle mixing concept with respect to an aerosol population
consisting of two components, either volatile or hygroscopic compounds. To
simplify, it will be assumed that all non-volatile (at 300°C) and hydrophobic
material is mainly combustion carbonaceous matter (BC). In different scientific
literature light absorbing carbonaceous have had various denominations
including BC, “elemental carbon” (EC) or soot. Nomenclature strongly
depends on what analysis was carried out to identify the carbonaceous aerosol
particles and/or in which context light absorbing species are used. The
Intergovernmental Panel of Climate Change defines soot as combustion-
generated, light absorbing aerosol particles (Shine et al., 1996; IPCC, 2007).
Meanwhile, combustion researchers’ link the term “soot” to their scientific

object — aerosols which are generated in a combustion process. Because
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indistinct composition of soot, which may includeariety of carbon-
containing, dark-appearing compounds generatedcingustion process, the
term “soot” is suggested to be replaced with BCcfar, 1998). Climate
modelers’ use the term BC to denote carbonaceaosa@earticles with strong
light absorption efficiency. Difference between B@id EC arise from the
measurement method used to characterize specibs@eroperties (Orgen et
al., 1983).

The volatility size distributions of the conditiahe (thermally)
atmospheric particles are shown in Fig. 1-4. Int garparticle population
selected by a Differential Mobility Analyzer (DMA}Xonsists of completely
volatile species — after passing a thermal condiitig unit all particles are
converted into a gas phase - both, initial partiolember and volume
concentrations after heating turn to zero. No phas$i are detected by a
Condensation Particle Counter (CPC-2). Most ofrieelly formed particles
will evaporate completely shortly after their fortioa. Fig. 1-4 part B shows
two different internally mixed aerosol particle &g which are mixed
externally. On one hand, the completely volatileactron of particles
evaporates at 306G, on the other - the non-volatile fraction remains
unaltered by thermal conditioning. Such particlenposition produces uni-
modal residual size distribution, which is not &if in size. And while this
type of distribution is rare under real atmospheodaditions, it is known that
controlled emission studies of the diesel vehighesduce a mono-modal
structure with only slight shift towards the smallgarticle size range.
Heavily “aged”, only internally mixed atmospherierasol particle volatility
distribution is shown in Fig. 1-4 (part C). Thidusition represents the non-
volatile cores which are exclusively coated witle tholatile compounds.
After thermal conditioning such aerosol populatisilows a multi-modal
residual size distribution which is shifted towarti® smaller sizes. Under
the real atmospheric conditions, aged, internaliyeah aerosol particles are
always appended with externally mixed, non-volapiéticles, resulting in a

residual size distribution shown in part D.
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Fig. 1-4. Particle volatility size distributions when particles were exposed to ambient and

elevated temperatures of 25 and 300°C, respectively.

Besides the volatility approach, mixing state of atmospheric aerosol

particles can also be examined using particle hygroscopicity measurements.

Accumulation of water onto aerosol particles leads to a hygroscopic growth.

The ability of a particle to take up water depends mainly on the relative

humidity, particle size and chemical composition. The most common particle

hygroscopicity distribution is shown in Fig. 1-5.
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Suppose that the initial particle population is posed of two different
chemical composition species which are defined tsy own hygroscopic
properties — some particles are hydrophobic, sorhgdrophilic. After the
treatment in a humidification chamber, the hydrbéphiraction will uptake
water vapor and grow, while the hydrophobic paggalill not change in their

size. It results in a distinct separation betweiffierént origin particles.

1.2. Biomass burning aerosol particles

Biomass burning emission significantly contributesthe global climate
change. Biomass burning aerosol is a regular feaitithe Worlds temperate,
tropical and boreal forests, the savanna grasslamds agricultural fields
following the harvest. Currently, a pace of globeds is accelerated due to
anthropogenic intervention (Simoneit, 2002). Patate matter emitted during
biomass burning episodes makes approximately 7%thef total global
particulate matter emission. More than 86% of thialtemitted elemental
carbon originates from biomass burning. Due to Fsglption capacity and
optical properties, particles released from biomdssning play an
important role in the Earth's radiation balance rétwer, the published data
suggests that the biomass fires create a large erunhlaerosol particles that are
effective CCN. Biomass burning accompanied withoagl range transport
became a trans-boundary problem that can havefismgmti impacts onto
particulate matter levels in background Europeagasr(Beverland et al.,
2000). The pollutants from fires were also obsenve@anada, USA, Russia
and Eastern Europe (Damoah et al., 2004; Miillaal.et2005). Studies of a
long range particulate matter transport in NorthEurope have shown that
under favorable air mass transport conditions, bssnburning can have a
notable impact on the particulate matter gRMlevels (Karppinen et al.,
2004). The long range transport (LRT) of emissifsromn biomass burning in
the Ukraine and European part of Russia increasesparticulate matter

concentrations in these countries during the spamg summer months
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(Saarikoski et al., 2007). This leads to an ongoiegd for analyses on the
regional, continental, and global scale, to baiteterstand how does biomass
burning alter chemical and physical propertiesheflbackground environment
atmospheric aerosol particles. Measurements of ®@Carried out in various
environments. Global effects of BC aerosols carameyzed most explicitly
using the data gathered from background regionrevitlean air masses
arrive from oceans or seas. Unique location of Bmeila Environmental
pollution research station makes it the represeetdtackground area for the
East Baltic region. The surrounding regions arediasnfor the periodically
occurring biomass burning. However, only limitedomnation on how this
process does change the background environmentsaeproperties is
accessible in this area. Additional studies onaimeospheric aerosol physico-
chemical properties are necessary to obtain a rmomplete picture of the
global distribution of BC. Analysis of aerosol pele properties in Preila
contributes to a comprehensive understanding ofetmporal variation in BC

mass concentration, particle number size distronuénd optical properties.

1.3. Ship traffic emissions

Ship emissions are one of the largest and leastlategl sources of
various atmospheric pollutants such as sulfur atndgen oxides (estimated to
be between 9 and 15% of global emissions, resmgliand volatile organic
compounds contributing up to 1.7 million tons oblghl particulate matter
annually. BC emissions in the Arctic are predictedncrease from 0.88 kilo
tones (kt) per year in 2004 to between 2.7 to 4 ek year by 2050 (Eyring et
al., 2010). These significant anthropogenic palditeuloads affect the chemical
composition of the atmosphere, local and regioirafjaality and are further
increasing due to intensifying international co4@p@n and economic growth.
On a global scale, more than 60000 cardiopulmonad/lung cancer related
deaths, as well as changes in radiative balancetibgenarine environment are

associated with particulate matter emitted fronpst{Song et al. 2010). Most
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ship-emission related research is focused on the ship engines (e.g. Sarvi et al.,
2008), single ship plumes (e.g. Ault et al., 2010) or harbor and single shipping
lane influence onto coastal areas (e.g. Kivekés et al., 2014). In a review study
by Kumar et al. (2013) no information about the total ship emission influence
on the coastal environment aerosol properties was given. Ship emissions have
been modeled on large scales and even globally (e.g. Jalkanen et al., 2009).
Nevertheless, long term measurement data concerning ship-related emissions is
missing.

One of the fastest growing cruise markets and a constant expansion of
the busiest shipping routes in the world can be found in the Baltic Sea, Europe
(Fig. 1-6). According to a land-based Automatic Identification System network
operated by the Baltic Marine Environment Protection Commission
(HELCOM, also known as Helsinki Commission), the Baltic Sea Skaw line
(Fig. 1-6) was crossed 62743 times during 2009, resulting in 20% growth since
2006.
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Fig. 1-6. Shipping lanes and Skaw line in the Baltic Sea using Automatic Identification System
(AIS, HELCOM, 2013), as well as location of the stations.

The location of the Baltic Sea is surrounded by a continental land mass.
Beside lately growing sea logistics, data on long-term physical properties of

ship-exhaust aerosol species in the Baltic Sea is still rare, making it difficult to
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provide a proper evaluation of the pollutants intpac the coastal regions.
Viana et al., (2014) reported a comprehensiveditee review focusing on the
particulate matter and gaseous pollutants, maimaa tracers of shipping
emissions, the particle number size distributiostop-derived particulates and
their contributions to population exposure and adpheric deposition in
Mediterranean basin, Atlantic coast of Europe armdtiNSea. However, the
Baltic Sea coastal areas (especially western paecBived either minor or no
attention at all. This is mainly because only a fagrosol research stations
exist in this region. Pugatshova et al., (2007)demted a research on the
characteristics of atmospheric aerosol particle bemsize distribution in the
Baltic Sea region by means of the air mass trajestoHowever, no ship-
emission related effects were discussed. Isaksaih,g2001) reported that in
the harbor of Go6teborg in Sweden, ultra-fine p&tisumber concentration
increased by a factor of 3 when a ship plume wasrded. Kivekas et al.,
(2014) estimated the ship traffic contribution eflom 5 to 9% of annual total
particle number on the western coast of Denmarkthvées et al., (2010) found
that the increase of sulphate, nitrate and ammon@agnosol particle
concentrations by 50% in northern Germany and Dekman be assigned to
ships’ emission. Saxe and Larsen, (2008) used amatpnal meteorological
air quality model to calculate the urban dispersibrair pollutants in Danish
ports. They showed that particulate emission frbmpsscorresponds to 15% of
the total urban road traffic P)Memission.

The present and increasing traffic in the Baltica Seecessitates
evaluation of the ship pollutant impact on coastglions. The main problem
with long term measurements of particles downwihdre or several shipping
lanes is the separation of the ship emissions filwaekground particle
properties. Two approaches exist: 1) to identiyy ship plumes in the data and
estimate the background particle properties frora tion-plume periods
(Kivekas et al., 2014). This approach can only beduclose to the shipping
lane, where the individual plumes can be separ@e@kas etal., 2014); 2) if

particle properties in the same air mass are medsuior to and after the air
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trajectory crossing with a ship lane, all changas loe attributed to phenomena

taking place between the measurement sites.

1.4. Aerosol particles in densely populated enviranent

“China’s air pollution blamed for 8-year-old's luogncer”, “Choking
smog paralyzes cities in northeast China, closatgpals, airports”, “Pollution
Halves Visitors to Beijing”, “Beijing Region Topshta Pollution List in 3-
Quarter Air Quality Survey” and other headlines a@agze not only growing
scientific but also public concern on air qualityrihg the economic bloom in
People's Republic of China (The Guardian, 2013; Washington Post, 2013). In
January, 2013, extraordinary pollution event hasaeted the world wide
attention when the daily PM concentrations up to 6.7 times exceed new
China National Ambient Air Quality Standard (MEBR12).

Intensive economic growth and industrialization dens a great supply
for energy. This makes China to be first and sedargkst producer/consumer
of a coal and oil in the World, respectively. 18.686 the World's steel
production, 30.0% China’s coal and 13.6% of cenaatproduced in Hebei
province. As a result seven of the top ten mosluted cities in China are
found in this province (Wang et al., 2013). Vastoaims of BC aerosols are
emitted from vehicles, fossil fuel and biomass Iugn It permanently
disturbed the natural equilibrium between aeroswdpction and aerosol
removal. Not only has the overall quantity of aetosmissions increased.
Large amounts and diversity of trace gas overcaateral processes and lead
to both, nucleation and secondary aerosol paffichaation.

New patrticle formation (NPF) is usually observediniy the daytime. It
IS emphasized that it occurs because of a low [s&ex particle surface
concentration and photochemical production of gasqmecursors (Kulmala
and Kerminen, 2008). Elevated concentrations of &l HSO, were found
to correlate well with nucleation event occurren¢skby et al., 2011).

Laboratory experiments showed that volatile orgasempounds might also
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play an important role in new particle formatiorhelpossible pathways for
new particle formation are paved through the binang ternary nucleation
(Merikanto et al., 20Q7/Kulmala and Laaksonen, 1990). H,SO; is formed from
SO, and OH (Seinfeld and Pandis, 2006). However, WisdBler et al., (1997)
and Suni et al., (2008), among many others, haae r@ported nocturnal new
particle formation events. Because scientific i$éns mainly drawn towards
the daytime NPF events, neglected scientific irstene nighttime nucleation
veiled the knowledge about it. Compared with dagtinucleation events, the
understanding about nocturnal ones is still spaP®viously mentioned
pathways do not apply to nocturnal nucleation bseahe major OH sources
are photochemical production from ozone and wdatndies in Australia
carried out by Suni et al., (2008) suggested tainbcturnal nucleation events
might be associated with high concentrations ofomadnd/or presence of
Eucalypt trees (source of VOCSs). In polluted envinents S@ conversion to
H,SO, might take place throughout NQBrown et al.,, 2006a, 2006b).
However, neither the detailed nucleation mechanison,the complete sets of
reaction partners are known. Moreover, only a sparowledge exists about
how nocturnal NPF affects the mixing state of a@rgsirticles. Thus, a more
intense investigation of this phenomenon would hipimprove climate
models and lead to a better understanding of tthe&ct scattering of solar
radiation as well as indirect effects on climatetighout increase in the CCN

number.

1.5. Chapter conclusions

Observations of atmospheric ultrafine aerosol pladibegan in the late
1800s and is the subject of great scientific irgeaewver since. Despite the vast
scientific knowledge about their relevance for hajlobal climate and human
health, a great uncertainty still remain about heevosols interact with the
environment. It was shown that the particle impacto various processes

greatly depends on their physical and chemical gmags among which
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particle number size distribution and concentradoa of great importance. It
was also shown that the mixing state of the aerpadicles is a key feature
which describes not only black carbon cloud condgos nuclei activity, but
also characterize their light absorption and soatieproperties thus being
significantly important in reducing uncertaintiesglobal and regional aerosol
model studies. Because of the unique location ef Rineila Environmental
Pollution Research station, representing East @adijion, two characteristic
processes for this region were overviewed, i.embigs burning (wildfire) and
ship related emissions in the Baltic Sea. Despisd processes relevance, no
attempts were made to identify how regional biontagsing and shipping in
the Baltic Sea influences the background aerosuicpe physical properties.
Moreover, the highly polluted environment processegh as nocturnal new
particle formation impact on the mixing state ofas®| particles, are not well

understood.
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2. INSTRUMENTS AND METHODS

2.1. Condensation particle counter

The basic physical parameters of an aerosol particbmber
concentration can be measured using a Condend@siditle Counter (CPC)
(Fig. 2-1) (Mordas et al., 2005). Instrument pareergeare as follows: working
fluid — butanol; aerosol sample flow — 1 1/min.; condenser temp. + 10 °C;
saturator temp. + 43C; cut-Size —4.35 nm; the minimum measured number
concentration of aerosol particles - 0.003crmaximum — 150000 crif;
accuracy — 5 to 10%. The principle on which thedmssation technique is
based involves three processes: super-saturatiomoking fluid; growth of
particles by condensation of vap@nd detection of particles. The standard
optic particle counters struggle to measure pagicdmaller than 50 nm. In a
CPC patrticles are grown by condensation to a misioes, thus allowing easy
detection by simple optics. The critical super-s#tion for homogeneous
nucleation is typically around 300%. The smallese @t which condensation
will occur is referred to Kelvin diameter. This sidependence occurs because
the vapor molecules are able to escape more demitya curved surface. In a
CPC, super-saturation is controlled to be around 40200%. However, a
critical super-saturation must be avoided. If thrétical value is reached,
droplets will form in particle free air.

In a diffusional thermal cooling CPC particle ladsn passes through a
heated chamber which is saturated with workingdfiapor. A sheath flow is
split from an inlet flow, filtered and used to ctnagn the particles in the
growth chamber. The sample flow is then injectéd the center of the laminar
sheath flow through a capillary to assure thatiglag will experience the
highest possible super-saturation. At the end efsidturator, the air is cooled
in the condenser. It becomes super-saturated amskesgparticles to grow.

Grown particles are then focused through a lasambghere they are counted.
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Fig. 2-1. Principal scheme of the CPC showing the main instrument components: working fluid

container, saturator, condenser and particle detection section consisting of a laser and optics.

CPCs are mainly used to provide information abdet total particle
number concentration. Any information on the orajisize of particles is lost
because of condensational growth. Differential MobParticle Sizer (DMPS)
or Scanning Mobility Particle Sizer (SMPS) combirveith a CPC can be used
to measure the aerosol particle number size digioib. Additionally, several
CPC’s with the different lower cuts can be usegrovide a course, but fast

response size distribution of the smallest padi¢llmala et al., 2007).

2.2. Differential mobility analyzer

The Differential Mobility Analyzer (DMA) is the fundamental
component of the experimental set-up used in this work. DMA can be
considered as a capacitor and is used to create a well-defined electric field,
which is then used to determine the electrical mobility of charged aerosol
particles. DMA for submicron aerosol size distribution measurements was
firstly presented by Knutson in 1976. This technique has become a prime
choice for submicron particle classification mainly because it enables to
investigate the finest particle size range (down to 2 nm) with high precision,
time and size resolutions while keeping aerosol particles suspended in air.
Different DMA configurations do exist (Fissan et al., 1996). However, the most
common geometry is the cylindrical DMA in which the classification takes

place in the flow between concentric cylinders (Heim et al., 2005). Though
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DMAs may differ in their design, the operational basics remain the same as

presented in Fig. 2-2.

Sample out

\Y%
Exhaust oute—__ 1
e
T Exit slit
el |2
N E
3 3
3 2
o[ tf[=
N E
HEL NS
Blade
N
Samplein——jrg [y —
Sheath air in—s= 3 I~
Laminator

Fig. 2-2. Construction of a DMA.

Basic DMA consists of two inlets and two outlets (Fig. 2-2). Close loop or
compressor/vacuum pump driven particle-free sheath flow is introduced
through a laminator, which directs the flow towards a central (inner) electrode.
Charged, poly-disperse aerosol particles are introduced in a smaller flow near
the outer electrode through a smooth, blade sharp slit, which ensures that
aerosol particles merges with a sheath flow without any turbulence. The rate of
particle migration in the classification zone (space around inner electrode)
depends on the electrical mobility of the particles. Mobility, in turn, depends
on both, the size and electrical charge of the particles. If all the particles have
the same charge, then particles of a given mobility will all be of the same size.
By applying an electric field between the two electrodes, charged particles
migrates from the poly-disperse aerosol entrance flow to the classified aerosol
outlet flow for a subsequent use, which might be either particle counting or
further conditioning. A small flow is then withdrawn through the slit in the
central electrode at a downstream location, while most of the flow is
exhausted. It is important to mention that electric mobility analysis does not
directly measure particle size. It measures the particle transport property, an

electric mobility. The particle size can be calculated from this mobility.
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2.2.1. Aerosol particles charging

Particle charging by ions is a subject of greatangmnce in the field of
aerosol science. For charge-based aerosol charatiem, the electrical
particle charging must be well controlled and resula known, preferably
narrow distribution of charges (Wiedensohler, 1988)e most widely used
charging technique is to pass the aerosol partibtesigh a cloud of bipolar air
lons. The ions are usually generated by the interaof the molecules present
in air with a radiation emanating from a radioaetisource. The radiation
lonizes the air/carrier gas molecules. The iondidmlwith the particles and
form charged particles. Various radioactive souta@sbe used to reach charge
equilibrium. Most frequent one is a Kr-85 bipolautralizer ., = 10.76 year,
57 and 370 MBq), where emittgtiradiation generates positive and negative
ions through the ionization. The Kr-85 noble gas legated inside a
hermetically sealed stainless steel container, hwiscintegrated in a metal
cylinder. In the space between the stainless stestainer and the metal
cylinder, the aerosol passes through the neutral#zeving through the metal
cylinder the aerosol carrier gas is ionized by ghkenergy radioactive
radiation. As a result, positively charged gas i@ml free electrons are
generated. Charges are createdfbyadiation interaction with nitrogen gas
molecules. Afterwards, neutral gas molecules witstrang electron affinity
(e.g. Q) collect the free electrons to build negativehaiged ions. If these
jons are brought together with an aerosol, a ddfiequilibrium charge
distribution is set. The neutralizer does not redi#te charges, but rather brings
the particles into a well-known charge distributidimne gas ions’ velocities are
distributed by Boltzmann distribution, thereforeist expected, that charged

particles will also follow Boltzmann distribution:

n2e?

f(n, dp) = \/%e_(W)’ (21)
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wheree - elementary electrical charga, - particle diameterks - Boltzmann
constantn - the number of elementary units of charge. Thalmer of charges

acquired by diffusion charging during a tirnis:

dpkT
2Kge?

n(t) =

(2.2)

TL'KEdp(fiezNit]
2kgT !

h1[1-+
wheren(t) - number of charges acquired by a particle omeierd, in timet,
¢; -mean thermal speed of the ions (240 m/s at S&R)Boltzmann constant,
Ke - constant of proportionality (= for cgs units; = 9.0 [10° Nm* C? for SI)
andN, -ion concentration. For typical diffusion chargeisf/> 10 s/nt. For
nanoparticles, the Boltzmann distribution leadsatounder prediction, thus
Fuchs charging should be used. The probabilityafqrarticle smaller than 1
pum, to get singly or doubly charged can be writtemT (Wiedensohler, 1988):

5 @ Dp)’
p(Dp,n) = IO[leoal(n)(log”m) ], (2.3)

wherea;(n) are the fit parameters from Table 2-1.

Table 2-1. Fit parameter for specific charge of fifth-degree polynomial approximation of
Wiedensohler (1988).

N

a(N) -2 -1 0 +1 +2

ay -26.3328 -2.3197 -0.0003 -2.3484 -44.4756
a 35.9044 0.6175 -0.1014 0.6044 79.3772
a -21.4608 0.6201 0.3073 0.4800 62.8900
a 7.0867 -0.1105 -0.3372 0.0013 26.4492
ay -1.3088 -0.1260 0.1023 -0.1553 -5.7480
as 0.1051 0.0297 -0.0105 0.0320 0.5059

The fraction of particles with three or more eletaey charge units can be

calculated using the following expression (Gunrg3)9
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1 (n-01n0.875)2
p(Dp ) = g exp |- S0 24)
2megDpkpT e .
where 0 = ————, €, -vacuum permittivity,q — electric chargepD, —

e

particle diametelkz — Boltzmann constant, - temperature, and — number of
elementary charge units on particle. Table 2-2 givee bipolar charge
distributions calculated using the Fuchs theory.

Table 2-2. Electrical charging probabilities duredipolar neutralization

D, [nm] Electrical charging probabilities f(n)

n=-5 n=-4 n=-3 n=-2 n=-1 n=0 n=1 n=2 n=3 n=4 n=5
2 0 0 0 0 0 097 O 0 0 0 0
5 0 0 0 0 002 09 001 O 0 0 0
10 0 0 0 0 005 091 004 O 0 0 0
20 0 0 0 0 010 079 008 O 0 0 0
50 0 0 0 001 022 058 016 O 0 0 0
100 0 0 0 005 027 042 021 003 O 0 0
200 0 0 003 012 026 029 020 0.07 o0.01 0 0
500 0.02 005 009 024 018 0.18 014 0.08 0.04 001 O
1000 0.05 0.08 0.11 0.12 013 0.12 0.10 0.07 0.05 0.02.010

2.2.2. Differential mobility analyzer transfer function

To evaluate the performance of a DMA, the concedpthe DMA
transfer function is utilized (Knutson and Whitb97ba, 1975b). The DMA

transfer function? is defined as the probability of a particle witlgigen size

successfully traversing the classifier. Specifigall is the probability of the

particle, starting at the aerosol entrance of thssification zone and reaching

the aerosol exit. The DMA transfer function itsédf characterized by the
midpoint mobility and the shape of the transfer ciion. The midpoint

mobility and 2 shape depend on various parameters, such as valp@tjed to

the DMA, flow rates in the DMA and its design (Stehburg, 1988). The ideal

transfer function of a cylindrical DMA has a triarigr shape as shown in
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Fig. 2-3 (part a). The relative half width 3 depends only on the DMA flow
rates. However, particle losses caused by the diffusion processes, especially in
the ultrafine particle range (D, < 20 nm), may broaden transfer function as
shown in Fig. 2-3 (b and c). A schematic of an axial flow DMA is shown in
Fig. 2-3, left. R, and R, are the inner and outer radii of the annular
classification zone. L is the axial length between the midpoints of the aerosol
inlet and outlet slits. O, and Qq are the aerosol inlet and outlet flows. O.and Q,,
are the entering particle-free and exiting particle-laden sheath flows. The
voltage, V, applied to the center rod is used to select particle size.

Centroid mobility Z; for non-diffusing transfer function ,; can be

written as:

« _ (Qct+Qm)
z; =<, (2.5)

The base half width is defined as:

_ (QatQs)
AZ, = 27y (2.6)

| relative
% halfwidth

Classification

782, 7, 2,:B2,

o
0o o

Fig. 2-3. Schematic of axial flow DMA showing non-diffusing particle streamline (a) and

Gaussian cross-stream probability distributions of the diffusing particles (b).
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For the axial flow DMA, the change in the electtiftax from the aerosol inlet

to the outlet is:

A¢)==—ﬁ;. (2.7)

Then non-diffusing transfer function has the form:

0a(Z,,25,02,) =

(Qat0s)
1 . 2
—max | 0,|min| Qg Q,, : (2.8)
Qa a s —_ Zan . A(p + (Q(’:_an')

In a non-dimensional form:

v (2, -a+p|+12, -1 -p)| -

260-8) [—|Z, — (1 + BO)| - |Z, — (1 = BO)|] (29)

0a(Z,,8,8) =

where the dimensionless mobility and flow paranseéee as follows:

Z, :%’ﬂ :%anmi:%.

In a case when diffusion cannot be neglected, dugs§an cross-stream
profile about the corresponding non-diffusing paetistreamline can be used
to approximate diffusing particle spread (Stolzegbul988). Standard
deviation of a Gaussian cross-stream profile in-diomensional form is written

as:

(2.10)

Q
Il
S

ST

4mLD
Qm+Qo)’

diffusion coefficient. The diffusing transfer furm Q4 in non-dimensional

wherewis non-dimensional geometry factdr,= andD is the particle
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form is defined as:

. (Zp—(1+ﬁ>) e (Zp—(l—m) B

5 __ o 2 2
04(Zy,8.8,0) = T2 (Zp_("mﬁ)) (ij’(l_m) , (2.11)
U )T

2

e ¥ . .
= and erf(x) is the error function.

where e(x) = x -erf(x) +

2.3. Scanning mobility particle sizer

This work presents a variety of aerosol number size distributions
measured with SMPS system, which consists of a sequential setup of a
neutralizer, DMA and CPC. Raw data provided by such system contains
information about particle electrical mobility. These measurements can then be
converted to a size distribution by using the distribution of charges produced

by a charger and the known relation between mobility and size (Wiedensohler

1988).

aerosol flow CPC
%_; flow check heat exchanger
&
sample flow
pl sensor
Nafion dryer I;r| HEPA filter "’
pa— dry air <} ; ; _{_
DMA excess air flow ——]
PID-controlled
blower
pressure
capillary H transducor Nafion dryer
absolute
pressure
sensor
Q HEPA filter dry air —e={]
bipolar diffusion charger mass flow

sheath air flow

(neutralizer) meter

fi k O
RH/T ow checl

sensor

Fig. 2-4. Schematic sketch of the mobility particle size spectrometer. Picture is taken from

Wiedensohler et al., 2012.
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The working principle of SMPS system (Fig. 2-4) daa described as
follows. After aerosol particles pass the pre-inipgcthey are brought to
bipolar charge equilibrium in a bipolar diffusiohamber, so called neutralizer.
The highest particle number concentration, whiah lma measured by mobility
particle size spectrometers, is defined by the ldguwim ion pair
concentration, which is believed to be approximateld’ cmi®. Therefore,
SMPS can only be used for the total particle nundogrcentrations reaching
up to 16 cm®. After passing through neutralizer, well-conditanaerosol
particles are carried into a DMA - a cylindricalpeaitor where they are
injected through an annular slit close to the oefectrode in the DMA and
then merged with the particle-free sheath air fleMl. flows are strictly
laminar. In the DMA, under the influence of an #liecfield, charged particles
migrate into a clean sheath air flow. The migratiate depends on the
electrical mobility, which itself depends on bothe size and electrical charge
of the particle. By scanning through the voltagestain mobility particles can
be selected and withdrawn through a slit in a DNMvhen the mono-disperse
particles leave the DMA they are still suspendediinThese particles then can
be used for various purposes, such as kinetic arpats on the rates of
reactions between gases and particles. In the rgreserk, particles were
counted with a CPC to provide the size distributbbrthe aerosol entering the
DMA. The electrical particle mobility distributiors determined by scanning
the voltages through the entire electrical partic®bility range being
investigated. In the SMPS system used in the ptesedy the particle number
concentration accuracy is measured to be 5 — 10%d@Nsohler et al. 2012).
Sizing accuracy is £ 2 nm. System technical infdrama sample flow — 1
/min.; sheath flow — 10 I/min.; time resolution — 5 min.; neutralizer — Kr-85;
inlet — PM,o; RH < 40%; sizing interval — 8 to 800 nm; sizing steps — 71.
Measured aerosol particle mobility distributionsr@vevaluated using multiple-
charge inversion routine presented by Pfeifer gt(2013). No other system
exists to measure particle number size distribuiioa range from 2 to 1000

nm. Therefore DMA based instrumentation was chasénms work.
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2.4. Volatility tandem differential mobility analyzer

The size-segregated atmospheric aerosol non-volatile fraction was
defined by evaporating particle volatile components and successively
quantifying resulting refractory material using the DMA. This method involves
the following steps: selection of quasi-mono-disperse particles from a poly-
disperse aerosol population; conditioning by heating to a specific temperature;
and determining the residual number size distribution. A schematic of a used
V-TDMA system is shown in Fig. 2-5. In the first part of the system, poly-
disperse aerosol particles are dried in a diffusion dryer and passed thought a
neutralizer to achieve bipolar charge equilibrium. Particles of a defined narrow
mobility are selected from an aerosol population by a first DMA (DMAT1). The
sheath air is adjusted to a flow rate of 5 I/min, complying with an aerosol flow

rate of 1 1/min, thus establishing aerosol-to-sheath air ratio of 1:5.

—
N

T =300 oC

CPC2,

/:L[ ..

21 20

Fig. 2-5. Schematics of V-TDMA system: 1 — poly-disperse ambient aerosol sample, 2 —
diffusion dryer, 3 — Kr-85 neutralizer chamber, 4 — DMA1, 5 — high voltage unit, 6 — total particle
filter, 7 — blower, 8 — flow meter, 9 — nafion dryer, 10 — heat exchange, 11 — total particle filter, 12 —
CPCl1, 13 — aerosol mixing chamber, 14 — magnetic valves, 15 — reference, ambient temperature,
heating column operated at 25°C, 16 — conditioning heating column, operated at 300°C, 17 — CPC2, 18
—DMAZ2, 19 —total particle filter, 20 — blower, 21 — flow meter, 22 — heat exchange, 23 — total particle

filter.
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The flow rates are manually adjusted to ensure femuilibrium inside the
DMA on a regular basis. The RH of the sheath afoilgethe DMAL and in
its excess air (sheath air plus aerosol flow) Edsglly on the order of 10%.
The resulting quasi-mono-disperse aerosol is the&ected through a
small mixing chamber to guarantee a homogeneouscleaprofile inside
the sampling tube. The flow is subsequently sptit simultaneously
determine the number concentration of the initiadlgiected particles
and to direct the remaining part to a conditionumgt.

All V-TDMA system aerosol lines are made of stagdesteel tubes
with an inner and outer diameter of 4.0 and 6.35, maspectively. The
transport tubes are designed to be of minimal leragid number of bends.
The flow through the sampling lines is maintainedoe laminar. After size
selection the quasi-mono-disperse particles arsguagto a conditioning
unit where they are thermally conditioned to a pfeted temperature. The
heating unit comprises four heating columns (Figg)2 Each column is
maintained at a fixed temperature between 25°C anghaximum of
300°C. The selection of a pertinent heating coluisircontrolled by a
valve assembly (Fig. 2-5, 14). Each column consi$tan inner, 6.35 mm
stainless steel tube for the aerosol flow. The tigb®urrounded by a second,
25.4 mm steel tube filled with sand to act as adrubetween heating coil
and aerosol line. A glass-silk heating wire is edilaround the outer tube
and allows fast heating of the aerosol. Sand reshotgly to small temperature
changes and guarantees a stable and homogeneopsr&tune field. The
tubes are furthermore surrounded by a thick layeglass padding and an
additional quartz fiber fleece for insulation. Atet bottom of each column
a thermocouple is inserted into the center of teesol to continuously
measure the aerosol temperature. The softwareattygontrols the heater
via software regulator to maintain the temperatoséde the inner tube.

Thermal particle conditioning was performed at tvdifferent
temperatures: 25°C and 300°C. Ambient temperatgreselected as a

reference for the unconditioned aerosol particB3)°C is the maximum
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temperature technically feasible for this setupet@mporate the volatile
particle fractions. Temperatures above 300°C regaoarrier gases such as
helium or nitrogen to avoid measurement artifaaig do charring of the
organic matter which may lead to an overestimatemafasured non-
volatile material. Aerosol particles ensuing frohe tthermal conditioning
process are passed to the third part of the sysiahetermine their resulting
number size distribution termed as non-volatilitgesdistribution. The size

distribution is determined by a second DMA and CPC.

Aerosol Inlet
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@ n Stainless Steel Tubes
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Thermocouple

1A ) ) ) ) ) )
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Quarz Fleece

1

Acerosol Outlet

Fig. 2-6. Schematic of a single V-TDMA heating aoiu

The total time for a CPC to determine the conceimnaat one particular
DMA2 channel is adjusted to be 10 sec during whitolh DMA voltage is

kept constant. An additional 5 sec. between the&iht channels is set to
allow CPC2 adapt to a new particle size. DMA2 im@ped at aerosol-to-
sheath air flow ratio of 0.1 (aerosol flow rate @b |/min, sheath air flow
rate of 5 I/min). To obtain a compromise betweeghhsize and temporal
resolution, the number of size bins and the DMA2nsange vary during the

different experiments and are optimized to measergroonditions.
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2.5. Hygroscopicity tandem differential mobility analyzer

A Hygroscopicity Tandem Differential Mobility Atyzer (H-TDMA) is
an instrument to measure hygroscopic diameter dgrafindividual particles
when taken from a dry (RH < 20%) to a controlledmidified state.
Measurements were performed with an H-TDMA desigaedhe Leipzig
Institute for Tropospheric Research (TROPOS) (Rgf). The H-TDMA
consists of similar parts as V-TDMA except differgrarticle conditioning
chamber is used. After the first DMA-1 selects ama, quasi-mono-disperse
size range aerosol, it is passed to a humidifinaection with a distinctive
relative humidity of 87%. In the humidification $gm a peristaltic pump is
used to circulate water surrounding a micro-ponmasnbrane, through which
the aerosol flows. The tubing is made of GORE-TE&mwhrane. Because of a
humidity gradient, water vapor is transported tiglouthe membrane and
humidifies the dry air inside to a relative humydnf approximately 95%.
Leaving the humidifier, the humid air is mixed withdry air to reach the
defined level of relative humidity. To obtain stablwell controlled
conditioning, the aerosol and sheath air flows @eated in two separate
humidifiers. Humid air is then circulated throughNafion tube, where the
aerosol and sheath flows are humidified due to Huynigradient. In a
conditioning section particles grow in size by takiup water depending on
their chemical composition and their initial dryadieter. This humidified
aerosol is passed then into the second DMA-2. Teath air in the second
DMA-2 is humidified to the same relative humiditg the aerosol. The same
aerosol/sheath flow ratio (0.5/5 I/min) is usedDMA-2. Since a high size
resolution decreases the temporal resolution acel wersa, a diameter step of
5% is used in measuring atmospheric aerosol. Depgrah optimized CPC-2
counting time and DMA-2 scanning size range angssta full measurement

cycle takes less than one hour.
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2.6. Tandem differential mobility analyzer data inversion

In this work, V-TDMA and H-TDMA systems were use@ t
determine non-volatile and hygroscopic fractions tbe atmospheric
aerosols. Measurement signal of both systems referghe particle
number concentration at the T-DMA system outletaatunction of the
particle size set at the instrument. The measusrdsol size distribution
downstream of the DMA-2 is not only related to theerosol
conditioning process, but also includes mobilitwarsfer functions of
both DMAs. Measured distribution function (MDF) B skewed and
smoothed integral transform of the particle’s attiggowth factor
probability density function (GF-PDF). Thereforey mversion algorithm
has to be applied to the MDF of T-DMA measuremeateetrieve the GF-
PDF (Gysel et al., 2009). The underlying princigie T-DMA inversion
approaches is to find an inverted GF-PDF suchahainimum y*residual is
obtained between the measured MDF and the retrisii2d (R-MDF), which
can be calculated from the inverted GF-PDF using TRDMA's forward
function. In an algorithm, inverted GF-PDF is désed as a piecewise linear
function at predefined growth factor values. TDM@iminimizes thex?
residual between the R-MDF and the measured MDHttryg the values of
the piecewise linear GF-PDF at the predefined dgnofeictor values. The
kernel function is a key element for the inversioh T-DMA data. Two-

dimensional T-DMA kernel function can be expresasd

KjggMA(gset»g' DO) =
g g 1 R Ise 17 "
f TDgIV;Al ( g DO) ?TDgIV;AZ ( Ilt’g DO) dg ' (216)

Tg lA (gset»DO) - (fz,l(gDparticle)» fz,i(Dparticle))’ (2-17)

where R(z, Zyaricie) is the electrical mobility transfer function. Thaealized

DMA electrical mobility transfer function for equaheath and excess flow
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rates is of symmetrical triangular shape, has rsteat probability of 1 ar =

A +
Zpariclee @Nd @ constant full width at half maximum - = e Q“e, Qae
Zpartlcle Qsh"’Qex

Qsa Qsh and Qe are the poly-disperse sample, mono-disperse sartipe
sheath and the excess flow rates, respectively. Kidrael function is the
normalized concentration of particles carrying aies with dry diametdd; =
ui(Do), which is observed at the T-DMA outlet, if DMA4 set to diametdd,,
if DMAZ2 is set to diameteDs= gseDo, If all particles of diameter exhibit a
true GF of g. T-DMA kernel function is the kernel of the intafjtransform,
which allows calculation of the MDF measured by-BWA for any given GF-
PDF. The MDF is the particle concentration at tRBNIA sample outlet as a
function of setGF, when DMAL1 selects particles of single charge egjent

diameteDy and DMAZ2 selects at diametBr.; = gs.Do as:

%}’le(gset;Do) Di= 1,2.. pl(u (Do)) pOly( i(DO)) fowc(@ui(Do))'

dlnD

Kipua(Gser» §: Do)dg (2.18)

Wheregse: Is GF set at DMA2 (st = Dse{Do), Do — single charge equivalent
diameter,p; — number fraction of particles in the poly-disgeserosol with
diameterD carryingi charges,u(D) is function to calculate the mobility

diameter of a particle carryingcharges and having equal electrical mobility as
a singly charged particle with d|amemr ” Y is number size distribution of

dried poly-disperse aerosol at T-DMA inlei(g,ui(DO)) is growth factor
probability density function for particle with ddrameterD, to exhibit aGF =

g. The total probability of exhibiting a certairlGF is unity and
ngMA(gset,g, D,) is T-DMA kernel as a function adse; andDg for particles
carryingi charges and giving a trugF = g factor to adjust the measurement
uncertainty level due to variations of the particcentration at the T-DMA
inlet. An eq. (2.18) along with (2.16) and (2.18) the T-DMA forward
function, which fully describes the physical belmaof the T-DMA. Eq. (2.18)
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describes how to calculate the MDF from a given GF-PDF. T-DMA response is
an inverse solution of an eq. (2.18). If the number size distribution of the poly-
disperse aerosol is of such shape that interference from multiply charged

particles are small in the T-DMA, eq. (2.18) can be reduced to:

g,total _
mTDMA (gsetr DO) -

dNyo oo —~ , ~ ~
p1(D) =22 (Do) [” (G, Do)K {4 (Gser G, Do)d G, (2.19)

— MDF
- R-MDF
— GF-PDF
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Fig. 2-8. Example of V-TDMA data inversion.

Piecewise linear approach is used to retrieve GF-PDF (Fig. 2-8). The integrated
properties (refractory/volatile/hygroscopic fractions of particles) of a distinct
shrink/growth mode are determined from the inverted GF-PDF.

As for all physical measurements, the counted particle number
concentration in a data point of the MDF is affected by uncertainties. Poisson

statistical limitation associated with low counts can be expressed as Any,,iss =
Vn. Wiedensohler et al., (2012) carried out a SMPS workshop showing that
integrated total number concentration of T-DMA system, Any,., exhibit 5 —
10% uncertainty. Uncertainty in the exact shape of the T-DMA kernel, Anyermel,

is the product of the maximum number of counts in any data point of the MDF.

Humidity fluctuations in H-TDMA conditioning unit bring uncertainties to a
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measuredsF and GF-PDF. For the atmospheric measurements,oltirthhce

is reported to be around 2%. In our work we assthme the singly charged
particles dominate such that the TDMA forward fumatsimplifies to eq.

(2.19).

2.7. Aerosol particle transport by air masses

The air mass trajectory analysis was used to iffethie aerosol sources
and their transport pathways. Backward trajectowese produced using the
HYbrid Single-Particle Lagrangian Integrated Trapeg (HYSPLIT4) model
(Draxler and Rolph, 2003) with the Final Analysé&[, 2008—2009) and the
Global Data Assimilation System (GDAS) meteoroladiclatabases at the
NOAA Air Resources Laboratory's web server (Rol@03). In a biomass
burning study 72-hour backward air mass trajecsor®®0 and 2000 m above
the ground level, were calculated. In ship relageaission study the hourly
trajectories at two different altitudes of 100 &0 m above the ground level,
representing the Baltic Sea atmospheric boundamyr IESMHI, 2013), were
calculated. Possible higher altitude (3000 m) ttayees’ influence has also
been cross-checked using the atmospheric soundofdgep (Oolman, 2014).
Analysis of rawinsonde data from three stationghie Baltic region, (Leba,
Poland, 8.75°N, 17.53°E; Visby, Sweden, 57.65°N, 18.35°E and Greifswald,
Germany, 54.10°N, 13.40°E) showed that the boundaygr, or a mixing
height, was clearly less than 2000 m (and genelall/that depth) in all but
two instances during the periods when trajectowese calculated. In those
two cases the winds at 700 mb were nearly identwadhe winds at lower
levels and the 700 mb trajectories did not devsagaificantly from the lower
level trajectories used for a comparison. In orideminimize the continental
contamination, only the trajectories that did netsp over the major land
masses between the two upwind sites and Preila s&exted for further
analysis. The upwind site and Preila were connebieddvecting air masses

into which mainly ship emissions were added tolthekground aerosol.
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2.8. MODIS fire maps

Hotspot/fire locations were detected using MODIS ofMrate
Resolution Imaging Spectroradiometer) data from mmedle infrared and
thermal infrared bands (Giglio, 2007). Each MODEhsor achieves global
coverage once per day and once per night every Efgh3-5, A and C show
the locations of the active fires identified fromOWIS. The MODIS monthly
fire maps, available since 2001, showed that bisntagning events occur

annually.

2.9. Measurement sites

Data from 4 measurement sites are presented invthiis. To study the
regional biomass burning influence onto aerosdigarproperties, the particle
light absorption and number size distribution measents were performed at
the Preila Environmental pollution research stat{e6°53N, 21°00E, 5 m
above sea level) in the coastal/marine environnfeigvicius et al., 2012).
This station is located on the Curonian Spit, whedparates the Curonian
Lagoon and the Baltic Sea, and thus can be chameleas a regionally
representative background area (Fig. 1-6). Theatknin the Curonian Spit is
intermediate between marine and continental arwhasacterized by frequent
and intensive variableness of weather, by mild erirdnd moderately warm
summer. The mean annual air temperature is 7°@, tvé absolute minimum
of -26°C in January and the absolute maximum oiC3if June. The mean
annual precipitation amount is 550 — 900 mm (AprDctober, 375 — 525 mm
and November — March, 175 — 350 mm). Maximum pidipn falls in the
period from October till February. One of the nsaradustrial cities Klaipeda
is at a distance of about 40 km to the north anel ether major city
Kaliningrad is 90 km to the south from Preila.

To study shipping influence onto background envmental particle

properties, data from two additional stations weamalyzed: Vavihill (Sweden)
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and Utd (Finland) (Fig. 1-6). Vavihill, a background monitoring station, is
located in Southern Sweden (56°01'N, 13°09’E, 172 m. a.s.l.). Surroundings of
the site are dominated by deciduous forest. The distances to the densely
populated areas of Helsingborg, Copenhagen and Malmé are 25 km west, 45
km south-west and 50 km south, respectively. Uto station (59°47'N, 21°23'E, 8
m a.s.l.) is located on a small island in the Baltic Sea some 60 km from the
Finnish southwest coast and more than 10 km from the nearest islands around.
Turku, the closest city, is about 90 km to the north-east of the almost treeless
island. Local pollutant sources like passing large ships or motor vehicles could
be easily detected since these sources produce high but short duration
concentrations in certain size classes of the particle number size distribution.

Detailed description of the station including some aerosol properties is

available in Hyvérinen et al., (2008).
Aerosol particle physical properties were exphcitneasured at

suburban site of Hebei province, Langfang county9.183828 N,
116.960211E), China, roughly 60 km south-eastward from Bejj(Fig. 2-9).

Xianghe measurement site
(39.753828 N, 116.960211 E)

Small local road

— 'Ljving area | |

Young seedling 1 !
forest ——
I ]

Goat lofts ==

Small grave] roa(i

Waste dump E

Living area

£z

Fig. 2-9. Hebei province (red area, left figure). On the right — Xianghe measurement site. Red

spot indicates the position of measurement container in the site.
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Hebei province encloses two densely populous ciidggnjin, a major
seaport and the capital of China — Beijing. Langdustrial production and its
special location scores to seven of ten most padlgities in China are located
in this province (Wang et al., 2013). The measurégmgere performed as a
part of the “Campaign of Air Quality Research inijBg and Surrounding
Region 2013" (CARE-Beijing 2013) measurement cagmpaiuring &' of July
to 9" of August, 2013. Measurement containers were éacabout 5 km to
west of Xianghe town center (Fig. 2-9). The surdhiogs of the Xianghe site
are mainly residential rural areas. During the meament campaign median
nighttime relative humidity (RH), temperature (Wijnd direction (wd) ant
speed (ws) were RH = 96.6%, T= 23 (min: 19°C, max 27°C) , wd = west-
northwest and south-east, ws = 0.4 m/s, respegtindean daytime RH =
75%, T= 27°C (min 20°C, max: 36°C), wd = south-west, north-west, ws

I
=

m/s.

2.10. General remarks on instrumentation

2.10.1. Aerosol particle number size distribution

Four different mobility particle size spectrometersre used to measure
aerosol particle number size distribution. Therunsients were chosen because
of their unique ability to measure particle numbeae spectrum with a high
particle size resolutiom situ. A Twin Differential Mobility Particle Sizer (T-
DMPS), Differential Mobility Particle Sizer (DMPS)A TROPOS-type
Scanning Mobility Particle Sizer (SMPS) and Neutchister and Air lon
Spectrometer (NAIS) were used in Vavihill, Ut6, iRreand Xhianghe stations,
respectively. Main instruments specifications atet in Table 2-3. The
aerosol particle number concentration at the Prata was measured using
condensation particle counter (CPC) UF-0O2proto kgpesl by EUREKA
COPAP project consortium (Mordas et al., 2005) amhufactured by State
research institute Center for Physical Sciences ®echnology, Lithuania

(previous Institute of Physics, Lithuania). All tnaments (except NAIS)
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operate by aspirating dried air and using an iogizadiation source to achieve
an equilibrium bipolar charge-distribution in thengple (Wiedensohler., 1988),
selecting particles based on their electrical niybih cylindrical differential
mobility analyzers and counting them with CPC toaswee the resulting
concentrations in each of the selected size rangkse. main differences
between the instruments are their size ranges hadntode of operating
voltage in the DMAs. While the DMPS steps througbltages during
measurement sequence of size intervals, the SM& shrough the voltage
range and corresponding size intervals continuouie T-DMPS, on the
other hand, combines two different types of Différ@ Mobility Analyzers
(medium long and ultrafine DMAS) to select a widgze range of aerosol
particles (Birmili et al., 1999). The size rangeldme resolution of T-DMPS,
DMPS or SMPS system depends on both system arttirteand user choice
or field of use and is in a range from 5 up to 1iB.Merosol PNSD in Uto
station was measured using a University of Helsibgppje DMPS. The
temperature difference between the saturator amddhdenser of the CPC has
been increased to lower the 50% cut off diametaitliThe T-DMPS system
used at Vavihill consists of two Hauke-type (mediamd short) DMAs to
cover a size range from 3 to 850 nm (Kristenssai.e2008).

In Xianghe, additionally to SMPS system, NAIS waedi to investigate
the finest aerosol particle number size distribuiio a 2 to 15 nm size range.

NAIS data was averaged to 5 min.

Table 2-3. Aerosol PNSD measurement instrumentgtegidspecifications at sampling sites.

Time

] Size range  Size ) Flow rates
Site Inst. CPC type resolution
(nm) steps _ (aerosol/sheath Ipm)
(min)
Preila SMPS UF-02proto 8 —-800 71 5 1/10
uto DMPS TSI 3010 7 - 500 30 5 1/10
TSI 3760 and
Vavihill TDMPS 3 -850 37 10 1.5/19 and 0.91/5.9
3025

Xianghe SMPS TSI 3025 8 -800 51 5 1/5
Xianghe NAIS 2-15 21 0.016(6) 54/60
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2.10.2. Mixing state of aerosol particles

Two state of art conditioning TROPOS T-DMAs weredi$o determine
aerosol particle mixing state in one of the mostuped regions in China —
Hebei province, Xiange city. Aerosol particle hyggopic growth was
measured using TROPOS Hygroscopisity Tandem Diiteake Mobility
Analyzer (H-TDMA) (Massling et al. 2003). Refraggoaerosol fraction in
Xianghe station was measured using TROPOS Volafiiindem Differential
Mobility Analyzer (V-TDMA) (Philippin et al., 2004)

2.10.3.Aerosol particle light absorption coefficiet

At Utd and Preila sampling sites two Magee Scienffompany seven
wavelength (370, 450, 520, 590, 660, 880 and 950A®thalometer™, Model
AE31, were used to measure aerosol particle ligebgtion properties. To
compensate for filter loading effects an empirglgrithm was used (Virkkula
et al., 2007; Weingartner et al., 2003).

Custom made, one wavelength £ 520 nm) Particle Soot Absorption
Photometer (PSAP), constructed at the DepartmeAjppfied Environmental
Science, Stockholm University, was used to measwm®sol particle light
absorption coefficient at Vavihill station (Kred &., 2007). The absorption is
calculated with the Bond (Bond et al., 1999) logdoorrection without any

additional correction for scattering.

2.10.4.Data evaluation

Aerosol particle nucleation rate and condensatieimi formalism was
taken from Dal Maso et al., (2005). For detailedimation, please refer to

mentioned references. Shortly: nucleation rag, can be expressed as:
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dNnuC
Jnue = ar + E;oag + Fgrowtha (220)

whereN,, is the number concentration of nucleation modéiges, Fcoag —
the loss of formed particles due to coagulatiéy,.w — the flux of particles out
of the specified size range; the particle condensational sink, C§ can be
calculated using:

CS = 2nD Zi BMDp,iNi' (221)

Measured V-TDMA and H-TDMA growth/shrink factor tidutions
were inverted using TDMAinv method developed by &yst al. (2009).
Hygroscopic growth factorGF) refers to a ratio between particle mobility

diameterD(RH), at a given RH and the dry diamet®;

GF(RH) = 252 (2.22)

dry

Shrink factor §F, or GF < 1) is defined by a ratio between mobility diaergt

D(T3000), at a temperature of 300 and ambient temperature diameky,

D(300 °¢)

SF(T) = (2.23)

Dambient

Dry (RH = 25%) and ammonium sulphate scans werd tsealibrate actual
RH values and any size shift in between DMA1 andA2Mn H-TDMA. All
cases of size shift between DMA1 and DMA2 in V-TDMstem was
referred as bad scan and eliminated in further dagdysis. H-TDMA Growth
Factor Probability Density Function (GF- PDF) wategrated in a range from
0.8 to 1.2 and 1.2 to 2.5 to identify hydrophobiud ahydrophilic aerosol
particle number fractions respectively. V-TDMA GBP (GF-PDF < 1, or
particle shrink) was integrated in a range frono@i8 and 0.8 to 1.4 to find

refractory and volatile particle number fractioespectively.
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2.11. Chapter conclusions

It was shown that aerosol spectrometry is applecabéthod to define
the most important properties of atmospheric a¢noadicles. A more general
view about how aerosol particles are influencing Earth’'s climate is only
possible when analyzing the data from long terneolaions. While the short
term measurements are enough to discuss the fumdanparticles properties.
Therefore, aerosol spectrometry methodology andrumentation was
developed over the decades to fulfill the needafdong term measurements.
The chosen instrumentation and methods are bahegtst expensive and the
most effective to reach the goals set in this wadtk. other tools exist to
provide on-line, cost-effective, relatively simm@ead long term measurements

of aerosol physical properties.
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3. RESULTS

3.1. Biomass burning impact onto atmospheric aerotproperties

In this part, the semi-continuous atmospheric agrparticle number
size distribution and patrticle optical propertiesasurements from Preila site
during the 2008 to 2010 are presented. This stimbyvs temporal aerosol
particle number and BC mass concentration variag@veral pollution events
are segregated to demonstrate the relevance cd@espectrometry as a tool
for atmospheric research. The particle number dig&ibution, BC mass
concentration, backward trajectories and satefite maps were used to
identify and parameterize the biomass burning everitich change aerosol

particle physical properties in the background esmment.

3.1.1. Particle number concentration

The temporal variation of hourly means of the ind¢gd aerosol particle
number concentrations in a range from 10 to 20280, 80 — 200 and 400 to
800 nm from 2009 to 2010 is shown in Fig. 3-1. Asan be seen, different
size range particle number concentrations behdbereintly revealing several
diverse processes. Nucleation mode particle, diemwodt10 to 20 nm, number
concentration maximum is registered in the spring autumn months (Fig. 3-
1, D). Mean and maximum (in parenthesis) aerosoftigla number
concentration in nucleation mode during March, A@eptember and October
were 400+ 40 cm® (max: 5900t 590 cni), 340+ 30 cni® (max: 6400+ 640
cm®), 950+ 100 crm® (max: 1110Gt 1110 cn) and 420 40 cm® (max: 5000
+ 500 cm’), respectively. Here the mathematical sigH’ ‘defines 10%
measurement uncertainty (Wiedensohler et al., 2@iynal nucleation mode
particle number concentration variation, Fig. 3past C, shows that a new
particle formation at the Preila site occurs aronodn. Aitken mode particle

number concentration variation directly follows thecleation mode particle
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pattern. This is because of the growth of the nefelyned particles. The
Aitken mode particle number concentration maximarahifted and reaches its
peak at around 6 - 7 PM. Relatively high, compatied nucleation mode,
Aitken mode particle number concentration can bplaemed by a constant
particle augmentation by a newly formed particlad aeduced their removal
by coagulation. The highest aerosol particle nundescentration in a bigger
particle mode (400 to 800 nm) was observed duhegainter months. Particle
number concentrations in December, January andugbwere 10& 10 cni®
(max: 800+ 80 cn®), 110+ 10 cm® (max: 560+ 60 cm®) and 130+ 10 cm®
(max: 720+ 70 cm’), respectively. Elevated bigger size particle namb
concentration might be associated with a sea speagsols as it positively
correlates with the higher wave frequency. The waeight might serve as an
indirect evidence for a higher sea sprayed aerpsolicles fraction. The
particle number concentration variations essegtiadmprise an accumulation
mode particle number concentration peaks in spand winter, which is
conspicuous in April (Fig. 3-1, A, marked with aegrshade, and a well
pronounced peak in D). Diurnal accumulation modertigda number
concentration pattern is different compared to othedes (Fig. 3-1, C). The
highest particle number concentrations were obsei@ing the nighttime
period. This can be explained in terms of planetayndary layer. Ma et al.,
(2011) has explained the change in aerosol oppcaperties in terms of
diurnal cycle of the boundary layer height. Incee@s boundary layer height
enhances the atmospheric volume, where aerosatlparmight be diluted.
Decrease in boundary layer height locks partiaies iower volume increasing
particle concentration. The increase in accumutaticode particle number
concentration determines lower nucleation and Aitkeode particle number

concentrations because of a higher coagulation sink
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Fig. 3-1. The time variation of aerosol particle number caonicgion in four different size

ranges.

When accumulation mode particles are assignedrid direction, it can
be seen that highest particle number concentratabmes (up to 350& 350

cm®) are present when south — east winds prevail GR).
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In addition, it can be seen that higher particlenbar concentrations appear
during the night hours. As discussed above, thisbhsaexplained by planetary
boundary layer evolution during daytime. eWdday particle number
concentration increase shows higher anthropogenic activities towards the

weekend. This is reasonable, because Curonian Spit is #&stdagloved resort.
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Fig. 3-2. Polar annulus plot of accumulation mode particle number concentration assigned to

wind direction and day hour.

To investigate the possible reasons for an incegsaticle number
concentration in a size range between 80 and 200anmiliary information
about particle physical properties is needed. Nextion presents the aerosol
particle light absorption measurements which wemmplished together with

particle number size distribution measurements.

3.1.2. Aerosol particle light absorption

The time variations of hourly means of black carbmass concentration
(mass concentration corresponding to wavelength8& nm) and some
meteorological information (temperature, wind spaad direction) from 2008
to 2010 are shown in Fig. 3-3, part A. It can bensthat temperature and wind

direction exhibits bimodality. Two different tempéures for warm and cold
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seasons show up in density distribution graph sepparate peak (Fig. 3-3, part
B). Temperature maximum is reached during July Andust months with a
mean temperature of 4B (max: 28C). After September the temperature starts
to drop and reaches the minimum value ¢C-%min: -22C) in January. The

prevailing winds are south — east, north — westrath - east.
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Fig. 3-3. Black carbon mass concentration variation in théld=te. Temperature in Celsius
(blue line), wind direction (WS, red line) and widdétection (WD, green line) are also shown here.

Blue and grey shades mark the high BC mass comtmtrevents.

There are three distinctive peaks in black carbassrconcentration in
the late autumn, winter and spring months (Fig, Bedt C). The minimum BC
mass concentration is reached during the summeith®sien June, July and
August. The hourly mean BC mass concentration dutiose months were
320+ 20 ng/ni (max: 6400+ 320 ng/m), 360+ 20 ng/nf (max: 2090+ 110
ng/nt) and 360+ 20 ng/ni (max: 2820+ 140 ng/ml), respectively. After
September, BC mass concentration gradually incseas®l reaches the

maximum in November, December and January monthis &imean mass
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concentration of 81& 40 ng/mf (max: 5230+ 260 ng/mi), 1150+ 60 ng/mi

(max: 8250+ 410 ng/ml) and 1150+ 60 ng/ni (max: 7780+ 390 ng/m),

respectively. This increase in BC mass concentratizring the late autumn to
early spring months correlates positively with anperature decrease. In
January temperature drops from 16 tdC-5Moreover, the wind speed from 6
m/s in September decreases to 4 m/s in Februang. silygests a stronger
anthropogenic pollution influence onto increaserbs@ particle number and
BC mass concentrations due to domestic heatingre@sed temperature
results in a weak atmospheric mixing. Aerosol pés accumulate in a lower

boundary layer leading to the increased numbemaamb concentrations.
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Fig. 3-4. BC mass concentration dependence on wind direction and daytime.

While aerosol particle number and BC mass conagaotr increase in
cold season is trivial, change in particle physmaiperties during the spring
months is not clear. Pronounced increase in BC m@assentration during the
spring months (March, April), when the mean tempegais 6C, cannot be
explained only by a domestic heating, boundary rlageolution or a low
atmospheric mixing. Even though hourly mean corred¢ions are not high
(780 + 40 ng/nf and 980+ 50 ng/ni for March and April, respectively),
maximum concentrations are much higher comparedhier months (10308
510 and 1152@ 580 ng/m for March and April, respectively). The BC mass
concentration glar annulus plot (Fig. 3-4) indicates that high BC mass
concentration in spring is related with south te@swinds. To elucidate the
aerosol particle origin during high BC mass conditn episode, analysis of

high pollution episode will be presented in thédaing section.
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3.1.3. High particle number and BC mass concentration case study

This section will focus on the elevated aerosol particle number and BC
mass concentration episode observed or" 46 April, 2010. Air mass
backward trajectories, calculated using the NOAASPLIT model, have
shown that air masses coming to Preila have passadaliningrad (Fig. 3-5,
C). To study the transport and geographical extéihe aerosol pollution the
satellite measurements were also used. Data amalyshe BC and aerosol
size distribution combined with TERRA/Moderate Rasion Imaging
Spectroradiometer MODIS fire detections provideansoinsights into the
regional aerosol transport. As shown in Fig. 3-&rtpA, MODIS clearly
illustrates the fire locations. During the evenyslasubstantial concentrations
of BC were observed when air masses arrived froen diomass burning
regions. This confirmed that pollutants were tramtgd from the Kaliningrad
region to the Lithuanian lower troposphere. Thekpesdue of particle number
and BC mass concentrations on the event days weame I0 to more than 30

times higher than a background concentration, ctsady.
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Fig. 3-5. The locations of the active fires iddetif from MODIS (A, C) and backward air mas
trajectories during 2010 year April high pollutiepisode (B). Red shade in part B marks Kaliningrad
as a potential source of high aerosol load.
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The hourly means ofight absorption coefficient Angstrom exponent
(a), aerosol particle mode geometric mean diameter (d2, d3 in nm), mode
standard deviation (02, 03), total mode concentration (N2, N3 in cm™), wind
speed (WS in m/s), wind direction (WD in degrees), temperature (T in °C) and
particle BC mass concentration (BC in ng/m’) during the event days are shown

in Fig. 3-6.
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Fig. 3-6. High aerosol particle pollution episode on 4-5" of April, 2010 (marked with a grey
shade).

Both, particle number and BC mass concentratiosgmied during this
event were clear outliers in their respective seridoth for hourly
concentrations and 24-hour means (see the greyedhacka).During the
event, wind speed (daily mean) was 3 m/s, windctima - south-east,
temperature — %. BC mass and aerosol number concentrations mse t
unusually high levels. The maximum 1-hour averagesol particle number
(integrated from SMPS) and BC concentrations re&et@®800+ 4080 cm®
BC — 11500+ 580 ng/mi, respectively. Background concentration values
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were about 379@ 380 cm® and 340+ 20 ng m?, respectively. It should be
noted, that during such kind of events Lithuaniaban sites Ply, mass
concentration was significantly higher. This ingeacoincided with the
extensive biomass burning in southern Russia andhibdk The European
PM,o mass concentration limit value was exceeded [actof of 2.

For a detailed analysis of the event, diurnal pattd the BC and the
time dependent size distribution in Preila during™of April, 2010, is
depicted in Fig. 3-7. It can be seen that high B&ssnconcentration is
associated with high Aitken (Fig. 3-7) and accurtiata (d3, N3) mode

particle number concentrations.
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Fig. 3-7. Aerosol particle number size distribution and BC mass concentration during a high

pollution episode on 4-5" of April, 2010.

Both, aerosol number size distribution and BC mesBcentration
showed a concentration maximum at night (April 4, BM). As a result,
regarding the aerosol physical properties, the SMiR@surements revealed
that the key characteristic of such episodes i higcumulation mode particle
number concentration. Particle number size distidbs were fitted with
several lognormal distributions. The result showegkry strong accumulation
mode with particle number concentration of 2050®050 cn?, 150 nm
geometric mean diameter and the standard deviatior2.0. During the

biomass burning event the accumulation mode ge@m@igan diameter was
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approximately 160 nm (Fig. 3-7). The analysis ofrtipee number size
distribution showed that the Aitken mode geomeatrgan diameter shifted to a
larger size during the night from around 60 to b®5. This behavior can be
interpreted as a coagulation driven particle growthterestingly, the
accumulation mode particle mean diameter did nahgk (Fig. 3-7, d3).
Information about the wavelength dependence of &&orption can
show possible aerosol particle sources. The wagtieshependence of the light
absorption can be better interpreted by separatwogter (370 — 520 nm) and
longer (660 — 950 nm) wavelength exponential fiise Angstrém exponents
were calculated by fittindp,ns for the whole available wavelength intervals.
The contrast between the events with a wood-smp#dtese with less wood-
smoke is most evident in the short wavelength watleior reference, the value
of a = 1.0 is known to be assigned to a purely dietstkcarbon aerosol.
Black carbon aerosol particles measured at thdaPsde represents a long-
range atmospheric transport rather than local ssurBackward trajectory
analysis indicates that air masses passing thraugintinent in the east of the
country can lead to a significant BC loading. Tlrenaasses originating from
the west of the site are much cleaner. Fig. 3-6vshtbe course of the BC mass
concentration and Angstrom exponent variation dutime event days. It can
be seen that Angstrom exponents shows a very phtern during the event
period. Thea values were significantly higher when BC mass eotr@tion
increased. This change was larger and strongeshfmter wavelengthsi{7o s»0
= 2.1) compared to the longer onesyf g950= 1.4) (Fig. 3-7). On the non-event
days light absorption coefficientgg_os5 ®370-5020 aNd age0_g950 Were within a
narrow range of 1.2, with the weak diurnal cyclBaring the ' of April, the
highest mean values af;q_sxoandasgg_gsowere observed between 1 and 6 AM
(2.1 and 1.4, respectively). During thB 6f April, the peak valuesufzo_s20=
2.4, o500-950= 1.4) were observed in midnight and early mornigndradewi
et al., (2008) showed that high Angstrém exponehtas are a representative
indicator for biomass burning aerosol. Kirchstetgral. (2004) reported

value of 2.2 for outdoor firewood burning, 1.8 tosavanna fire, and 0.8 — 1.1
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for traffic dominated sites. Previous investigaioshowed that the type of
wood being burned also influencevalue. Fresh wood smoke from the seven
types of forest wood was investigated using anadetheter. Alpha values
were between 0.9 and 2.2 (Day et al. 2006). Hadtaal. (2006) showed = 6

for water-soluble humic-like substances (HULISsplased from the fine
fraction of the biomass burning aerosol spectropineter measurement with

2 =300 — 700 nm.

3.1.4. Conclusions

Combination of ground-based and satellite obseyuatiwere used to
investigate the influence of biomass burning onltaiekground aerosol particle
physical properties. High aerosol particle numlategrated from SMPS) and
BC mass concentrations were measured during theewand early spring
seasons. The lowest particle number concentrati@ne observed during May
— December (454@ 450 cn?) and the highest ones during January — April
(6380+ 640 cm®) months. The lowest BC mass concentrations weserobd
during May — August (35@t 20 ng/ml) and the highest ones during the
September — April (87@& 40 ng/ni) months. Trajectory analysis showed that
long-range transport significantly influences aetosparticle physical
properties in the East Baltic region. The periofla bigh aerosol load and BC
mass concentration are determined by the air massport from biomass
burning regions. Biomass burning events in spriegenassociated with a high
BC mass (up to 11500 + 580 ngjnand particle number (40800 + 4080 8m
concentrations. Accumulation mode geometric meaamdier and mode
standard deviation were found to be 2.0 and 165 m#m? respectively. The
presence of biomass burning products was confirtmgdight absorption
wavelength dependence. During the pollution epighdeabsorption Angstrém

exponent values were found to &gy s,0= 2.4. This confirms the contribution
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from a biomass burning. Moreover, thevalues were higher for the shorter
wavelengths dz79_500= 2.1) compared to the longer onegyf_os= 1.4).

Observations from other countries demonstrate plaaticulate matter
levels have been rising in northern Europe and @nawia during the spring
periods. Biomass burning episodes are repetitihes $tudy gives a valuable
insight how coastal physical aerosol particle proge might be influenced in
the future.

3.2. Baltic Sea shipping influence onto backgrounderosol properties

10 months (September 2009 to June 2010) of atmadspherosol
particle number size distribution and optical pmbies at three atmospheric
observation stations along the Baltic Sea coastihith(upwind, Sweden), Uto
(upwind, Finland), and Preila (downwind, Lithuaniadve been examined.
Differences in aerosol particle number size distidns and light absorption
between the upwind and downwind stations duringstheations of connected
atmospheric flow were used to assess the contibudf ship emissions to
aerosol physical properties in the Lithuanian baskgd coastal environment.

After analyzing air mass trajectories and measun¢rdata, 14 and 17
cases were chosen when air was transported dirfeathyUto to Preila or from
Vavihill to Preila, respectively, as shown in Fig:8. Only those air mass
trajectories, which had passed as little land aasasossible between the sites
were selected. Vavihill to Preila air mass transtses were distributed mainly
in spring (1 case in March, 2 cases in April, 6esasn May) and autumn (6
cases in September, 2 cases in October). Ut6 itaRases covered all four
seasons. summer (2 cases in June), spring (2 saddarch, 1 case in April
and 1 case in May), winter (2 cases in Januargsgé a1 February) and autumn
(5 cases in October). The average PNSD and PVSRiqeavolume Size
Distribution) and aerosol particle optical propestiare presented in Fig. 3-9
and Table 3-1. Optical data was often missing amdly overlapped in time
with suitable air mass trajectories.
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Fig. 3-8. Sampling sites location and backward air mass trajectories used for analysis: smaller

dots represent hourly air mass flow, larger — the mean of trajectories.

All aerosol PNSDs were described as the sum of 2 or 3 log-normal
modes using an automatic mode fitting algorithm. Nucleation (particle mean
diameter 8 — 15 nm), Aitken (15 — 100 nm) and the accumulation (100 — 250
nm) modes were fitted to each PNSD. In all seasons and at both air mass
transfer cases aerosol particle number concentration in a size range between 50
and 500 nm (°**°N) was higher by a factor of 1.4 to 2.8 at the downwind-
trajectory station. BC mass concentration ratio, BCp,.;;./BCyys, at Preila station
did not change in winter during the Utd to Preila air mass transfer
(BCp,eit/ BCyis= 1.0), but was as high as 2.9 in summer. It was found, that up to
60% of an aerosol particle number concentration, in the range from 50 to 400
nm, measured at Preila station, contributes to the particles generated over the
Baltic Sea in Ut6 to Preila mass transfer. For Vavihill to Preila this value is

close to 40%. The highest particle light (A = 520 nm) absorption coefficient
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and highest accumulation mode particle number concentrations, as well as
particle mass concentration, were found in Utd and Preila sites during the
winter season: oy s20nm = 6.7 £ 0.3 (Mm'l), OPreila,520nm — 0.9 £ 0.3 (Mm'l),
040N s = 1270 + 130 (em™) and “*Npyeia = 2770 + 280 (cm™), My = 2.0 +
0.1 (ug/m3 ) and Mpej, = 8.0 £ 0.4 (ug/m3 ), respectively.
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Fig. 3-9. Comparison of an average aerosol PNSD and PVSD at Uto, Vavihill and Preila
stations. The 50 — 400 nm particle diameter range is highlighted with a blue color. Bars represent a

time variability (standard deviation) over the hours sampled.

Second highest black carbon mass concentration and light absorption
coefficient values, also outstanding accumulation mode was found in autumn:

OUts,5200m = 0.9 £ 0.1 (Mm™), OPreila.s20nm — 1.9 £ 0.1 (Mm-l)s BCys = 60 £ 10
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(ng/nT) and BCoreia= 140 + 10 (ng/m). The lowest particle light absorption

coefficient values were registered during springithe: oy s20nm= 0.6 + 0.03

(MM™), opreiiaszons= 0.8 + 0.04 (Mrit). The lowest particle number and mass

concentrations were registered in autuMiit* Ny = 420 + 40 (cri?) and
040N, o= 650 * 70 (crit), My = 0.3 + 0.02 [1g/m®) andMpyein= 0.7 + 0.04

(ug/m®), respectively. In Vavihill to Preila cases, peldi properties were

sensibly higher in spring than autumn months (T8klg.

Table 3-1. Average aerosol properties at the tisites: °>*°N,, - the total aerosol particle

number concentration in a range from 50 to 400 mmivdd from the PNSD\M, — integrated total

mass concentration (assuming 1.5 g/cl@nsity) ,os.0nm - aerosol particle light absorption coefficient

(A = 520 nm) BCyass soonm— black carbon mass concentratian, absorption Angstrém exponent.

Parameter Autumn Winter Spring Summer
uto Preila uto Preila uto Preila ut6 Preila

400N o (emi®) 420 650 1270 2770 650 1410 1130 2390
400 Npeiia/Nute) 1.5 2.2 2.2 2.1
Miop, (Hg/m°) 0.3 0.7 2.0 8.0 0.3 0.9 0.5 1.1
6520nm (MM™) 0.9 1.9 6.7 6.9 0.6 0.8 0.5 1.2
BCMASS,BOOnm
(ng/ms) 60 140 490 500 50 60 40 120
BChreita/BCuts 2.2 1.0 1.2 2.9
a 1.2 1.0 1.0 0.9 0.8 1.0 1.0 1.3
Average distance /
average time of 546/18 556/17 575/22 484/15
trajectory, (km/h)
Parameter Autumn Winter Spring Summer

Vavihill | Preila  Vavihill Preila Vavihill  [Preila  Va vihill Preila
400N o (emi®) 520 710 1220 2190
4% Npreita/Nvavinin) 1.4 1.8
Mot (Hg/m?) 1.6 4.9 4.5 8.9
G520nm (MM™) no data no data 0.9 2.4 no data
Average distance /
average time of 486/10 502/14

trajectory, (km/h)
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Table 3-2. Aerosol PNSD log-normal fit parameters.

Mode parameters Autumn Winter Spring Summer
Mode 1 uto Preila uto Preila uto Preila uto Preila
Ny, (cm®) 1200 190 410 1340 1900
0%, 1.5 1.6 2.0 1.6 1.9
dg;, (NM) 14 17 13 8 28
Mode 2

N,, (cm‘s) 970 1350 1160 1440 1010 1160 208p 890
a;_,- 1.8 1.9 1.8 2.0 1.8 1.8 1.8 1.9
dg.2, (NmM) 37 26 49 49 50 62 40 26
Mode 3

Na, (cm‘s) 60 340 530 1810 40 80 180 2380
a;_,- 1.4 1.5 1.6 1.6 1.3 1.4 1.6 1.6
dg3 (NmM) 178 131 181 186 213 251 139 75
Mode parameters Autumn Winter Spring Summer
Mode 1 Vavihill Preila Vavihill Preila Vavihill Preila  Vavihill Preila
N,, (cni®) 2370 1320 1290 790

0% 1.6 1.6 1.6 1.8

dg1, (NM) 8 12 13 22

Mode 2

N,, (cm®) 1250 1330 1940 2900

0% 1.8 1.8 no data 1.8 1.8 no data
dg2, (NM) 34 37 47 58

Mode 3

Na, (cm®) 170 300 310 340

05, 1.4 1.4 1.4 1.4

dg3, (NM) 148 156 181 220

Mobility particle size spectrometers’ comparabilitgtudy carried by
Wiedensohler et al., (2012) has shown 5 to 10% ureasent uncertainty in
the total integrated particle number concentratidns suggests that the same
order of uncertainty exists in the present studpweler, the observed
difference in integrated particle number conceitrats still greater than the
instrumental uncertainty might explain (i.e. th&aence betweer’ Ny, =
420+ 40 cm® and***Npejia = 650+ 70 cm®). For both, Utd to Preila and

Vavihill to Preila air mass transport the highest@entration variation over all
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aerosol PNSD was dominant in spring. Possible redso this might be a

relatively large wind speed - 8 m/s. In summer anaimn the wind speed was
about 6 m/s, in winter - 3 m/s. Because of simalamass flow conditions over
a Baltic Sea, we did not expect significant diffeses in aerosol PNSD pattern
for Vavihill to Preila and Ut6 to Preila air masarisfer events, in fact, aerosol
particle number concentration in a range from 5@G6 nm showed the same
behavior. Particle number concentration and partidight absorption

coefficient were sensibly higher in Preila than Mal/for autumn and spring

seasons. Moreover, it was observed that the loagemass travels over the
Baltic Sea, the greater change in both, aerosatamnd physical properties,

were perceptible at downwind station (Table 3-1 kigd 3-9)

3.2.1. Continental aerosol particles

Air mass trajectory lateral position uncertaintr@gh respect to upwind
site locations are known to vary between 10 — 3@3%he trajectory length
(Stohl et al., 1998). The distance between VavitbilPreila and Ut to Preila is
about 490 and 530 km, respectively. It results iB0 km lateral uncertainty.
The distance between Vavihill and Copenhagen stlesn 60 km. Hence, the
aerosol PNSD measured at Preila station might hasignificant background
anthropogenic contribution from Copenhagen evemughothe center of the
trajectory does not pass through Copenhagen. Mergdhe air masses
advecting over the Vavihill station pass over a k@0 stretch of land. This
might result in a significant emission of primamrasol particle from the land
sources between Vavihill and Ut6. Traffic, agrioudtl, domestic and biogenic
emissions in southern Sweden are contributing teesextent. Hence, the Uto
to Preila cases are least affected by the citylamdl emissions (the distance to
Stockholm, Helsinki, and Turku is 190 km, 200 kmd &0 km respectively). If
the land-based emissions were a significant cantoibto the observed
changes, much smaller changes should be observetheotJtdé to Preila

transport route. The observed change on Ut0 tolaPteansport path was,
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however, greater than at Vavihill to Preila transport path in both absolute and

relative numbers.

3.2.2. Growth of pre-existing particles

Generalized qualitative evidence in particle number concentration
biased over a Baltic Sea can be discussed using two-dimensional, aerosol
PNSD mode geometric mean diameter and number concentration (from Table
3-2), classification of particle number size distribution (Fig. 3-10). Such
diagram is useful in understanding the dynamics of aerosol particle
transformations. If each mode is assumed to change as a whole, particle growth
rates, required to explain the changes between the upwind stations and Preila,
can be calculated. This was done for both transport routes.

In case of Utd to Preila transport the nucleation and Aitken modes at
Ut6 could have contributed to the measured accumulation mode at Preila only
if particle growth rates of at least 8.0 nm/h (for nucleation to accumulation
mode) and 6.6 nm/h (for Aitken to accumulation mode) were assumed (using

lowest averaged trajectory speed).

10000 . . , ,

m Uto site ® Vavihill site
m Preila site m Preila site

{ o | Tty
[, ] T

size, nm size, nm

(em?)
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dN/dlogD

Fig. 3-10. Classification of the particle number size distribution. On the axes - geometric mean
diameter and mode number concentration. Left — Ut to Preila, right — Vavihill to Preila cases. Bars

show standard deviation of both, mode concentration and size.
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For Vavihill to Preila air mass transport these bems would have to be
as high as 12.7 and 10.5 nm/h for nucleation taumctation and Aitken to
accumulation mode, respectively. Recent studiese hslvown that mean
particle growth rate (GR) in a marine environmen8i 0.5 nm/h (Ehn et al.,
2010). This is clearly less than the GR requiredeiplain the observed
changes. For newly formed patrticles the required @fe even higher. It rules
out the emissions of organics or di-methyl-sulfeeitted from the sea surface
as an explanation. The observed changes can orgyxiained if there was a

source of accumulation mode particles betweenitbs. s

3.2.3. Sea spray aerosol particles

A plausible cause for increased accumulation moalige number
concentration at a downwind marine environmeniatamight be associated
with a marine aerosols — products of bubble pluamed foams generated by
the actions of a surface wave breaking (Lewis aclin@rtz, 2004). Different
laboratory methods are used to generate surrogatgenaerosols within
enclosed tanks. These studies confirm the preseha@ccumulation mode
particles in a marine environment with a geomeatnzan diameter of 200 nm
(Stokes et al., 2013). As the aerosol chemical asiipn was not measured,
the evidence for a sea spray aerosols cannot bgoded. However, a sea
spray influence onto particle number concentrattam be sorted out by
connecting a change in both, particle number and8s concentrations with
a second part parameter, such as wave activity theesea. Pettersson et al.
(2012) have reported a series of environment faeets including monthly
wave height variation over the Baltic Sea. It wasven that the minimum
wave height is mostly common during the late spiiogearly fall months.
Mean wave height in a Northern Baltic Proper wastbto be 0.6 m. After the
height minimum waves start to grow and reach theiximum (2.0 m) during
the winter months. We suggest that wave height tmeginve as an indirect

evidence for a higher sea sprayed aerosol parfideson. Considering only a
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number concentration in a range from 50 to 400 58,61, 55 and 62% of
particle number concentration were gained aftemaiss passed over the sea in
autumn, winter, spring and summer seasons, respctifor Utd to Preila
case). The possible explanations for such phenomarght be addressed to
different origin and sources of aerosol particleswinter and spring seasons,
when the wave height over the Baltic Sea is peakseg sprayed aerosols
might have increased an accumulation mode partial®ber concentration.
This effect can be clearly seen in spring. Relf§yiviow BC mass
concentration, negligible increase in light absorptcompared to a number
concentration support the evidence of weak ligisoating particulate matter.
The sea spray aerosol influence onto accumulatiotenmumber concentration
was checked using the parameterization provide8ddiev et al., (2011). The
following assumptions were made: a) wind speedanlheight is the same as
trajectory speed; b) salinity is 9.2%0 (southern Baltic Sea) temperature of
+5°C in winter, +158C during other seasons; d) no deposition or coagulation
processes are preser) 300 m boundary layer is well mixed. Using the
average trajectory speed (Table 3-1) the sea sa@kseons, in a size range
between 50 and 400 nm, were about 1-2 particlecmérUsing the highest
study trajectory speed, the emissions were ongih}i above 10 cil To get
the observed increases in aerosol particle numbecentration an average
wind speed of 50 m/s would be needed. With thisnind, sea salt aerosol
particles can explain only a tiny fraction of thieserved increase in particle

number concentration.

3.2.4. The effect of planetary boundary layer ont@aerosol properties.

The observed increase in botf;**N and BC concentration, was
significant on both transport routes over the Baea. A change in observed
particle number concentration can, in general, besalt of changed boundary
layer (PBL) height (e.g. Ma et al.,, 2011). IncrehgeBL height during a

daytime mixes the particles near the surface withlzove. If the above air has
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lower particle concentration, this results in ddatand a decrease M at a
surface level. The opposite has also been obseviied the above air is more
polluted (Clarke et al., 1998). During the nightiturbulence weakens leaving
the particles equally distributed in the air laydew surface emissions are
trapped in the low boundary layer leading to a arghcrease il at a surface
per emission unit compared to the daytime situati@nyning et al. (2002) have
studied variables which influence the boundary dadyeight over the Baltic
Sea. They showed that boundary layer height vanres different time scales.
However, no clear diurnal variation, as seen inrd&ed cases, was observed.
This can be explained by high water heat capaBiyrnal variation of a sea
surface temperature is very small. PBL phenomesoexpected to have an
effect only at Vavihill site, which is located imd. The boundary layer height
was not examined in the present study. Howeversystematic effects were
found when comparing the cases in which the airsrpassing upwind site at a
daytime arrived to Preila at night, or vice verb&reover, 3000 m altitude
trajectories have shown a very similar behavidhtse at 100 and 300 m.

The light absorption coefficient and accumulationd® particle number
concentration at Utd and Preila stations were tsgtaring the winter months.
It can be explained by a low boundary layer andngjrinversion conditions.
Regional scale anthropogenic sources, such as diorheating, is well known
to have an effect on the entire northern Europeakertical mixing leads to a
higher aerosol particle transport efficiency ovdorger distance compared to
other seasons. This could explain high aerosoligarnumber and black
carbon mass concentration values, but not theingdaluring the air mass

transport between the stations.

3.2.5. Shipping in the Baltic Sea

Baltic Sea Skaw line (Fig. 1-6) was crossed 6274@< during 2009.
The presence of intensive ship activity is obviolise main ship lanes in the

Baltic Sea can be seen in Fig. 1-6. Most of thenmslipping lanes are located
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at least 100 km from Preila (except the one leadinglaipeda harbor). The

plumes have enough time to disperse, and individeaks (such as in Kivekas
et al., 2014) can no longer be separated. In axtastedy carried out by Diesch
et al., (2013), bimodal aerosol PNSD was found éocommon feature in a
ship exhaust plumes. These modes were an ultrgpfinigcle mode at around
10 nm consisting mostly of sulfuric acid (Gonzakdzal., 2011) and Aitken

mode at 40 nm. An increase in 150 nm particle nurabacentration was also
found. This carbon-containing mode is made up oihmaoot and absorbed
organic materials. Our focus was mainly on the 3®6 nm particle diameter
range where the carbon-containing mode is the praghinent. The observed
Angstrom exponents at Utd and Preila were condisteth the values

measured in engine combustion studies=(1.0), but lower than the values
associated with the wood burning soetX 1.8) (Sandradewi et al., 2008) all
supporting the conclusion that ship-emitted, paléite matter contributes to

the coastal aerosol properties in Lithuania.

3.2.6. Conclusions

Only limited data is available for particulate skimissions from Baltic
Sea shipping routes and their impact onto backgtcagrosol properties. A
previous study has shown that a single shipping tam contribute up to 11 to
21% of the particle number concentration duringpacal day at a coastal field
site as the wind passes perpendicular through hippiag lane towards the
field station (Kivekas et al., 2014). Here the ciimition from shipping lanes
when the winds are passing over a much longerchtret ship emissions,
namely several hundreds of kilometers were invasty During several of the
chosen pristine study days, the ship emissionstlout to be the dominant
contributor to the particle number concentratioror&bver, 40 to 60% of the
aerosol particle (50 - 400 nm) number concentrati@asured at Preila station,
contributed to the particles generated over théi®8ka in Vavihill and Ut6 to

Preila mass transfer, respectively. High BC massentration values in winter

89



can be associated with intensive domestic heating in the northern Europe. It
conceals the possible ship influence onto aerosol properties. It was found that
the longer air mass spent over the sea, the bigger change in aerosol properties
were observed in downwind station. Absorption Angstrdm exponent value (o =
1.0), increase in aerosol particle number and BC mass concentrations let us
conclude that the aerosol particle physical properties, registered at the Preila,

are determined by an intensive Baltic Sea marine traffic.

3.3. Nocturnal nucleation imposed mixing state of aerosol particles

The project “Campaign of Air Quality Research in Beijing and
Surrounding Region” (CARE-Beijing) is a broad collaboration project where
the physic and chemistry departments of the Leibniz Institute for Tropospheric
Research e.V. (TROPOS), Leipzig, Germany, take place.

"CAREBEIJING-NCP"

Xianghe Xianghe
2013-06-28 2013-07-02
AQI ~ [300 - 550] AQI ~ [40-70]

WY \\\\\\\\\\" {
A

R L
etV

ANANENNNR, w—

Typical high pollution episode in the North China Plain, Xianghe. Regional agricultural fires

increase AQI to more than 500 drastically reducing visibility to less than 1 km.
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The main goal of the project is to quantify theedirand indirect climate
forcing in the North China Plain. In 2013 measuretreampaign, which took
place in Xianghe, China, my interest was to developaerosol spectrometry
method by combining the aerosol particle volatilisnd hygroscopicity
techniques to define how nocturnal new particlemf@tion influences the
mixing state of aerosol particles.

The measurement data set comprises 32 days of continuous
measurements of aerosol particle physical properties. Because of the planetary
boundary layer evolution during the day, this study dataset is sub-divided into
daytime and nighttime periods. Sub-division necessity rises from the different
physico-chemical processes as well as the sources of pollution shaping aerosol
particle properties during the day. The mixing state of aerosol particles as a
regional pollution phenomenon is analyzed during the time period when a

boundary layer is well mixed. This is between 8 AM to 4 PM (Fig. 3-11).
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Fig 3-11. Diurnal variation of A — particle number and volume concentrations, B — volatility
growth factor, C — number fraction of non-volatile particles (circles represents number fraction of
nearly hydrophobic particles), and D — lidar signal. Orange and grey shades mark considered daytime

and nighttime, respectively.
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The altitude of the first main gradient in the lidagnal, corresponding
to the inversion layer height, shows that PBL st&ot develop at 8 AM and
reaches the height peak at 4 PM. During this tiewxop perceptible decrease
in the non-volatile and nearly hydrophobic numbecfions were registered
(Fig. 3-11, C). It means that aerosol particles lass affected by a local
pollution. In this time period regional air pollati effects is the most
distinctive. Local pollution can be separated bwid increase in non-volatile

and nearly hydrophobic number fractions at nigketeen 6 PM and 6 AM).

3.3.1. Mixing state of aerosol particles

The volatility growth factor probability density riation (GF-PDF) is
the probability size distribution of remained sulmrometer particles after
thermal treatment (at 38D). It represents non-volatile particle fractionisioh
can be divided into two groups, corresponding tdiglas with a low and high
volatility. Low volatility fraction represents extally mixed non-volatile
material and can be considered as an externallgdnack carbon. Particles
with a high volatility are known to be composedaoBC core and a non-light-
absorbing volatile shell (Wehner, 2009). The samer@ach is also valid for
hygroscopic growth factor probability density fuoct interpretation. After
particle humidification, GF-PDF represents two idigive particle groups -
nearly hydrophobic and hygroscopic particle fratsioHigh number fractions
of nearly hydrophobic (NH) and low volatility (L\f)articles observed at night
indicate that the freshly emitted hydrophobic mde8 (e.g., fresh soot or
primary organic aerosol) accumulate in the surfager and mixes externally
with the more hygroscopic and volatile particlesiriDg the daytime, number
fraction (NF) of NH particles is smaller, indicagithe dominance of internally
mixed aerosol particles due to aging process.

The averaged diurnal variations of number fractjbif) and growth
factor (GF) of 50 150 250 and 350 nm particle diameters duthre whole

campaign are presented in Fig. 3-11. The averifederived from H - and V

92



- TDMA shows a similar diurnal variation. Duringetldaytime NF of NH and
LV varies from 8% to 15%, depending on the différdry particle diameter.
NF increases significantly during the nighttime to%@5The GF of nearly
hydrophobic particles (shown in Fig. 3-11, B, sdiiges with circle) is around
1.05 during nighttime, and increases to 1.1 duardaytime. The shrink factor
of low volatility particles (shown in Fig. 3-11, Byith square in solid lines) is
around 1.0 during the night, and decreases to ab®&uturing the day. The
differences betwee@F are much smaller during the nighttime than thaindu
the daytime. It shows that particles exhibit défer affinity to water and
different volatility properties due to the agingopess. Fig. 3-12 shows the
average GF-PDFs from V- and H-TDMA measurements difierent dry
particle sizes. Hygroscopicity GF-PDFs measurethenrange 85% < RH <
89% were corrected for RH = 87% according to eya(® (6) in Gysel et al.
(2009). The effect of instrumental RH fluctuationasv corrected too. A
dominant hygroscopic mode and a smaller but distit¢ mode can be found
for each averaged GF-PDF. The hygroscopic modeeakipg at aGF from
about 1.4 to 1.65 (RH = 87%). The hygroscopic mpeek shifts to a larger
GF with increasing dry diameter. It indicates thagtoscopic particles with a
larger dry diameter generally have a higher grofattior. This is because of
both, reduced Kelvin effect and different aerosmical composition due to
aging process (Liu et al., 2011).

Particle volatility GF-PDFs (blue lines in Fig. 2)1show dominant
volatile and smaller but noticeable low volatilftactions. The volatile mode is
peaking at &F from 0.38 to 0.3 at a temperature of 300The volatile mode
peak shifts to a smalleGF with dry diameter increasing, indicating that
volatile particles with a larger dry diameter skrimore. Similar to NH mode,
the LV mode for each dry diameter (except 50 nngsdoot show significant
shift. Exceptional 50 nm particle shrinkage migbtdxplained by a nucleation
induced particle volatility. Newly formed and sligh grown particle were
observed to be highly volatle and hygroscopic. 8wary of the

hygroscopicity and volatility properties is shownTiable 3-3.
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Fig. 3-12. Averaged hygroscopicity (red line) and volatility (blue line) GF-PDFs for the whole

measurement period. “Volatile” marks the region of considered volatile particle fraction, “LV” — low

volatility, “NH” — nearly hydrophobic, and “hygroscopic” — hydrophilic particle fractions.

Table 3-3. Summary of the H- and V-TDMA measurements (mean value + standard deviation)

Dry diameter (nm) 50 100 150 200 250 350
Number of | H-TDMA | 720 1300 1293 385 756 1095

scans V-TDMA | 823 688 862 180 685 422

Mean GF =+ std 1.394+0.07 037+0.03 1424007 146+0.06 146+0.09 149+0.11
NF of GF < 1.2 group 0.23 0.16 0.17 0.16 0.18 0.18

High hygroscopic group, HY GROSCOPIC

Number fraction 0.54 £ 0.25 0724019 0.76+0.17 081+0.11 0.76+0.17 0.81+0.17
Mean GF =+ std 1.44 £ 0.05 148 +0.03 151+0.04 155+0.03 156+0.05 1.59+0.05
Low hygroscopic group, NH

Number fraction 0.19 £ 0.13 015+0.09 016011 0.16%£0.09 0.18+0.14 0.18%£0.16
Mean GF =+ std 1.07 + 0.03 1.06 +0.02 1.06+£0.03 1.06+0.01 1.06+0.02 1.04+0.02
Low volatile group, LV

Number fraction 0.16 + 0.08 016 £0.09 0.16+0.10 0.16+0.08 0.15+0.12 0.14+0.11
Mean GF =+ std 0.93 +£0.03 0954+0.03 096%0.02 097%0.02 097£0.02 0.99+£0.03
High volatile group, HV

Number fraction 0.36+0.21 05+016 053+016 0.54+013 0.57+0.18 0.60+0.16
Mean GF =+ std 0.374+0.026 0.35+0.032 0.35+0.04 0.34+0.03 033+0.04 0.32+0.04
Ensemble mean of all groups from H-TDMA

Mean GF =+ std 1.40 £ 0.07 0374+0.03 14240.07 150%+0.06 150£0.09 1.50£0.11
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3.3.2. Nocturnal new particle formation

During the measurement period, nocturnal new particle formation
events were observed on 59% of nights in the discrete manner without
pronounced subsequently following particle growth. Nocturnal new particle
formation (NPF) events usually started after 6 PM and continued to appear
until next morning. Aerosol particle number size distribution during one of the

events is shown in Fig. 3-13.
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Fig. 3-13. Aerosol particle number size distribution, particle number concentration in a range
from 2 to 10 nm, NOx concentration and wind direction during 16 - 17" of July, 2013, nighttime new

particle formation episode. Horizontal line marks the size range for NAIS and SMPS measurements.

Presented contour plot is a combination of the data measured with NAIS
(particles between 2 and 15 nm) and SMPS (particles between 15 and 800 nm)

systems. NPF classification is usually based on the visual inspection of the
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distinct formation and growth shapes in the obs®riANSD contour plot
(Manninen et al., 2009). In NPF studies “non-barypa” cases are regarded
as “undefined” events (Heintzenberg et al., 20@)r observed new particle
formation does not follow a well-known “banana-sélagrowth. Therefore
NPF events were discerned according to rapid nticleanode (2 to 10 nm)
particle number concentration increase, lastinghast as 20 minutes (Wu et
al., 2007). Example of observed NPF is presentédgn3-13.

High concentrations of cluster ions in the sizegeafrom 0.34 — 1.8 nm
also existed at all times making it difficult totdemine the nocturnal new
particle formation events, thus, was excluded framther data analysis.
During the nighttime NPF ultra-fine particle (withameters < 10 nm) number
concentration increased up te_Nym=7 M0 + 3600 cnit and was at the same
order of magnitude as the daytime events. The |dwstr of the nocturnal new
particle formation rate (particles in a size rarfigem 2 to 10 nm, loss of
formed particles due to growth and coagulation wketl) was 1.25 times
higher than a daytime (45 + 5 &s'" versus 36 + 4 cifs’). Average
condensational sink for the particles in the samge from 2 to 750 nm during
nocturnal NPF was found to I@S= 0.055 &. It is noticeably higher than ones
observed in Beijing, China (between 0.02 and 0.@®5)Vu et al., (2007).

Aerosol particle volatility and hygroscopicity pites for V- and H-
TDMAs are shown in Fig. 3-14. 150 nm particles weeparately conditioned
in 300C and around 87% RH environments to determine tixingistate of
aerosol particles. Boxes in a contour plot indicdhteregions between 6 PM to
6 AM, where aerosol volatility and hygroscopicitpperties were significantly
different compared to a daytime. Particle affitwywater,GF = 1.5, followed
by a volatile fraction,GF = 0.3, notably increases during the nighttime.
Interestingly, simultaneous increase in externaliyed particle fractionGF =

1.0, suggests different processes occurring atdhee time.
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Fig. 3-14. 150 nm particle Growth Factor — Probability Density Function (GF-PDF) for both, H-
and V-TDMA systems during all measurement period. Red rectangles mark the time period when

nocturnal new particle formation was registered.

The extent of 150 nm aerosol particle volatility measured at night is
somehow comparable to that observed during the daytime (Fig. 3-14, V-
TDMA). Growth factor — probability density function of highly volatile aerosol
particles, seen between 3 to 6 AM suggests that particle volatility increases
during the period, when nocturnal nucleation is present and at daytime. It is
when different vapors condense onto particles. Newly formed particle volatility
and hygroscopic properties analysis have shown that particles between 20 and
35 nm (operating limit for V-TDMA and H-TDMA, respectively) were highly
volatile and slightly hygroscopic (Fig. 3-15). During the new particle formation
V-TDMA showed a significant increase in measurement distribution function
(MDF) of 20 nm sized particles compared to non-event cases. After NPF
episode particles were conditioned in 300°C environment — only a minuscule
refractory fraction (GF-PDF in Fig. 3-15), with a great uncertainty due to poor
counting statistics, remained. Note that thermal conditioned particles were
measured in the range from 9 to 23 nm. In H-TDMA system 35 nm particles
experienced uni-modal growth to GF = 1.15 when exposed to 87% RH. Poor

ultra-fine particle affinity to water can be explained by a Kelvin (curvature)
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effect, a major limitation in the growth of atmospheric nanoparticles.
Significantly elevated equilibrium vapor pressure above the small clusters
limits its growth. However, the observed change was enough to distinguish
between the different aerosol particle mixing states, revealing the episodes

when particles were newly formed.
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Fig. 3-15. Average of measurement distribution function (MDF, left scale) and growth factor
probability density function (GF-PDF, right scale) for the nocturnal new particle formation episodes.

Bars show a time variability (standard deviation) over the hours sampled.

Because V- and H-TDMA MDFs are narrow enough — inverted ambient
temperature and hygroscopic growth GF-PDFs can be represented using only

MDFs itself (Gysel et al., 2009).
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Fig. 3-16. V-TDMA volatile particle number fraction GF-PDF. Black line - GF-PDF before,

read — GF-PDF after the nocturnal new particle formation. The blue shades mark increase in GF-PDF.
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After analyzing the mixing state of 50 and 350 nm sized aerosol
particles, the increase in particle volatile fraction after the new particle
formation was noticed (Fig. 3-16). 50 nm sized particle volatile fraction GF-
PDF was 1.3 times higher after NPF than before. Larger particle (350 nm)
volatile number fraction increases by a factor of 3.0. Only a minuscular
increase in hygroscopic particle (350 nm) number fraction was observed (not
shown here). This can be explained by a volatile and hydrophobic species
condensation onto pre-existing particles (Riccobono et al., 2012).

The wind direction during nocturnal NPF events was mainly between
250° and 350°; that is the wind arrived to the measurement site from the west
or northwest direction. Wind speeds during the events were below 1 m/s. The
correlation between RH, wind direction and NF of 50 nm volatile particles is
shown in exceedance contour plot (Fig. 3-17). Section III, representing the
west-north winds, shows that the NF' of 0.8 for 50 nm particles were exceeded
most frequently when RH was nearly ~ 100%. Other, less intense exceedance
regions might also be seen in sections I and II. Exceedance contour is more
quantitative rather than quantitative approach to investigate the dependences of

variables revealing possible causes for NPF.
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Fig. 3-17. Exceedance contour plot for all measurement period (nighttime), showing the
conditions when NF of 50 nm volatile particle exceeded 0.8. Color intensity shows the strength of

exceedance.
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Plausible aerosol particle and precursor gas ssweeindicated in Fig.
2-9. Those are the set of roads surrounding measuntesite: provincial road
with the relatively low traffic load, ~ 500 m to st gravel road with intensive
vehicle load, 200 m to east and heavily loaded retaget towards the Xianghe
center, 500 m to south-east. A periodically smofdedump for domestic and
small scale industrial (plastics, metal paint paels) waste, 200 m to south,
was a strong aerosol particle source when winde weming from south. The
trace gases, such as S@rimarily come from anthropogenic emission sosrce
in populated regions, largely - from coal combustia the power plants.
Nevertheless, coal enriched in potentially toxac# elements such as mercury,
arsenic, fluorine is still a popular fuel for thedustrial and domestic use in
rural China (Finkelman et al., 2002). Because memsents were conducted
during the summer months, nocturnal ;.S2aks cannot be associated with
heating-period as explained by Ran et al., (20T maximum S@hourly
concentration average increased from 30 to 50 pplwsg September to
November, respectively. Non-heating period nighttirSQ concentrations
were reported to be, on average, below 5 ppbv @aal., (2014), Fig. 3d).
However, the use of coal pellets for cooking, wakeating and metal
processing were evident around the site, which mughify elevated nighttime
SO, concentrations when winds were coming from thmgh\areas. During the
observational period, NCand Q nighttime concentrations averaged at about
30 and 72 ppbv, respectively. 180 ppbv ,NOncentration peak was associated
with a local emissions and the daytime evolutiorplainetary boundary layer
(Ran et al., 2014).

In sulfur and nitrogen oxides abundance, that ipafuted plumes,
nighttime SQ conversion to 5O, was observed by Brown et al., (2004). It
was shown that OH radical production during thehtiigme from the
hydrocarbon ozonolysis and ozone reactions may Eryaimportant process
for a nighttime new particle formation (Donahueaét 1998). On the other
hand, nitrate radicals, NGand NOs, arising from the N@and Q, constitute

an important chemical system in the nocturnal aphese (Allan et al., 2000).
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Dinitrogen pentoxide (MDs) can serve as a significant pathway for a
conversion of NQinto nitric acid via its heterogeneous hydrolysisaerosol.
Its nocturnal oxidation capacity is believed to && large as that of the
hydroxyl radical during the daytime (Geyer et 2001a). It can be clearly seen
from Fig. 3-13 that increase in N@oncentration is closely followed by a
nucleation mode particle number concentration.dJitne particles composed
of ammonium sulfate or sulfuric acid increase imessignificantly upon a
humidification. During regional nucleation events urban Atlanta, the
hygroscopic growth factor of 10 nm ammonium sulfaéeosol particles were
GF = 1.4 (Sakurai, H., et al. 2005). In the presémtly much larger particles
(35 nm) were found to be less hygrosco@é¢; = 1.15 (Fig. 3-15). Moreover,
because the measurement site was equally surrouoygldiving areas, no
reason was found to justify the local S@missions being dependent on wind
direction, at least during non-heating period. &gtf no correlation between
SO, O; and ultra-fine particle number concentrations wreerved during the
nighttime NPF, suggesting additional componentsantakplace in a new
particle formation.

Studies of 2 to 9 nm particle affinity to water shdhat freshly
nucleated particles are composed of less hygrosa@mnpounds, presumably
organics, at the very early stage of particle faromand growth (Zhang et al.,
2009). This agrees well with the observations ianghe if the abundance of
amines in air is assumed. Emissions from cattleeruand manure are known
to be rich in both volatile amines and N@Kuhn et al., 2011). The cattle shed,
100 m to west (Fig. 2-9), might have served as @csofor high volatile
amines (methylamine, dimethylamine, trimethylame®ong others) and NH
concentrations. Studies on the formation and compnosof the ultra-fine
particles showed that NHand amines is important constituent in new paaticl
formation (Erupe et al., 2011). Amines are congiddp be more important for
nucleation than Nk even at low concentrations (thousandth of ;NH
(Loukonen et al., 2010). Under atmospheric cond#tiamines are able to form

nitrate or sulfate salts. Quantum chemical compariat show that for
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nucleation processes involving nitric acid, aminesy be more effective than
ammonia in forming new particles (Murphy et al. 2ROExperiments by
Bzdek et al., (2010) gave evidence that nucleatimde atmospheric salt
particles are most likely amminium salts rathernttenmonium salts, and
amines rather than ammonia may be main componémniscteation. Although
neither NH nor amines were measured during the measuremenacgn, the
bursts in newly formed particle concentration weoasistent with the winds
coming from the direction of living areas and e@tlbfts suggesting their
participation in nucleation process. In ambient soeaments RH is considered
to be an indirect nucleation inhibitor. This is migibecause the surface area of
existing particles increases due to their affinidy water molecules. In the
present study it was observed that nucleation tpksse with relatively high
condensation sinks and RH. Looking at exceedano&oup (Fig. 3-17) it is
obvious that 50 nm particle volatility greatly degde on RH and wind

direction. It agrees well with the theoretical misd@/ehkamaki et al., 2002).

3.3.3. Conclusion

Nighttime concentration burst of the ultra-fine tpdes was shown,
suggesting new particle formation process occurrohgspite the high
concentrations of pre-existing particles. Seveaaldrs favoring new particle
formation were found. High relative humidity, lowind speeds and, most
important, wind direction correlate positively withe high ultra-fine particle
number concentration. Because of the evolutionazfturnal boundary layer,
high concentrations of NONH; and amines, were accumulated in the nearby
living areas and life-stock lofts. These gasesrlatere transported to the
measurement site by weak winds enhancing nuclegiirocess. The new
particle formation and rapid their growth could baalso taken place in the
life-stock loft region. These particles later collave been transported to the
measurement site by the northwest winds. Becaus#idweot measure amines,

the nighttime new particle formation mechanismsncérbe clearly identified.
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However, the correlation between factors favoriiRFNeads to the conclusion
that the possible pathways for nighttime formatioh ultra-fine particles
include heterogeneous hydrolysis of N@®igh concentration of ammonia and
condensable organics (e.g. amines) might havetalkem place in new particle
formation and growth. Moreover, it can be concludbdt nocturnal new
particle formation process intensifies particle nggi It changes particle
volatility and hygroscopicity thus having an effecito particle mixing state.
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THE MAIN CONCLUSIONS

1. Registered changes in the aerosol particle numbe black carbon mass
concentrations at Preila Environmental Researdiostare determined by a
periodically occurring regional biomass burningr Alasses advecting over
a high aerosol particle load regions are enrichregballutants which are
transported to a background environment alteringsaé particle number
size distribution and optical properties. Condensabf the precursor gases
onto pre-existing particles and particle coagutatieads to an increased
accumulation mode geometric mean diameter of 124amdnstandard mode
deviation of 2.0. Particle number and black carlmosiss concentrations,
light absorption coefficient Angstrom exponent gase up to 40800 + 4080
cm®, 11500 + 580 ng/fhand 2.4, respectively.

2. After air masses advecting over Utd and Vavenidas were transported over
the Baltic Sea, 50 - 400 nm size aerosol particlenlmer and BC mass
concentrations measured in Preila were 1.4 tord21a? to 2.9 times higher
compared to upwind stations, respectively. The wliem Angstrom
exponent value ¢ = 1.0) was found to be specific for diesel exhaust
(shipping-related emission) values.

3. Nocturnal new aerosol particle formation ratelema condensation sink of
0.055 § was 1.25 times higher compared to a daytime valesuly formed
particle number concentration positively correlaigth a relative humidity,
wind speed and direction. Formation is favored Wyghly volatile organic
species (amines), high relative humidity and higbnoentrations of
precursor gases, such as Nithd NQ.

4. After a nocturnal new particle formation the atdé and hygroscopic
particle fractions increased due to the condensatod coagulation

processes up to 3.0 (350 nm) and 1.28 (50 nm) firaepectively.
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APPENDIX A. Supplementary instrumentation

A.1. Aethalometer

Black carbon aerosol particle mass concentratios maasured using
an Aethalometer (Horvath, 1993). The simplest datean of absorption

coefficient for any filter based method is given by

Oans = In [2| =, (A1)
whereA is the area of the sample spot on a filtérs the air volume drawn
through andl,, | are the average filter transmittances during ther gime

period and the current time period, respectivelpn@ et al., 1999). As the
absorption coefficient decreases monotonically withAvelength, it can be
approximated by a power-law expressieg,eA"“ , wherea is known as the
absorption Angstrom exponent. It is shown that #iesorption Angstrom
exponent values for organic carbon varies fromt@.3, while diesel exhaust
aerosol particlegr is close to 1 (Kirchstetter et al., 2004; Sandradewi et al.,

2008). Absorption Angstréom exponent was calculatsidg:

Uabs(/ll)>
1n<‘7abs(/12)

ln(%) '

Aaps(A1,A2) = — (A.2)

where o,,s IS the absorption coefficient calculated using aketmeter
(Weingartner et al., 2003; Virkkula et al., 2007).
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A.2. Neutral cluster and air ion spectrometer

To sense the finest, nanometer-range particles and to measure their
concentration, neutral cluster and air ion spectrometer (NAIS) was used. This
instrument assesses the total concentration of particles (including the
uncharged fraction) based on a known probability distribution of electric
charge on a particle after the aerosol has been charged in well-defined
conditions. Aerosol particles are neutralized by passing them through unipolar
charger corona needle. NAIS consists of two parallel multichannel electrical
mobility analyzer columns to differ the polarity of the measured ions (S.
Mirme and A. Mirme, 2013). The aerosol is simultaneously mobility classified
within 21 electrometer array per column. The mobility range is from 3.2 to
0.0013 cm® V™' s and covers the size range in particle mode from below 2 to

40 nm. Basic instrument diagram is shown in Fig. A-1.

Inlet

(60 Ipm)
(30 Ipm) (30 Ipm)
-
‘ I — discharger | | i dlscharger ]
Precondipomng < I ﬁltler | | ﬁlter l
bni: | | = charger |
I post-filter | | post- ﬁlter |
Sheath + - Sheath
flow mobility mobility flow
(60 Ipm) analyzer analyzer (60 Ipm)
Zx 21 channels 21 channels
= | [ M
) sheath sheath \
\_/ air filter air filter \“J
Exhaust
(e
N4

Fig. A-1. NAIS measurement flow process (S. Mirme and A. Mirme, 2013).

Before the aerosol sample enters the conditioning unit, it passes through

a discharger, an electric filter, a charger and post-filter. When the instrument is
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operating in an ion mode, all mentioned componemts switched off. In
particle mode, the main charger is switched on. Ppbest-filter is used to
remove the excess of charger ions.

Particle charge distribution as a function of clraggconditions and
particle size is crucial in accessing the rightoael particle number size
distribution. The NAIS uses unipolar corona chargex corona needle on the
axis of a cylindrical volume. The ions from the tpthe needle travel across
the aerosol sample flow and attach to the partitiemly by thermal diffusion.
The charging ion concentration is maintained abrstant level by stabilizing
the current that reaches the electrode surrourtimgharging space. Because
ions generated by corona discharge are in the saoility range as ions
measured by the first channels of the analyzerlaer size limit of NAIS in
particle mode is ~ 2 nm (Manninen et al., 2011).

According to the theory, the movement of a chargadicle with the
electrical mobilityz in analyzer is determined by the airflow rateand the
electric field CU product, Tammet, 1970):

z=2% (A.3)

CcU

Measured particle charge distribution is relatedpéoticle size via Millikan
formula (Fuchs, 1964):

A —cI
1+; a+be 4

ZMillikan — €~ . (A.4)

é6mnr

wherea, b andc are empirical constants, - the elementary chargd, - the

particle mean free patly, - the viscosity of air and— particle radius.
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APPENDIX B. Measurement quality

B.1. Aerosol sampling

To prevent the measurement artifacts, aerosol sagdine was
designed according to the recommendations presefigda Global
Atmospheric Watch (GAW) protocol. Commercially dahie PM, impactor
(flow rate of 16.6 I/min) was used upstream priordl instruments. This
ensures that all particles larger than the uppr lgnit of the mobility particle
size spectrometer will be removed and no multiplarged particles with size
larger than the measurement range will interferdn whe measured electrical
particle mobility distribution. Iso-kinetic aerossplitter was used to feed the
measurement instruments with the sample withoueumat over- sampling the
real particles concentrations. Aerosol samplingdinvere made of stainless
steel and conductive rubber tubing. Sampling flevese kept laminar with the
Reynolds number below 2300. Aerosol sample relabivenidity was kept
below 40% using a custom-made drying chamber pteden the following

paragraph.

B.2. Drying chamber

Relative humidity of the carrier gas is known tdluence physico-
chemical properties of aerosols (Wex et al., 200@he conditions of aerosol
sample are not controlled, the investigations afosa effects on climate
become somewhat difficult. Moreover, the ability twompare aerosol
parameters from the different measurement site$ witferent humidity
conditions would be nearly impossible. Because iBggmt aerosol growth
typically starts at relative humidity levels graatlkean about 50%, a common
approach is to measure the aerosol below thishblédevel (Baltensperger et
al., 2003).

Presently, semi-permeable tubes (Nafion,Wilmingldok or Gore-Tex,
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W. L. Gore and Associates, Newark, DE) are used for aerosol drying.
Commercially available single Nafion dryers are only suitable for aerosol flow
rates up to 2 1/min. Higher flow rates would increase the turbulent deposition
of particles in the dryer. Gore-Tex dryers with larger inner diameters can be
built avoiding this restriction of commercially available Nafion dryers.
However, neither Nafion nor Gore-Tex dryers do have a buffering capacity to
smoothen fast fluctuations of the relative humidity of the ambient aerosol.
Diffusion dryers using chemical adsorbents are specifically designed for the
minimization of aerosol losses at high flow rates. The chemical adsorbent
needs to be exchanged and regenerated on a regular basis.

Aerosol particle measurements were conducted using an automatically
regenerating chemical adsorption dryer (Fig. B-1).

Dry Compressed Air  Aerosol Inlet

Bv1 Bv2
Y% %%J
V1 V3
Col. Col.

1 2
V2 V4

T Bv1 { Bv2 \%
L N\ — A >

T/RH 3 ’ T/RH 1 ‘
Dried Aerosol Exhaust

Fig. B-1. Schematic of aerosol dryer. Bv1/2 and V1/2 are the valves, T/RH — temperature and
relative humidity sensor (Tuch et al., 2009).

The aerosol dryer is housed in a separate shelter which is deployed on the roof

of a measurement laboratory. To prevent unwanted charging activity only
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stainless steel tubing are used for aerosol samphes. All aerosol ducts are
optimized for minimal losses at an aerosol floverat 1 ni/h. Aerosol enters
the shelter through a commercially available PMlet. Subsequently, it is fed
to one of two parallel stainless steel columns aithinner diameter of 70 mm
and a total length of 800 mm. Each of these colummndilled with
approximately 11 kg of Silica gel and houses seaerosol ducts made of
stainless steel mesh (wire diameter 0.25 mm, opeEm @4 mrf) with an inner
diameter of 10 mm. The calculated residence timethef aerosol in the
columns is 1.6 s at a flow rate of £/t In operation, one of these columns is
used for aerosol drying, while the other columnragenerated at ambient
pressure by dry air, with a very low dew point temgiure, supplied by a large
compressor. For this purpose, each column can bieashithe top and bottom
by motor actuated ball valves Bvl or Bv2. Duringeeeration, the dry air is
flushed through the column separated from the gtimere using the magnetic
valves V1/2 or V3/4, respectively. Operation of #Hexosol dryer is controlled
by a custom made LabView program (LabView 8.5, dlal Instruments,
Austin, TX) (Tuch et al., 2009).

B.3. Correction for diffusion loss
Aerosol particle penetrating ratio can be descréeed
2
P =1-550u3+ 3.77u, foru < 0.007, (B.1)
and
P = 0.819¢ 115# + 0.0975e~7%1# 4 0.0325e~ 179, for u > 0.007. (B.2)

Where:

16TCC
DL . . . ..
H=- D = 1.38¢%003m1Dp s diffusion coefficient,
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2
0.752PDy

Cc=1+ (6.32 + 2.01¢709823PDp) _ Cunningham slip correction

1.5
T ) 2233%%_ _ air viscosity.L - tube length

factor andy = 0.0001708 (273 =)

in cm, Q - air volume flow rate in cf‘fsec,Dp- particle diameter ium, T —

temperature in K an® — pressure in KPa.

B.4. Correction for sedimentation loss

Penetrating ratio of particles due to sedimentatiss can be expressed as:
p=1-2 (2k\/1 " k23 — kBT — k273 4 arcsin(k1/3)). (B.3)

2
Wherek = (%) cos(0), Vs = % - sedimentation velocityy, - particle

density,D, - particle diameteiCc - Cunningham slip correction factay,- air
viscosity, T — temperature? — pressurel. — tube lengthd — inner diameter of

the tubeU — air velocity in the tubef- angle of the tube against horizontal.

B.5. Correction for bend-deposition loss

Penetrating ratio due to bend-deposition loss eawtitten as:

P=1-5,080, (B.4)
ppDEUCC , , ,
where S = "ena Stokes numberp, - particle density,D, - particle

diameter,Cc - Cunningham slip correction factoy,- air viscosity,d — inner

diameter of the tubé) — air velocity in the tubef - angle of the tube bend.
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B.6. SMPS measurement quality

In this long-term study mobility particle size spemeter measurement

guality was insured concerning the following items:

. Aerosol and sheath air flow rate was regularly mess once per week
with an independent flow standard electrical bulfloe meter.

. The response function of the high voltage (HV) sympas calibrated
twice per week. The calibration function of thethigpltage was implemented
into the scanning software.

. The sizing accuracy of mobility particle size spesteters was verified
each week using 203 nm latex spheres.

. Pluming time was determined by the latex sphereclichdt was
corrected when up- and down-scans did not agree.

. The Zero-check of the system was performed eagkwe

B.7. High voltage supply calibration

Sizing of the small particles is highly sensitive the high voltage
supply fluctuations. Particular care is hence negliin the low voltage range.
A HV-probe with ultra-low impedance was used to swa HV Dblock
response for the HV values presented in Table B-1.

Table B-1. oltages mandatory for HV check

Se-point value (mV Measured value (\
0 0+3%

4 5+ 25%

8 10 £+ 25%

80 100 + 10%

800 1000 * 1%
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B.8. Sizing accuracy

A mandatory part of a performance check of a mobility particle size
spectrometer concerns the sizing accuracy (Wiedensohler et. al., 2012). It was
accomplished using the mono-disperse spherical PSL (polystyrene 203 nm
latex) particles. Particle diameters are certified by the manufacturer to be
within + 2.5% of the nominal diameter. The uncertainty of the sheath air flow
rate is about £ 1%. Thus maximum deviation of £ 3.5% from the nominal

diameter of the PSL particles is tolerable.

—e— Latex scan
- GaussFit
203 nm peak

100

raw counts

[

10 1 1 | I 11 111 1 111 11

100 150 200 250 300 35(
size, nm

Fig. B-2. PSL spherule (203 nm) measurements of the mobility particle size spectrometer to

determine the sizing accuracy under laboratory conditions.

The nebulized PSL particles were charged using a custom-made bipolar
diffusion charger (85 Kr; 370 MBq) and then fed into mobility particle size
spectrometers. Particle number size distribution of 203 nm PSL spheres are
plotted in Fig. B-2. The centroid diameters of mobility particle size

spectrometers were within the uncertainty range of 3.5% at a peak of 201 nm.
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