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Abstract: 

The local sources influence the spatial distribution of air pollutants in urban settings, and these can

be quite diverse. For better air quality forecasting, constant monitoring of pollutants, and a high

volume of measurements are necessary at many locations. Building a dense air quality network by

only  using the reference  instruments  is  expensive and not  feasible.  The use  of  complementary

sensor like Vaisala AQT 420 can help achieve the goal of creating a robust air quality network. As

part of the Helsinki metropolitan Air Quality Testbed (HAQT) project, AQT 420 was tested for its

suitability as a complmentary component in an air quality monitoring network. AQT 420 is capable

of measuring NO2,  PM2.5,  PM10,  CO, O3,  SO2,  relative humidity (RH), temperature,  wind speed

(WS),  wind direction  (WD),  and air  pressure  (AP).  Proxies  for  condensation  sink  (CS),  black

carbon  (BC),  Particle  number  concentration  (N),  and  Pegasor  AQ  urban  diffusion  current

(PAQDCLDSA,  which  can  be  parameterized  to  calculate  lung  deposited  surface  area  (LDSA)

concentrations) were developed for an urban background site in Helsinki, Finland. The intention is

to use variables measured by the AQT 420 and predict additional variables by using proxies.  Proxy

variables will help to maximize the output of AQT 420 sensors, and giving extra data extraction

capability from the sensors. PM2.5, NO2, RH and temperature yielded reliable proxies for both CS

and PAQDCLDSA with the correlation coefficient r, 0.85 and 0.83, respectively. While, PM2.5, NO2,

and NO2, RH were enough to produce satisfactory proxy parameters for BC (r, 0.80), and N (r,

0.76), respectively. Additionally, a campaign data for sulfuric acid (SA) from Helsinki, Finland site

was used to produce a proxy for SA. SO2, global radiation, CS and RH gave the best version of that

proxy (r, 0.85).
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1. Introduction

Atmospheric aerosols play an important role in moderating climate (Carslaw et al. 2010, Paasonen

et al. 2013, Adachi et al. 2010, Mahowald 2011) as well as impacting human well-being (Brook et

al.  2004,  Oberdörster  et  al.  2005,  Giechaskiel  et  al.  2009).  Aerosols  are  determined to  have  a

cooling effect on the climate, fractionally mitigating the warming impact caused by the greenhouse

gases (Charlson et al. 1992, Makkonen et al. 2012). Increased aerosol concentrations can modify

cloud properties resulting in changes to the precipitation possibility (Boucher et al. 2013). Aerosols

can alter the amount of light reflected back to space through light scattering (Charlson et al. 1992)

or absorption (Flanner et al. 2009). Aerosols containing carbonaceous substances absorb light (Bond

et al. 2006). Carbonaceous aerosol depositing on the snow can increase snow surface darkening,

which is responsible for springtime warming (Flanner et al. 2009). Additionally, aerosols can also

have serious health effects. Aerosols penetrating deep in the lung can cause irritation, inflammation,

thus influencing everyday life (Kunzi et al. 2015).

Directly  emitted  primary  aerosol  particles  contribute  to  the  aerosol  number  concentrations

(Spracklen  et  al.  2010),  along  with  secondary  aerosol  particles  formed  (Kulmala  et  al.  2004,

Metzger et al. 2010, Paasonen et al. 2010, Kulmala et al. 2013) in the atmosphere. The increasing

anthropogenic  contribution  towards  aerosol  concentrations  has  become  a  significant  issue.

Pollutants emitted from traffic (Rönkkö et al. 2017, Perez et al. 2009), industry, power and heating

generation make up a substantial fraction of the anthropogenic emission (Seinfeld and Pandis 2016)

in the urban areas. Traffic-related emissions and certain types of urban infrastructures, like street

canyons,  can  create  conditions,  where  people  are  exposed  to  pollution  for  a  prolonged  period

(Pirjola et al. 2012, Rönkkö et al. 2017). As a result, monitoring and forecasting urban air quality

and informing citizens beforehand about particular pollution episodes garnered more importance in

recent air quality studies (Hussein et al. 2019).

Air pollution components could be trace gases, such as carbon dioxide (CO2), nitric oxide (NO),

nitrogen  dioxide  (NO2),  sulpher  dioxide  (SO2),  and  aerosol  related  parameters  categorized  as

particulate matter, such as particle number concentrations (N), black carbon (BC), lung deposited

surface  area (LDSA),  particulate  matter  mass  (PMmass).  PMmass dominates  the  discussions  of  air

quality monitoring and legislation. Still, it is necessary to consider the influence of other particulate

matter  components.  As legislation  to  curb one  element  of  pollutants  may raise  a  concern  to  a
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different one (Platt et al. 2017). Current particulate mass-based regulation saw the introduction of a

filter-based system to diesel engines (Johnson 2008). This system reduced the amount of particulate

matter released through the exhaust of a diesel engine. However, a recent study showed gasoline

engines are emitting even more particulate matter compared to current filter equipped diesel engines

(Platt et al. 2017). The real success of this legislation cannot yet be quantified.

Particles  larger  than  1  micrometer  dominates  particle  mass  size  distribution.  Nanometer-sized

particles, consisting of nucleation, and aitken size range, represents most of the particle number

concentrations.  Particle  size  determines  the  particle  residence  time  in  the  environment,  optical

properties, surface area, and health effects (Seinfeld and Pandis 2016). The size and composition of

the particles can explain the spectrum of influence exerted by the particles, but details of the health

effects are not fully known. In this case, particle area based parameters can be helpful. The surface

areas of the particles, in the nuclei,  and accumulation size range, are a useful parameter for health

effects  study (Giechaskiel  et  al.  2009).  The cumulative surface area of smaller particles  with a

particular mass is much larger compared to the total surface area of larger particles of that same

mass (Donaldson et  al.  1998).  The surface-based chemical impact of particles with the human

respiratory system meant more attention is needed to the study of particle size based surface area

concentrations (Alföldy et al. 2009).

Combustion  products  in  the  fossil  fuel  burning,  wood-burning  or  forest  fires  are  CO2,  carbon

monoxide, water vapour, and soot or carbonaceous matter. Additionally, nitrogen and sulfur oxides,

are  also produced in the combustion chambers of vehicle  engines (Glassman and Yetter  2008),

along with some trace metals (Enroth et al. 2016), as a result of addiditves used in engine fuel. 

 Complete combustion : fuel+O2→CO2+H 2 O

 Incomplete combustion : fuel+O2→CO2+H2 O+CO+hydrocarbons

The combustion process produces particles in both gasoline (Karjalainen et al.  2014) and diesel

(Rönkkö et al.  2014) engines. There are different processes ongoing in the exhaust plume: new

particle formation (Giechaskiel et al. 2005), particle growth through condensation and coagulation

(Kittleson et al. 2006). Exhaust plume released from the tail-pipe cools and dilutes rapidly in the

ambient condition forming new particles in low temperature and high humidity conditions. The

torque that the engine is operating is linked to the particles being of volatile or non-volatile nature

(Rönkkö et al. 2006). The engine combustion system also produces Gaseous Sulfuric Acid (GSA).
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During high engine torque, GSA is responsible for the formation of nucleation size ranged particles

with a volatile core. At low to medium torque, GSA condenses on the particles  with a non-volatile

(Carbonaceous or metal) core (Rönkkö et al. 2007 ,Rönkkö et al. 2013) and thus responsible for the

subsequent particle growth. The presence of accumulation size range particles also determines the

formation of particles in engine exhaust. Particles in the accumulation size range act as a sink of the

vapours that is responsible for new particle formation, thus preventing the formation of particles

that are in nucleation size range (Kittleson et al. 2006).

On-road aerosol size distribution studies showed the presence of nucleation size ranged particles

almost  all  the  time.  But  laboratory  studies  do  not  replicate  this  on  all  varying  conditions

(Karjalainen et al. 2016, Kittleson et al. 2006). Ambient conditions probably are more suitable for

nucleation to occur (Kittleson et al. 2006). Usually, on the roadside, higher freshly vehicle emitted

particles are detected.  Dispersion and dilution mechanisms perturb the concentrations,  size,  and

composition of these particles with increasing distance from the road (Pirjola et al. 2006, 2012). The

half decay of the particle number concentrations on different urban environments can be different,

and depends on the associated meteorological flow dynamics of the individual environment (Enroth

et al. 2016). Station for Measuring Ecosystem-Atmosphere Relations (SMEAR) III site situated on

a hilltop located at Kumpula, Helsinki Finland is 200m away from a major road (Järvi et al. 2009).

Because  of  the  distance,  traffic  pollutants  reach  the  site  after  going  through  dispersion  and

transformation processes, as meteorological conditions already have a significant effect over that

distance (Hussain et al. 2014, Ripamonti et al. 2013).

A dense air quality monitoring network captures the rapidly changeable spatial distributions of the

urban air pollutants. Building a dense network based on only the reference level instruments is

expensive.  As  a  result,  tests  are  carried  out  on  inexpensive  sensors,  for  their  usefulness  as  a

potential component for the air quality monitoring system. Accurate field measurements from the

low-cost sensor will give a better resolution for a model in an urban setting compared to a model

constructed on just laboratory results (Krecl et al. 2018). As part of the Helsinki metropolitan Air

Quality  Testbed  (HAQT)  project,  small,  inexpensive  sensors  Vaisala  AQT  420  and  particle

concentration counters are tested. AQT 420 is capable of measuring NO2, PM2.5, PM10, CO, O3, SO2,

Relative Humidity (RH), Temperature, Wind Speed (WS), Wind Direction (WD), and Air Pressure

(AP). At SMEAR III site, aerosol size distributions, black carbon (BC) along with the pollutants

and meterological components mentioned above are measured continuously. Further, A campaign

running from June 2017-May 2018 was operating a Pegasor AQ Urban instrument at the station.
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The parameterized diffusion current of the Pegasor AQ Urban instrument gives the lung deposited

surface area (LDSA) concentrations (Kuula et al. 2019). Here un-parametterized diffusion current

of Pegasor AQ Urban is levelled as PAQDCLDSA and its proxy was derived.

The  relationships  among  pollutants  emitted  by  traffic  exhaust,  industrial  activity  and  biomass

burning (NO2, PM2.5, BC, N) and further their association with the meteorological conditions were

analyzed.  Proxies  for  the  aerosol  size  distribution  derived  parameters,  like  paticles  number

concentration (N), and condensation sink (CS), were developed based on these results. Proxies for

BC  was  calculated  similarly.  The  relevant  variables  that  better  predict  the  BC,  N,  CS,  and

PAQDCLDSA were chosen. The resulting optimized parameters using relevant variables will  give

extra  data  extraction  capability  from  the  AQT 420  sensors.  Additional  variables  will  help  to

maximize the output of these low-cost sensors. Additionally, a campaign running during May 2018

measured  Sulfuric  Acid  (SA)  concentrations  at  the  SMEAR III  station.  This  data  was  used  to

develop  a  proxy  for  SA,  while  also  using  the  SMEAR  III  SO2,  global  radiation,  RH,  and

temperature data.

2. Background

Aerosol particles are liquid or solid particles suspended in the air or gas medium. Based on the

source and formation process, two categories of aerosol particles exist. Those are directly emitted

particles  and secondary  particles  formed through the  gas  to  particle  conversion  and nucleation

process.  Particles  emitted  from  the  combustion,  biomass  burning,  pollen,  sea  spray,  and  re-

suspension  of  the  dust  are  a  few  examples  of  the  direct  emissions  to  the  atmosphere.  The

anthropogenic emissions or emissions that are related to human activity are emission-related to

combustion, biomass burning (including wildfires) and industrial activities. Suspension of dust by

wind, pollen, and sea spray are examples of direct natural emission of particles. 

Once  in  the  atmosphere,  the  particles  can  go  through  various  transformation  processes,  which

determines the particle composition and size.  In the condensation process, vapors like water or

organics  condense  on  smaller  particles  and  changing  particle  sizes.  These  same  species  can

evaporate from the surface of larger particles, thus modifying the size of the particles through the

evaporation process. The coagulation process, where smaller particles are sticking together to form

a  more  massive  particle,  occurs  all  the  time.  These  three  processes  are  examples  of  the

transformation processes that particles go through in the atmosphere. 
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The chemical composition of the aerosol particles differs according to their sources. Combustion-

related primary particles are mainly composed of elemental carbonaceous material and trace metals

(Kittleson 1998). The organic carbonaceous element released by the biosphere form a significant

fraction of the load of the secondary particles after going through rigorous chemical processes in the

atmosphere (Ehn et al. 2014)

Aerosol  particles  size  range  varies  from nanometer  (nm)  to  hundreds  of  micrometers  (µm)  in

diameter. Particles, according to their source and their contributing characteristic behavior in the

atmosphere,  are classified into nucleation (3-30nm), aitken mode (30-100nm) and accumulation

size range (100-1000nm) (Seinfeld and Pandis 2016). Traffic-related emission in the urban areas

(Rönkkö et al. 2017) and atmospheric secondary particle formation in the boreal forest (Pirjola et al.

1999), marine area (O’Dowd et al.  2002), the free troposphere (Kulmala et al. 2004) contribute

significantly towards the nucleation sized particle  concentrations.  The nucleation sized particles

undergo growth processes to larger aitken or accumulation sizes (Paasonen et al. 2018). Some of

these particles greater then 50nm can act as cloud condensation nuclei, where water can condense

and form cloud droplets and ultimately creating clouds and precipitate.

Fine particles (particles smaller than 2.5 micrometers), and coarse particles (particles larger than 2.5

micrometers) are  further two categories of aerosol  particles.  Additionally,  ultrafine particles are

particles in the size range of 1-100nm (Seinfeld and Pandis 2016). Fine particles are responsible for

the significant portion of the particle mass concentration load in the total atmospheric aerosol mass

concentration (Kittleson 1998). PM2.5  often denotes the mass concentration of particles below 2.5

micrometers.

The size of the particles determines the lifetime of the particles in the atmosphere. Particles in size

range  of  0.1-10  micrometers  are  assumed  to  have  the  longest  residence  time.  Dry  and  wet

deposition are two of the foremost important removal processes for these aerosol particles in the

atmosphere.  Coagulation and diffusion processes remove the smaller particles,  and gravitational

settling and deposition processes remove the more massive particles rather quickly (Kittleson 1998,

Seinfeld and Pandis 2016).

2.1. Sulfuric acid

Sulfur-containing  fuel  produces  sulfur  dioxide  (SO2)  during  combustion  processes  in  vehicle

engines, ships and industrial activity. Also, occasional natural contribution coming from volcanic

eruptions. While in the atmosphere, SO2 has a typical lifetime of a week (Seinfeld and Pandis 2016)
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and undergo photochemical transformations processes. In ambient condition, hydroxyl (OH) radical

is  produced  through  photolysis  of  ozone  (O3)  by  photons  in  the  UV-B  range  (280-320nm,  a

component  in  the  solar  radiation)  (Rohrer  And  Berresheim  2006),  and  reaction  with  water

molecules. These reactions are summarized as follows. 

O3+hν →O (¹ D )+O2

O (¹ D )+ H2O →2OH

SO2 through reactions with oxygen (O2) and hydroxyl radical (OH) forms sulfur trioxide (SO3),

which in the presence of water can produce sulfuric acid (H2SO4) (Stockwell and Calvert 1983). 

OH+SO2 (+ M )→ HOSO2 (+M )

HOSO2+O2→ HO2+SO3

SO3+H 2O+M → H2 SO4+M

Sulfuric acid (SA) is an essential precursor for the new particle formation in the atmosphere (Weber

et al. 1997, Pirjola et al. 1999, Paasonen et al. 2010, Nieminen et al. 2014, Yao et al. 2018). Analysis

of  the  composition  of  the  nucleated  particles  in  the  urban  setting  shows,  along  with  other

compounds, sulfur compounds are also present (Kittelson 1998). 

2.2. New particle formation in engines

Fuel sulfur content influences the production of GSA in the engine (Arnold et al. 2012). Arnold et

al. 2006 further reported measurement of GSA originating from a diesel engine equipped with after

Treatment System (ATS). ATS, consists of an oxidation catalyst and diesel-particle filter (DPF),

installed in a modern diesel engine helps to remove soot and other metal particles produced in the

engine combustion. A small fraction of SO2 produced in the combustion process oxidize to produce

SO3 at the oxidation catalyst of the ATS. These SO3 in the presence of water vapor can produce

GSA.   Lubricant oil may also contain sulfur, and other studies (Rönkkö et al. 2014) mentioned its

role in the new particle formation.

Engine after treatment can also determine whether the nucleation is sulfur driven or semi-volatile

compound driven (Lähde et al. 2009). At lower air to fuel ratio, higher exhaust temperature coupled

with high SO2 abundance causes GSA concentrations to increase. At increased engine load, higher

SO2 oxidation  were  observed  (Arnold  et  al.  2012).  Gaseous  SA emitted  from  diesel  engines
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contribute towards the increase of volatile particle concentrations in the nucleation size range at

high engine loads. Gaseous SA is formed in the exhaust can also contribute towards the growth of

particles composed of non-volatile core (Rönkkö et al. 2013). 

The  exhaust  GSA can  go  through  multiple  processes  after  leaving  the  exhaust  system.  GSAs

molecules  are  thought  to  participate  in  the  formation  of  nanoparticles  (e.g.  SA-water,  SA –

dimethyamine (DMA) - water molecules, SA dimers, and SA- DMA clusters (Yao et al.  2018))

during exhaust dilution (mixing of exhaust plume with ambient air) and cooling (Arnold et al. 2006,

Shi et al. 1999). At high dilution ratio and high humidity with lower temperature higher number of

nanoparticles are produced, and the size of those particles are around few nm (Yao et al. 2018).

2.3. New particle formation in the atmosphere under ambient conditions

The process of producing newly formed particles from the engine exhaust is a small scale rapid

process. Most of the particles are formed rapidly during the dilution and cooling of the exhaust and

can influence a small area. On the other hand, new particle formation (NPF) events in the ambient

conditions at the atmosphere is an extensive process affecting a vast region. NPF events at several

locations in different conditions have been listed in studies (Kulmala et al. 2004). Sulfuric acid-

driven NPF events are observed at a boreal forest (Pirjola et al. 1999, Nieminen et al. 2014), remote

continental site (Weber et al. 1997), mountain site (Paasonen et al. 2009), and mega-cities (Yao et

al. 2018). Also reported are halogen driven NPF events at a coastal boundary layer (O’Dowd et al.

2002) and organic-vapor driven NPF events at a boreal site (Ehn et al. 2014). The volatile organic

compounds produced by the biosphere can also go through oxidation processes in the atmosphere.

They results in the formation of extremely low volatile organic compounds, and vapors, which can

also participate in the NPF events (Ehn et al. 2014). These gaseous compounds go through gas to

particle  conversions  and  subsequently  produce  new  particles.  Amount  of  solar  radiation,

condensation  sink,  relative  humidity,  and  temperature  are  important  factors  that  dictate  the

occurrence of these events (Dada et al. 2017). In a mega-city environment, dimethylamine (DMA)

participate as the neutralizing base to stabilize the SA clusters (Yao et al. 2018). 
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2.4. Number, area and mass concentration derived from the aerosol 
size distribution

The  aerosol  particles  are  spread  across  a  vast  size  range  requiring  the  aerosol  particles  to  be

presented in different statistical means. The characteristics and influence of smaller particles can be

quite  different  compared  to  the  features  and  impact  of  larger  particles.  Thus,  based  on  the

characteristics and effects, it is required that the aerosol particles be described in terms of their

number, surface area, mass concentrations in a size-based spectrum (Seinfeld and Pandis 2016).

Number, area and mass concentrations from the size distributed data from the SMEAR III station

are shown in section 4.2. Where also 3 example case studies are discussed to iluminate the influence

of arrival of different size distributed aerosol particles at the SMEAR III site.

2.5. Condensation sink

Condensation sink describes the loss rate of condensable vapor onto the surface area of preexisting

aerosol  particles.  These  condensable  vapors  can  be  responsible  for  the  start  of  the  nucleation

process and the growth of particles. Higher condensation sink means a high amount of condensable

vapors are lost due to condensation, and is not favorable for the new particles to form. Particles in

the  accumulation  size  range  contribute  most  to  the  condensation  sink  at  a  boreal  forest  site

(Lehtinen et al. 2003), while in a coastal site coarse mode particles are important (Dal Maso et al.

2002). Condensation sink is derived from the aerosol size distribution of dry aerosol sizes to get the

ambient values (Dal Maso et al. 2005),

CS=2 Π D∫
0

D p

D p βm ( D p ) n(D p)dD p=2 Π D∑
D pi

βm(D pi) Dpi N i ...(1)

Where, 

• Dpi is  the  diameter  of  the  particle  size  class  I,  and  Ni is  the  corresponding  particle

concentrations. This measured size distribution was corrected using the hygroscopic growth

factor (Laakso et al. 2004),

GF (D p , RH )=(
1−RH

100
)
γ

...(2), GF is the growth factor of a particle at a relative humidity

RH.

Where, γ=−3.1116∗105
∗Dp−0.0847 ...(3) (Hämeri et al. 2001) 
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• D is the diffusion co-efficient of the condensing vapors. 

• The correction factor βm is calculated from,

βm=
1+K n

1+(
4

3α m

+0.337) Kn+
4

3 α m

Kn
2

...(4)

where α is the sticking coefficient and Kn is the Knudsen number. 

Kn=
2 λ
D p '

...(5),   λ is the effective mean free path of the vapor molecules in the gas.

2.6. Black carbon

Traffic, industrial, and residential biomass burning are responsible for the emission of BC particles,

which is produced because of incomplete combustion. In the combustion process of carbon-based

fuel, BC is produced in the flame and it is then released to the atmosphere as carbon agglomerates.

The dry and wet deposition dominates the atmospheric removal process for the BC particles. In the

atmosphere, BC particles can go through the aging process, where condensation of soluble material

onto BC agglomerate can change the particle composition and carbon fraction of the particle. As a

result,  the  lifetime  of  these  particles  and  their  interactions  with  the  atmosphere  can  vary

considerably. The lifetime of BC particles can be quite short from 2-14 days and influencees both

regional and global climate (Bond et al. 2011 Hienola et al. 2013). The position of the soot particles

within an aged aerosol particle also determines the climatic interactions and radiative forcing. There

is a considerable difference between climate models, which assumes soot particles to be located at

the center of the aged aerosol (Bond et al.  2004) compared to the soot particles being in outer

positions (Adachi et al.2010).

Climatic effects  of BC are the absorption of solar  radiation by BC, modifications of the cloud

forming processes and deposition of BC on snow. The settling of the BC on snow can change the

reflectivity of the snow leading to changes in the albedo of the snow-covered area. Darker snow-

covered regions can lead to an increase in radiation absorption, further speeding the heating and

melting of the snow (Flanner et al. 2009). 

BC particles are generally emitted to the atmosphere with other particles, metals, and trace gasses.

These co-emitted pollutants themselves can change the composition of the BC particles along with

the organics that  are  present  in the atmosphere.  BC particles  can act  as a  core particle,  where
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volatile and semi-volatile organic can condense.  It  is observed that the ratio of organics to BC

increases with increasing distance from the highway (Enroth et al. 2016). Though BC is not water-

soluble, their interaction with the organics means aged BC can become water-soluble. They are thus

becoming more suitable for participating in the cloud formation process and change the number

concentrations of cloud condensation nuclei. 

2.7. Lung deposited surface area (LDSA)

Particles mediated lung injuries are associated with the number of particles penetrating to lung, the

shape of the particles and the reactivity of the particles towards the lung cell wall. The health effects

caused by the non-fibrous particles are explained using the surface area of the relevant particles.

The number concentrations of ultrafine particles are higher compared to the number concentrations

of the fine particles of the same mass.  The total  surface area of the ultrafine particles is  more

significant compared to the fine particles (Donaldson et al. 1998).

Deposition of a higher number of ultrafine particles on the lung cell wall after inhalation means the

clearance  of  these  particles  takes  longer  compared  to  the  fine  particles.  As  a  result,  ultrafine

particles are more likely to travel  to Interstitium (a medium of liquid comprising of water  and

solutes that exists between, for example, the cell wall of skin and to the internal organs) compared

to the fine particles of the same mass. Clearance of the particles from the pulmonary tract can

happen through a process called phagocytosis. In this process, a type of white blood cell called

Macrophages engulfs and digests foreign substances. These foreign substances do not have proteins

that  are  specific  to  healthy  blood  cells.  A large  number  of  ultrafine  particles  deposited  in  the

pulmonary tract hampers the ability of phagocytosis - shown in a study conducted on rats (Ferin

1992). 

The surface area of non-toxic and non-fibrous  particles  like carbon and titanium dioxide is  an

important parameter to describe the toxicity of those particles towards lung cell wall. Because of the

longer retention of the ultrafine particles by the lung wall, the surface area of the deposited particles

and the surface area of the lung have a longer time to interact. This more extensive interaction may

lead to complex surface chemistry to take place.  Substances released from the surface of those

particles, through surface chemical processes are responsible for moderating the oxidative stress of

the epithelial cell surface. Results in the inflammation of the lung walls and transfer of materials

from the particles to the surface of epithelial cells and the subsequent interactions with the surface

(Donaldson 1998).
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The effect of the aerosol mass fraction on the human respiratory tract can also be described based

on the biological response of the tract to the volatility of the aerosol.  Volatile and non-volatile

aerosol mass fractions are responsible for the chemical and physical effect to the human lungs,

respectively. Volatile fraction dissolves in the lung fluid, and this interaction with the lung is in

chemical nature, thus referred to as chemical effects caused by the particles. On the other hand, non-

volatile mass fraction interacts with the lung through the surface of the particles. The surface area of

the particle is an essential  parameter in this case,  and thus, the effect is referred to as physical

effects caused by the particles (Giechaskiel et al. 2009).

Alföldy et al. 2009 and Giechaskiel et al. 2009 further demonstrated the physical effects of the non-

volatile mass fraction of the particles to  be associated with the surface area distribution of the

particles in accumulation mode size range. The volatile mass fraction of the particles, responsible

for  the  chemical  rasponses,  is  associated  with  the  volatile  mass  distribution  of  the  particles  in

nucleation mode size range, and volatile mass distribution that is condensed over the surface area of

particles in the accumulation mode size range, which is described by the accessible surface area

distribution of particles in accumulation mode size range.

3. Measurements and methods

3.1. Measurements

The data  used in this  analysis  were measured at  Station for  Measuring Ecosystem-Atmosphere

Relations (SMEAR) III. The  site located in Kumpula, 5 km northeast of the center of Helsinki,

Finland, lies on a hilltop and measurements are conducted on the ground level as well as on a 31-m

high  tower.  It  is  an  urban  background  atmospheric  constituent  measurement  facility.  The

measurement site is surrounded by buildings, parking lot and a small patch of deciduous forest. One

of the major road heading to Helsinki is located about 200m southeast of the measurement site. The

surroundings of the measurement site can be described according to the surrounding land use and

thus classified into three areas of the road (40-180°), vegetation (180-320°) and residential (320 -

40°)  section  (Järvi  et  al.  2009).  Seasonality  in  the  measured  concentrations  is  observed  at  the

Helsinki  sites  (Hussain  et  al.  2004,  Pirjola  et  al.  2006).  The  observed  difference  in  the

concentrations during weekdays and weekends indicates traffic influence in Helsinki (Hussain et al.

2004).
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Table 1: Measurement instruments, data coverage and time line of the analysis for the atmospheric constituents and meteorological variables

measured at the SMEAR III site.

• Pegasor AQ Urban (White 2018) was operating at the SMEAR III site from 06/2017 – 05/2018 and its diffusion current is represented by

PAQDCLDSA  was.  Lung deposited surface area (LDSA) data calculated from the DMPS has a strong correlation with the pegasor AQ Urban

instrument's diffusion current (Kuula et al. 2019).

• BC data from traffic sites (Mannerheimintie, Mäkelänkatu, Tikkurila), urban (Kallio) and rural (Luukki) background environment, and small

house residential area (Itä-Hakkila) had data coverage from 01/2018 – 12/2018. These measurement sites are operated by  Helsinki Region

Environmental Services Authority (HSY).

Atmpspheric constituents and 
meteorological variables Instrument Data coverage

Data Analysed (proxy)

N BC CS PAQDC
LDSA SA

Air temperature (T) 10/2005 -

11/2010 - 12/2014

02/2018 - 11/2018 02/2018 - 07/2018 02/2018 - 05/2018

05/2018 - 06/2018
Relative Humidity (RH) 01/2001 -

Wind Speed (WS) 04/2005-

Wind Direction (WD) 04/2005-

Global radiation (GlobRad) 10/2001- 05/2018 - 06/2018

Particle number concentrations (N) Differential Mobility Particle Sizer 
(DMPS) 05/1997-

Black Carbon (BC) Multi-Angle Absorption Photometer 
(MAAP) 04/2015-

02/2018 - 11/2018 02/2018 - 07/2018 02/2018 - 05/2018
Particulate matter mass (PM

2.5
) Tapered Element Oscillating 

Microbalance (TEOM) 01/2018-

Particle size distribution data Differential Mobility Particle Sizer 
(DMPS) 05/1997-

11/2010 - 12/2014

05/2018 - 06/2018

Nitrogen oxides concentration (NO
x
) Chemiluminescence analyzer 11/2005 -

02/2018 - 11/2018 02/2018 - 07/2018 02/2018 - 05/2018
Nitrogen oxide concentration (NO) Chemiluminescence analyzer 11/2005 -

Sulfur dioxide concentration (SO
2
) UV fluorescence analyzer 09/2006 - 05/2018 - 06/2018



The  details  about  the  atmospheric  relevant  pollutants  continuously  measured  at  the  site  were

reported in the Järvi et al. 2009. Several other new instruments (e.g. for PM2.5, BC) has since been

added to the station for continuous measurements (Petäjä et al. 2018). These continuously measured

data of different pollutants and meteorological variables were downloaded from the smart smear

website  (https://avaa.tdata.fi/web/smart/smear).  Table  1 shows the full  data  coverage  for  all  the

variables.

Particle number concentration (N) is derived from the particles size distribution data measured by

the Differential  Mobility Particle Sizer (DMPS; Aalto et  al.  2001). Condensation sink was also

derived from the size distributed particles data using the method described by Dal Maso et al. 2002.

Particle number concentration, and condensation sink data from 2010-2014, and (February – July)

2018,  respectively  were  analysed.  Particulate  matter  (PM2.5)  measured  with  Tapered  Element

Oscillating Microbalance (TEOM) was used to construct black carbon (BC) proxy for the SMEAR

III Kumpula site. Multi-Angle Absorption Photometer (MAAP) is continuously measuring black

carbon concentrations from January 2018. Working principle for the TEOM (Mayer et al. 2000) and

MAAP (Petzold et al. 2005) are described in the referenced literature.

Further,  PM2.5,  NO2 and  BC data  provided  by  the  HSY (Helsingin  seudun  ymparistopalvelut-

kuntayhtyma)  for  several  other  locations  were later  used to  investigate  the performance of  the

Kumpula BC proxy by comparing measured BC concentration with proxy concentration for those

other locations. TEOM was also used in the other HSY sites for measuring PM2.5. 

Trace gas nitrogen dioxide (NO2) concentration is derived from the continuously measured nitrogen

oxides  (NOx)  and  nitrogen  oxide  (NO)  concentrations.  NO2 concentration  data  was  used  as  a

component to construct several proxies (Particle number concentration, Black carbon, Condensation

sink).  Another  continuously measured trace gas,  sulfur  dioxide (SO2)  was used to  calculate  the

sulphuric acid proxy.

Sulfuric acid is measured with the Chemical Ionization Atmospheric Pressure Interface Time-of-

Flight Mass Spectrometer (CI-API-TOF) instrument at the SMEAR III site, and data coverage for

the  sulfuric  acid  was  May -  June  2018.  Working principle  and calibration  of  the  CI-API-TOF

instrument has been described in the referenced literature (Junninen et al. 2010).

Additionally,  meteorological  data  such as  Relative Humidity (RH) and temperature,  along with

global radiation, were used for the construction of several proxies. 
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3.2. Proxy calculations

Measurements of atmospheric constituents are conducted all the time. Some of those are continuous

measurements while others cover a smaller time-period (e.g. one month), usually in a measurement

campaign.  Complications,  expenses,  remote  locations  and  feasibility  often  dictate  whether  a

measurement  is  conducted  continuously  or  in  short  campaigns.  Data  gathered  from  shorter

campaigns can be mathematically derived to represent it over an extended period (e.g. one year).

These calculations often use variables that show some relation or association with those hard to

measure constituents. A function representing one variable, derived from other related variables, is

called a proxy.

In  general,  for  all  respective  1st level  proxy  calculation  in  this  analysis,  y-axis  data  contains

variables for which the proxy is being derived, and the x-axis contains the prospective variables that

are going to used to build the proxy equation.  Linear least square method was followed for the

derivation of the fitted function. Often for the initial 1st level proxy, both data-set for x and y-axis

were converted to logarithmic values, but the choice of log or linear scale depends on the assumed

dependence between the main variable and the prospective proxy variable.  The fitted line for the

logarithmic values has the form,

log Y=a1 log X1+ log b1 ...(6)

Where, a and log b are the slope and intercept in the log-log plot, and log X and log Y are the

logarithmic values of X and Y variable.

The converted linear equation is,

Y 1 st=f ( X1)=b1∗X1
a1...(7)

Here, the measured variable, Ymea is approximated using the variable X1 and the fitted parameter. 

For 2nd or higher level proxy, the prospective proxy variables used were sometimes in the linear

(e.g. RH and Temperature) or logarithmic (e.g. NO2, PM2.5) scale. Both linear and logarithmic scale

was tested for these variables where it was possible, and one showing the better association was

used for the  proxy calculation.

For the calculation of 2nd level proxy, the ratio of measured concentration to the 1st level proxy

concentration was taken, and logarithmic values of the ratios were plotted on the y-axis. The new
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variable that is to be used in the x-axis was either in the linear (semi-log plot) or logarithmic (log-

log plot) form. In the case of the semi-log plot  the fitted line is represented as,

log(
Y mea

Y 1 st
)=a2∗ X2+log b2 ...(8)

which after rearranging and in linear scale is,,

Y 2 nd=(b2∗10a2∗X 2 )∗Y 1 st ...(9) 

replacing Y!st from the previous equation,

Y 2nd=b1∗ X1
a1∗ b2∗ 10a2∗ X2 ...(10)

Or, in the case of log-log plot the fitted line is represented by,

log(
Y mea

Y 1 st
)=a2∗ logx2+ log b2 ...(11)

After rearranging and replacing the value for Y1st  the equation becomes, 

 Y 2nd=b1∗ X1
a1∗ b2∗ X2

a2 ...(12)

This procedure was followed for adding more variables to the proxy equation until the final level of

proxy can not be made any better with the addition of more variables. This similar approach was

followed  to  approximate  the  concentrations  of  monoterpenes  and  their  oxidation  products  for

SMEAR II site at Hyytiälä, Finland (Kontkanen et al. 2016). The final level of proxy was further

optimized by the method described by Paasonen et al. 2009, Where the ratio of measured to the

final proxy was taken and then the slopes and intercepts that reduce the ratio of 90 th percentile to the

10th percentile were calculated using the MATLAB function fminsearchbnd. The final optimized

equation can be expressed as,

Y final=Constant∗ X1
a1∗X 2

a2... , ...(13), in the case where all of the variables were in logarithmic scale

when fitted parameters were calculated, and then converted to linear equation.

Y final=Constant∗X1
a1∗10a2∗X 2∗ X3

a3 ... ,...(14), in the case where variables are a mixture of linear and

logarithmic form when fitted parameters were calculated, and then converted to the linear form.
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3.3. Uncertainty calculation 

The performance of the optimized proxy was evaluated using the uncertainty calculation method

described by Mikkonen et al.  2011, where the equation calculates the uncertainty related to the

proxy when compared to the measured value,

Uncertainity=(n−1∑
i=1

n

|y i− ŷ i|)∗ ȳ−1 ...(15)

where n is the number of observations, yi  is the measured concentrations, ŷ is the optimized proxy

concentrations, and ӯ is the mean of the measured values. The lower the calculated uncertainty

value, the better the proxy against the measured levels.

4. Results

4.1. Sulfuric acid proxy

SA was measured during May - June 2018 on a month-long campaign at SMEAR III site,. SA proxy

was  derived  using  30  min  average  data  of  SA,  meteorological  variables,  and  trace  gases.  As

mentioned in the background information above (section 2.1), SO2 and global radiation with their

photo-chemical association are considered as the source terms for SA in the construction of SA

proxy.  Figure 1(a) shows the relation between measured SO2 and SA from ambient conditions, and

it shows the expected (Petäjä et al. 2009) positive correlation (r = 0.64). The fitted line gave the first

term of the proxy. The function derived from the fitted line was converted to a linear scale as a

logarithmic scale was used for measured SO2 and SA for initial illustration.

The ratio of measured SA and proxy SA strongly correlate (0.65) with global radiation (figure 1(b)).

Here, both ratio and global radiation are depicted on the logarithmic scale. Hydroxyl radical (OH) is

essential for the SO2 oxidation in the atmosphere, and the measurement of OH is even more difficult

compared to SA. Still, OH has been found to correlate strongly with global radiation (Petäjä et al.

2009, Mikkonen et al. 2011, reference therein). Thus, global radiation is an ideal substitute variable

to be included in the proxy.

Condensation  of  SA on  the  pre-existing  aerosol  particles  is  considered  to  be  one  of  the  vital

mechanism through which ambient SA is being lost in the atmosphere. The contribution of pre-

existing particles in the condensation process and derivation of the term condensation sink (CS)
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from the DMPS aerosol size distribution data is described in section 2.5. The ratio of measured to

proxy against the CS in figure 1(c) shows a moderate anti-correlation. At higher CS values, lower

SA is  expected  as  those  (SA)  are  lost  on  the  pre-existing  particles.  Role  of  CS  in  a  proxy

constructed from a combined dataset is found to be minor (Mikkonen et al. 2011).

Figure 1:   SAproxy,1 gives 1st level proxy as a function of SO2  (1 a), the ratio of SAmeasured  to

SAproxy,1 as a function of Global radaition (1 b), the ratio of SAmeasured to SAproxy,2 as a function of

condensation sink (CS) (1 c) and the ratio of SAmeasured  to SAproxy,3 as a function of  relative

humidity (RH) (1 d) shows the individual steps for the proxy construction. SAproxy,1  , SAproxy,2  ,

and SAproxy,3  functions are   shown in details in the title of  b, c and d subplots of figure 1.

Parameters relevant for the fitted functions are presented in the table 2..

RH defined as a sink term from the perspective is that the photochemical production of SA could be

inhibited because of lack of radiation during high RH scenarios (Hamed et al. 2011), which could

be related to the cloudy environment (Dada at al. 2017). At the same time the SA is being lost
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through condensation or coagulation proceses. CS and RH are related to aerosol particles through

the hygroscopic growth of particles. Hygroscopic growth is driven by different meteorological and

environmental  condition.  It  is  often  changeable  among different  sites.  Probability  of  molecules

sticking to existing particles increases at high RH condition and thus creating conditions for the

growth of particles by condensation of water molecules, SA vapors or oxidized organic vapors, a

process that increases the CS. After inncluding CS and RH in the proxy derivation the final proxy

equation can be written as,

SAproxy = Constant  * SO2
s1 * Globs2 * CSs3 * 10RH*s4. ……….. (16)

The initial parameters and constant were further optimized according to the method described by

Paasonen et al. 2010, and optimized parameters (s1,s2,s3, and s4 and constant) are given in table 2.

V90/10 is  the  ratio  of  90th percentile  to  the  10th  percentiles  of  the  ratio  of  measured  to  proxy

concentrations. Purpose of the optimization is to reduce the value of initial V90/10. Final V90/10  after

optimization are reported in table 2. The lower V90/10 after optimization suggests the optimization

process was successful in making the proxy better with improved final parameters and constant.

The uncertainty values reported in table 2 tells the uncertainty associated with the use of a certain

proxy.  Lower  uncertainty  values  mean  the  proxy  is  performing  better.  There  is  slightly  lower

uncertainty related to the use of CS calculated from DMPS compared to the CS predicted from the

CS proxy (derived later in section 4.4, which is a function of PM2.5, NO2, RH and temperature).

Which is understandable as CS proxy itself has its uncertainty when compared to the derived CS

values from the DMPS aerosol size distribution measurement.

Table 2: Final proxy parameters after optimization. The reduction in v values of the ratio of

90th to 10th percentiles mean the proxy has improved after applying optimization method.

Calculating SA proxy with different CS (proxy and measured) also gave the perspective usefulness

of using a proxy in calculating a different proxy, and their performance against a measured quantity.

The two different SA proxy derived from CScalculated and CSproxy were plotted against the measured SA

shown in figure 2. Both SA proxies are performing well, and either one can be used for SMEAR III
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Proxy constant Slope 
(s1)

Slope 
(s2)

Slope 
(s3)

Slope 
(s4)

      V90/10 
(unoptimized)

       V90/10

 (optimized)
uncertainty r

SA
(SO

2
, Glob, CS, RH)

1.27e4 1.39 0.67 -0.30 -0.0029 3.77 3.52 0.35 0.85

SA
(SO

2
, Glob, Cs

proxy
, RH)

2.53e+0
4

1.50 0.62 -0.22 -0.0029 4.076 3.76 0.39 0.86



site.  The correlation coefficient of 0.85 (r,  figure 2, table 2) is quite similar to that of a proxy

constructed using a combined dataset from various location (r = 0.87, Mikkonen et al. 2011), urban

Beijing (r = 0.83-0.86, Lu et al. 2019) or at a boreal forest site (0.81 – 0.90, Petäjä et al. 2009).

Varying meteorological and environmental conditions, air mass arriving at the site and seasonality

determines the performance of proxy.

Figure 2:  Final  optimized SA proxy against  measured SA concentration shows the use of

condensation sink calculated from the DMPS size distribution data and condensation sink

calculated  as  a  proxy  from PM2.5,  NO2, RH and  temperature  produces  similar  SA proxy

concentrations.

Diurnal patterns of SA concentration and the variables used in the proxy (Fig. 3) show the gradual

increase of the SA concentration as the solar radiation also starts to increase. The maximum SA

concentration  also  coincides  with  the  highest  radiation  value,  depicting  the  dependence  of  the

production of the SA on solar radiation. The anthropologically emitted SO2 levels start to increase

during morning rush hours with the highest observed values during noon  — thus confirming also

SO2's anthropogenic origin for the SMEAR III site. Both CS and RH are at their lowest level when

SA is at the highest — thus creating the ideal condition for SA production when SA loss is at a

minimum.  The  daily  cycle  of  SA proxy  constructed  as  a  function  of  SO2,  Global  Radiation,

CScalculated and RH follows the measured SA nicely except around noon when the proxy is predicting

lower concentrations.
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Figure 3: Median diurnal patterns of the variables considered for the SA proxy calculation

along with measured and proxy SA concentrations constructed from the hourly median data.

Only data where the global radiation was greater then 10 Wm -2 was taken. Data coverage was

from May 3rd to June 3rd. 

Table 3 shows the  SA concentration comparisons  among measured,  proxy calculated from this

analysis, statistical proxy equation from Mikkonen et al. 2011 and proxy equation utilising global

radiation from Petäjä et al.  2009. Analysing the 50th percentile of the SA concentrations, it  was

found that SAmeasured (2.35*106) and SAproxy (2.57*106) calculated from this analysis is closest to each

other. SA proxy equation of Petäjä et al. 2009 was derived for a rural boreal forest SMEAR II site at

Hyytiälä,  Finland.  At  this  location,  there  is  very  little  anthropogenic  activity  going  on.  SA

concentrations are one order of magnitude smaller in the SMEAR II site compared to more urban

SMEAR III site. Using the SMEAR III data, Petäjä et al. 2009 proxy is predicting one order of

magnitude  lower  concentrations  compared  to  measured  concentrations  for  SMEAR  III  site.

Different  environmental  conditions and different surroundings may explain the differences.  The

statistical proxy of Mikkonen et al. 2011 can be used for SMEAR III site. As it was prepared by
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combining data-set from different environments and theoretically it should perform well for the

SMEAR III site. But comparing the 25th, 50th and 75th percentiles, it appears Mikkonen et al. 2011

proxy is predicting a factor of 2 higher compared to the measured SA. The higher predicted values

by the Mikkonen et al. 2011 proxy could be related to the proxy being developed using data from

more polluted sites compared to SMEAR III site. Based on the above observations, the proxy of this

analysis is performing similarly to the measured values compared to the other proxies.

Table 3: Minimum, maximum, 25th ,50th and 75th percentiles of the measured SA and relevant

variables for SA proxy.

4.2.  Charecteristic description of aerosol size distribution at SMEAR III

Figure 4 shows particles from the nucleation (3-30nm), aitken (30-100) and accumulation (100-

1000) size range (Seinfeld and Pandis 2016) contributing to the Particle number concentration at the

SMEAR III  site.  The maximum contribution  to  Particle  number  concentration  is  coming  from

particles in the aitken size range. The peak concentration of particles is around 40 nm, which falls

near  the smaller  aitken sizes.  Laboratory and ambient  condition measurements showed engines

produce bimodular distributions in the number size distributions spectra (Kittleson et al. 2006 a,b).

Right next to the road vehicle exhaust contributes maximum towards the particles in the nucleation

size range (Kittleson et al.  2006a). Also, engine fuel loads and driving conditions influence the

particle sizes.

Particle number concentration always vary with different environmental conditions (Kittleson et al.

2006a). Maximum Particle number concentration is expected to be near the roadside, while further

away from roadside dispersion processes means the levels can reduce significantly (Pirjola et al.

2006). Also, traffic alone can not explain the annual cycle of Particle number concentration, as there

are other sources important for the smear III site. The particles arriving at the SMEAR III site are

considerably aged and gone through dispersion and transformation process. Our measurement site is
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RH
(%)

Temperature
(degree C)

SO2
(PPb)

CS
(s-1)

Radiation
(Wm-2)

Measured H
2
SO

4

(#cm-3)
Proxy  H

2
SO

4

(#cm-3)
Mikkonen et al. 

2011 (#cm-3)
Petäjä et al. 

2009 ((#cm-3))

Minimum 16.83 5.78 0.62 0.0008 10.56 5.04*104 9.94*104 8.47*106 1.79*103

25th percentile 32.47 13.88 0.77 0.0037 199.85 1.09*106 1.30*106 1.84*106 8.17*104

50th percentile 42.23 17.68 0.92 0.0050 450.90 2.35*106 2.57*106 4.52*106 2.06*105

75th percentile 54.10 20.76 1.20 0.0068 687.83 4.50*106 3.89*106 7.07*106 3.58*105

Maximum 91.07 29.12 7.70 0.0172 857.56 4.27*107 6.63*107 2.76*107 2.97*106



200m away from the roadside, on a hilltop, and particle measurement is conducted at 4m height. So

Particle number concentration can vary from the readings performed right next to the road. Previous

investigations on the contribution by the local sources on the measured pollutants yielded a wide

spectrum of influences that is categorized to local traffic, residential, vegetation, secondary formed

particles, and the effect of long-range transport and local meteorological conditions (Ripamonti et

al. 2013).

Figure  4:  Aerosol  number (black  line)  ,  surface  area  (blue  line)  and mass  (red line)  size

distribution from DMPS data for 2010-2014. Area and mass size distributed concentrations

were  scaled  by  the  factors  mentioned  on  the  top  left  of  the  figure  to  fit  all  three  size

distributions in the same figure. 

Particles in the nucleation aitken, and accumulation size range make up most of the Particle number

concentration spectrum. Nucleation size range particles are formed during the exhaust dilution and

cooling  process  and  are  assumed  to  mainly  consists  of  sulfur  compounds  and  hydrocarbons

(Kittleson et al. 2006a). At this site, local traffic emission dominates the 20-40 nm size range with

high particles concentration when the wind was blowing from the road section (Ripamonti et al.

2013). Further, traffic contributed to the smaller particle sizes during cold winter months. High

particles concentration get enhanced because of the lower mixing in the boundary layer (Järvi et al.

2009).
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Particles in the accumulation size range make up almost all of the masses of the aerosol particles

and thus dominates the aerosol mass-size distribution (Seinfeld and Pandis 2016) (also, figure 4,

mass  concentrations).  The  surface  area  concentrations  at  the  SMEAR  III  station  is  mainly

dominated  by  the  particles  from larger  aitken  and  accumulation  sizes  (Figure  4,  Surface  area

concentrations).

Examples of aerosol size distributions during winter (figure 5), early spring (figure 6) and late

spring  (figure  7)  have  been  described below.  By no means,  this  gives  the  full  picture  for  the

SMEAR III site, as this was not the goal of this work. This section was added to this analysis to

give a glimpse to the different conditions and sources that could be driving the detection of aerosol

particles and size distributions. 

4.2.1: Cold winter days

Two cold winter days (Feb 5th and 6th) are depicted in figure 5, where the top panel shows the

aerosol size distributions and associated Particle number concentration (N). The first investigated

day is a clear, sunny day (see global radiation on 3rd panel, figure 5), and the traffic influence can

be seen from the increase in the NOx (panel 5) and N (panel 4) concentrations around rush hour. The

newly formed particles from 6 am until 6 pm is probably related to the particle formed during the

engine plume dilution and cooling processes. This day is also characterized by the relatively high

humidity (68-82%, panel 6) and low condensation sink (panel 3). On this  day wind speed was

variable (1-13 ms-1) and most of the time stayed in the higher percentile of that range, and wind

direction remained constant around 100o, a direction to the road section (these are not shown here). 

Feb 6th is not a clear day (according to the global radiation on panel 3), and there are high number of

particles from 6 am to noon. Wind speed was low (1-3 ms -1) and wind direction remained similar to

the previous day, perhaps moved to a more eastern direction (90o) (not shown here). Low wind

speed could affect the dispersion of particles. N remained somewhat constant or slightly lowering

later in the day and not as variable as the day before. Higher condensation sink is also seen on Feb

6th from the day before and continued to increase later in the day.

There is  new particle  formation gooing on in  the exhaust  system itself  along with the particle

formed during the plume dilution and cooling process. These nucleated particles ages and more

organic materials get condensed on the surface of these particles. This process helps them to grow

into larger sizes and could results in changes to the characteristics of the particles compared to the

original exhaust emitted particles. Carbonaceous particles emitted from vehicle exhaust are often
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hydrophobic. Their transformation in the ambient conditions means that they turn hydrophilic after

some time and water vapour can condense on them. Growth to larger particles in the accumulation

size range means they can act as cloud condensation nuclei. 

Volatile nucleation mode sized particles coagulate with accumulation mode sized particles and are

not  detected  during  measurements.  Nonvolatile  fractions  and  carbon  agglomerates  are  also

constituents of the directly emitted accumulation mode particles. (Kittleson et al. 2006a). Figure 5

could be an example of new particle formation due to traffic and detail analysis over many days are

needed for a better conclusion.

Figure 5: Aerosol size distributions over February 5th and 6th along with time series plots for

various  atmospheric  pollutants  and  meteorological  parameters.  Suspected  new  particle

formation in the exhaust and exhaust plume dilution process can be seen on February 5 th.

Which is not that pronounced during February 6th.
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4.2.2: New particle formation events in early spring

A significant number of NPF events occurs during the daytime, at end of winter beginning of spring

(Nieminen et al. 2014). New particle formation in the ambient conditions was observed on early

spring on both March 26th and 27th  (figure 6). March 26th is a clear day (global radiation, panel 3),

condensation sink (panel 3, right y-axis) was low before the start of the event, RH is low enough,

and the temperature is also in the suitable range for particle formation (Dada et al. 2017).  The start

time of this event is around noon. The event and growth of particles were quite pronounced. These

newly formed particles grow to larger sizes, and this is visible for the rest of the day. The non-

detection of the continuous growth process next day coincide with the morning rush hour (March

27th),  and  also  with  the  change in  wind direction  (not  shown here).  So  the  air  mass  that  was

responsible for NPF event and particles growth were not visible anymore at the SMEAR III site. 

After  a  brief  change in  the  wind direction  during rush  hour,  the  wind direction  returns  to  the

previous  day's  direction.  Again  a  new  particle  formation  event  on  March  27th started  around

afternoon, and somewhat similar growth in particles is observed like previous day . Non-detection

of the growth process next day (March 28th) again coincides with the morning rush hours but this

time no significant change in the wind direction was observed. Wind speed for all the days shown in

the figure remained between 2-6 ms-2. On March 27th, the condensation sink is lowest around the

start of the event, the day was intermittently cloudy (global radiation, panel 3, figure 6). Further, for

both days, the growth of particles to larger sizes, and an increase in concentrations of more massive

particles accompanies the rise in PAQDCLDSA concentrations.
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Figure  6: NPF events  at  ambient  condition  during  March  2018  at  Smear  III  site.  The

associated times series of the atmospheric pollutants and meteorological parameters.
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4.2.3: Long range transport episodes in late spring

At  the  SMEAR  III  site,  long-distance  sources  are  thought  to  contribute  towards  the  larger

accumulation  sized  particles  during  warm  periods  (Ripamonti  et  al.  2013).  Particles  in  the

accumulation size range prevent the appearance of particles in nucleation size range. As the smaller

particles coagulate with larger particles, results in the absence of the particles in the nucleation size

range during the warm period (Hussain et al. 2014). 

Figure  7:  Long-range  transport  episode  at  SMEAR  III  site  on  May  12 th 2018,  similar

conditions are regularly observed during the summer, not shown here. One example day is

presented  here.  The  accompanying  time  series  are  of  atmospheric  pollutants  and

meteorological parameters.
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An example of long-range transport episode at the SMEAR III site is depicted in figure 7. The inter-

connectivity between particle concentrations and PAQDCLDSA (panel 4) and particle concentrations

with CS (Panel 3,4) is also visible..

Overall, Figure 4, 5, 6, and 7 shows the connectivity between the various aerosol size distribution

derived concentrations, and various atmospheric pollutants and meteorological conditions. These

example analysis indicate the significant contribution of different types of sources and processes at

SMEAR III site. The underlying factors governing particle population in ambient conditions around

SMEAR III site or Helsinki, in general, are  wide-ranging.. More detailed analysis will be needed to

create a complete picture, but this was not the goal of this work. 

4.3. Particle number concentration proxy

The  presence  of  NO2 in  the  exhaust  plume  has  long  been  reported  (Magnus  Lenner  1987,

Kurtenbach et al. 2012). At low engine speed, NO can stay longer in the exhaust system. In the

presence of excess O2, NO can get oxidized to produce NO2, which is then emitted to the ambient

air by the exhaust system. Particle concentration and NO2 concentration correlate (r = 0.71) well

over  the long period (2010 -  2014) of analyzed data  (figure 8).  Maximum correlation between

particle number concentrations and NO2 is observed during winter (Järvi et  al.  2009).  This can

indicate the traffic influence on the emission of both particles and NO2. Traffic impact is less visible

during  spring  and  summer  months  when  new  particle  formation  is  an  additional  significant

contributor towards the particle numbers. Comparative analysis of the weekdays and weekends also

confirms the traffic influence at the site (Hussain et al. 2008). 
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Figure 8: Particle number concentration (N) as a function of nitrogen dioxide (NO2)  with

corresponding relative humidity (RH) shown by the colorbar. Correlation between N and NO2

is given by the correlation coefficient r. The blue fitted line corresponds to the fitted function.

Resulting fitted parameters are reported in table 4. All data points are half an hour average

points for the time-period of Nov 19th 2010 – Dec 31st 2014.

NO2 probably  does  not  contribute  towards  particles  composition,  as  studies  (Kittleson  1998,

Kittleson et al. 2006, Enroth et al. 2016, Rönkkö et al. 2013) often mentioned other compounds or

materials, but no precise NO2 based compounds. Both particles and NO2 are produced during the

exhaust  combustion,  and exhaust  dilution  and  oxidation  processes.  They  are  co-emitted  in  the

exhaust gas. While NO2 may not make up the composition of exhaust emitted particles, but as a co-

emitter from the exhaust system, NO2 can be used as an indicator for traffic emissions. NO2 can be

used as the first component of Particle number concentration proxy to predict the ambient particles

levels.
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Figure 9:  The ratio of  observed N to the predicted N plotted as  a function of  RH shows

moderate anti-correlation. Red fitted line is the fitted function and resulting parameters are

reported in the table 4.

Particles population in size range of 15-30nm are found to be influenced by temperature while

particles in the higher size range 150-880nm are affected by higher humidity (Jamriska et al. 2007).

The ratio of measured to 1st level of proxy against RH shows a negative correlation (Figure 9). At

higher  RH  (80-100%)  coagulation  process  could  be  dominant.  The  coagulation  process  is

responsible for minimizing the number of smaller particles, as these particles coagulate to form

bigger  particles  (Hamed  et  al.  2011).  RH  can  explain  one  of  the  sink  terms  for  the  particles

population. Thus, RH has been used in the N proxy calculation, and it is representing a sink term for

the particles. The relationships between the ratio of measured to 2nd level of particles concentrations

proxy against other trace gas and meteorological parameters were tested (not shown here). It was

determined that no other variables were improving the proxy significantly. So final N proxy is a

function of NO2 and RH and could be calculated by the equation,

Nproxy = Constant  * NO2
s1 * 10RH*s2. ……… (17)
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Figure 10: Optimized Particle number concentration proxy as a function of observed  Particle

number concentration show parameterized NO2 and RH can be used to predict the Particle

number concentration.  The  resulting  uncertainty  of  using  a  NO2  and RH based  proxy  is

reported in table 4.

Initial  fitted  parameters  s1,  s2  and the  constants  were  optimized using  the  MATLAB function

fminsearchbnd.  The  method  described  in  Paasonen  et  al.  2010  was  followed  to  reduce  the

variability among the data, and the parameters that yielded the lowest V90/10  ratio were taken. V90/10

is the ratio of 90th and 10th percentile of the measured to proxy ratio. Final proxy concentration

calculated from the optimized parameters against measured concentrations is shown in figure 10.

Optimized proxy predicts the measured value strongly (r = 0.76). There is 30% uncertainty related

to the proxy calculated data for the analyzed period (2010-2014), and the uncertainty of the data

was calculated by the method described in Mikkonen et al. 2011. This uncertainty is acceptable, but

whenever a proxy equation is used to describe a hard to measure (or measuring process is expensive

or complicated) variable, caution is needed during analysis and interpretation. The first row of the

table 4 of N proxy is from 2007-2014. Around later 2010 the NO2 measurement instrument was

upgraded. This could be the factor (the better measurement of NO2) why uncertainty of 2010-2014

got better compared to the first proxy.
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Table  4:  Optimized  parameters  for  Particle  number concentration  (N)  proxy.  s1,  s2  and

constants are to be used to approximate N concentrations.  V90/10  are the values before and

after optimization. Uncertainty values tell uncertainty associated with using a proxy instead of

measured  N concentration. The correlation coefficient between the measured and proxy N is

given by r.

4.4. Condensation sink proxy

DMPS  aerosol  size  distribution  data  from  Kumpula  SMEAR  III  site  was  used  to  calculate

condensation sink (CS) using equation 1. PM2.5  is continuously measured from February 2018 and

no DMPS data after July 2018 at the time of this analysis meant  the data coverage for this analysis

was from Feb 1st – July 31st 2018. Figure 11a shows the condensation sink as a function of PM2.5 in

10 base logarithmic scale. A strong correlation between CS and PM2.5 was observed. As discussed in

the background section, particulate mass distribution is dominated by particles in the accumulation

size range, while the surface area distributions of the particles are governed by the larger aitken

sizes  and  accumulation  sizes.  Thus  the  positive  correlation  between  CS,  a  surface  area-based

parameter,   and PM2.5 were expected.  As particles grow, their  mass starts  to increase,  and their

surface area also increases. The interconnection between mass and surface area means PM2.5 can be

used as a viable variable for proxy. The parameters calculated from the fitted line (figure 11a) gives

the first version of condensation proxy (CSproxy, 1st). 

The ratio of measured CS to CSproxy ,1st as a function of NO2 in logarithmic scale shows a positive

correlation (Figure 11b). One of the primary sources of particles at the SMEAR III site is traffic.

NO2 is a co-emitted component in the exhaust system along with particles. Considering this fact,

NO2 can be added to the CS proxy, as it partially describes the source of particles.
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Proxy constant Slope 
(s1)

Slope 
(s2)

V90/10 unoptimized v90/10 optimized uncertainty r

N (NO
2
, RH)

2007-2014
3.47*103 0.59 -0.0034 2.95 2.92 0.33 0.74

N (NO
2
, RH) 

2010-2015
2.94*103 0.60 -0.0035 2.82 2.7593 0.306 0.76



Figure 11: Subplots from top left to bottom right shows the individual steps through which

each variable a) PM2.5, b) NO2, c) RH and d) Temperature were added to the CS proxy.  The

optimized parameters from these fitted functions are reported in the table 5.

The ratio of measured CS to CSproxy ,2nd  as a function of relative humidity (RH) shows a negative

correlation (figure 11,c). Several processes could be responsible for the loss of the particles, which

reduces the surface area for the condensable vapour to condense. These could be coagulation or wet

deposition process or use (Laakso et al. 2004) of GF (equation 5) in deriving CS (equation 4). At

very  high  humidity  coagulation  process  could  be  more  prevalent,  where  larger  particles  are

scavenging smaller particles.  Also, often new particle formation event associated with low RH

conditions (Dada et al. 2017). This could also be true for higher temperature, as the ratio of CSmeasured

and CSproxy ,3rd as a function of temperature also shows a somewhat strong dependence of CS on the

temperature (Figure 11d). Smaller particles also coagulate to form a more massive particle. In the

coagulation process mass is conserved, but the number of particles is not. Particles of smaller sizes
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have more surface area compared to the larger sizes at the same mass. RH and temperature both can

be added to the proxy to improve the proxy further.

Further, the ratio of CSmeasured to CSproxy, 4th was investigated against wind speed, wind direction and

global radiation and these did not show any significant relation, so these were not considered as a

variable for proxy. The final proxy with initial parameters was optimized by reducing the ratio of

90th percentile and 10th percentile of the ratio of calculated CS to proxy CS. The optimized proxy

equation using PM2.5, NO2, RH and temperature is

CSproxy = Constant  * PM2.5
s1 *NO2

s2 *  10RH*s3 * 10 Temp * s4.  …. (18)

Figure 12: Data points in blue are CS proxy calculated from  PM2.5, NO2, RH and temperature

as a function of calculated CS and r gives the correlation coefficient between them.

The optimized CS proxy plotted against the calculated CS shows (Figure 12) proxy using  PM2.5,

NO2, RH and temperature are approximating the concentrations nicely (figure 12). Proxy calculated

using BC, RH and temperature also performs similarly (Table 5). But the AQT 420 sensors can not

measure BC means the use of BC was not in the final consideration. CS proxy (Table 4) derived

using BC proxy (derived later, calculated using PM2.5, NO2), predicts the higher CS values slightly
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better compared to the CS proxy derived using PM2.5, NO2, RH and temperature (not shown here),

though both line 1 and line 3 proxy (table 5) uses same variables, only changes are in the proxy

parameters and constant. Comparison between the measured BC and proxy BC was done to see how

BC proxy is working compared to measured BC in predicting CS. Similar results means BC proxies

can  be  used  as  a  substitute  for  measured  concentrations.  All  proxies  (table  5)  have  similar

uncertanities associated with them.

Table 5.  s1, s2, s3, s4, and constants are to be used to approximate CS concentrations.  V90/10

are the values before and after optimization. Uncertainity values tell uncertainity associated to

using  a  proxy  instead  of  calculated   CS  value  from DMPS  data.  Correlation  coefficient

between the calculated and proxy CS is given by r.

4.5. Black carbon proxy

Along  with  SMEAR  III  site  (Kumpula)  in  Helsinki  metropolitan  area,  BC  is  measured  at

Mannerheimintie, Mäkelänkatu and Tikkurila (traffic site), Kallio (urban background), Lukki (rural

environment)  and  Itä-Hakkila  (Small-house  area  with  wood  combustion  and  traffic).  Helsinki

Region Environmental  Services  Authority  (HSY) conducts  the  measurements  at  these  locations

along with some other sites around the Helsinki metropolitan area (HAQT deliverable 1.3) except

SMEAR III. Individual BC proxies based on the data from Kumpula, Mäkelänkatu and Itä-Hakkila

were made, and their performance as a stand-alone proxy was analyzed by applying them to the rest

of data from the locations mentioned above (results are shown later). Further, those results were

compared to  the proxy calculated from a combined data-set  from three locations  with variable

environmental condition. It was determined that combined proxy performs better in almost all sites

and lowers the uncertainty of using a proxy to predict BC concentrations.  

Combined proxy was derived from the data set of Kumpula, Mäkelänkatu and Ita-Hakkila site. Data

from 2018 was used for the analysis.  The scatter  plot of BC against PM2.5 shows a significant

relation (r = 0.63) among them (figure 13a). The 80-300nm size range particles dominate BC size
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(s1)

Slope 
(s2)

Slope 
(s3)

Slope 
(s4)

V (90/10) 
unoptimized

V (90/10) 
optimized

uncertainty r

CS
(PM

2.5
, NO

2
, RH, Temp)

2.98e-05 0.44 0.29 -0.005 -0.011 2.44 2.19 0.24 0.85

CS
(BC, RH, Temp)

3.60e-5 0.62 -0.0065 -0.0135 2.78 2.39 0.24 0.84

CS
(BC

proxy
, RH, Temp)

1.38e-5 0.83 0.012 -0.0052 2.30 2.228 0.24 0.85



distribution, which falls in the accumulation size range, and particles in the accumulation mode size

range dominate PM2.5. PM2.5  is an ideal first variable for the BC proxy.

Figure 13: A combined dataset from Kumpula, Mäkelänkatu and Ita Hakkila were used to

calculate the BC proxy. a) measured BC as a function of measured PM2.5 is shown on the left.

b) The ratio of measured BC to the first version of proxy BCproxy,  1st plotted as a function of

NO2 is shown on the right. The associated parameters to the fitted functions are reported in

table 6.

Combustion processes produce a significant proportion of the atmospheric NO2, and BC is also a

product of incomplete combustion of fossil fuel and wood-burning. Considering their somewhat

similar sources, it is natural that NO2 and BC show significant association with each other (figure

13b). The approximation of BC concentrations improved considerably with the addition of NO2.

Other  variables  (wind speed,  direction,  temperature and RH) were tested to  develop the  proxy

further, but none showed a significant impact in the proxy construction. The final BC proxy, using

PM2.5  and NO2, were optimized using the method (Paasonen et al. 2009), and the optimized proxy

has the form,

BC proxy=constant ∗ (PM 2.5
s 1 ∗ NO2

s 2) …. (19)

Proxy  based  on  combined  dataset  performs  well  (figure  14)  with  the  measured  concentration,

though the proxy underestimates higher BC values. 
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Table  6.  Optimized  parameters  for  BC  proxies  from  individual  sites  (Mäkelänkatu,  Ita-

Hakkila and Kumpula) and combined data set (of those three places) are given here. s1, s2

and constants are to be used to approximate BC concentration of a particular location. V90/10

are  the  values  before  and  after  optimization.  Lower  uncertainty value  means  proxy  is

performing  better  (in  percentage,  here  28-44%).  The  correlation  coefficient  between  the

measured and proxy is given by r.

Figure  14:  Final  optimized  combined  BC  proxy  as  a  function  of  measured  BC  for  the

combined data set shows nice agreement between proxy and measured data (r = 0.8). Dashed

line is the 1:1 line.

Parameters (s1) related to PM2.5  does not vary (0.36-0.44) that much (table 6), but parameters (s2)

related to NO2  varies quite a lot (0.43-0.78). Highest factor (for NO2) being at Mäkelänkatu, a street

canyon site, where pollution is dominated by traffic. Lowest uncertainty is also associated with this

location,  along  with  the  highest  correlation  coefficient.  On  all  proxies,  V90/10  decreases  after

optimization, which is to be expected (Paasonen et al. 2009). 
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Proxy constant Slope (s1) Slope (s2)   V90/10 unoptimized   V90/10 optimized uncertainty r

Combined 5.70 0.42 0.41 4.19 3.67 0.39 0.80

Mäkelänkatu 1.69 0.41 0.78 3.28 2.59 0.28 0.89

Itä-Hakila 2.81 0.44 0.63 4.22 3.99 0.44 0.77

Kumpula 10.73 0.36 0.43 3.66 3.30 0.35 0.81



Proxy  parameters  for  combined  proxy  from table  6  were  applied  to  the  individual  data  from

Kumpula, Itä-Hakkila and Mäkelänkatu, and time series of proxy and measured concentrations are

shown  in  figure  15.  High  BC  values  are  underestimated  in  Kumpula,  but  Itä-Hakkila  and

Mäkelänkatu high values are less underestimated. But for those two places, lower BC values are

often overestimated. Proxy captures the seasonal and daily trends well.

Figure  15:  Individual  time  series  of  measured  and  proxy  BC  concentrations  at  urban

background (Kumpula), small house area (Ita-Hakkila) and road side (Makelankatu). Proxy

concentrations were calculated using parameters for the combined data.

The optimized parameters for proxies were used to data from additional sites to calculate BC proxy

concentrations at those sites (supplementary figure 2,3 and 4). It was done to compare them to the

actual measured BC concentrations and evaluate the performance of the proxy. The sites reflected

different environments like traffic sites (Mannerheimintie, Mäkelänkatu, Tikkurila), urban (Kallio,

Kumpula)  and  rural  (Luukki)  background  environment,  and  small  house  residential  area  (Itä-

Hakkila). Testing  for different locations gives a proper perspective on how the proxy will perform

in different environments. 

Two urban background site (Kumpula and Kallio) does not show that much difference in terms of

correlation coefficient r (table 7). Although traffic sites Mäkelänkatu  and Tikkurila are similar, the

other traffic site Mannerheimintie is much different compared to those two locations. This could be

related to the dispersion of pollutants on those locations. And also to the meteorological conditions
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like  particular  frequent  wind  direction,  and  urban  road  infrastructure,  dominating  pollutants

behaviour (Pirjola et al. 2005).

Table 7: Correlation between the measured and proxy concentrations are given below. Four

different sets of proxy parameters (location mentioned on the first column) from table 6 were

used for this analysis and was used to the individual location’s data mentioned on the first

row.

BC,  as  a  function  of  PM2.5 and  NO2,  is  also  different  (r  values,  supplementary  figure  1)  for

Mannerheimintie compared to Mäkelänkatu and Tikkurila. A similar analysis for other locations is

also  shown in  supplementary  figure  1.  Even though there  is  very  little  change in  r  values  for

different  proxies,  proxy  parameters  make  subtle  changes  to  the  data  points  around  1:1  line

(supplementary figure 2). Where, for example, the parameters from combined proxy perform better

compared to the parameters obtained from Kumpula data in centering the data points around 1:1

line.  Supplementary figure 3 and 4 shows similar deviations of datapoints around 1:1 line with the

use of  Mäkelänkatu and  Itä-Hakkila proxies, respectively.

Table 7: The ratios (V90/10) of 90th percentile to 10th percentile of the ratio of measured to proxy

concentrations for the four different proxies (1st column) for individual locations (1st row).
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Proxy Kumpula Mäkelänkatu Itä-Hakila Kallio Luukki Mannerheimintie Tikkurila

Kumpula 0.82 0.88 0.76 0.83 0.81 0.79 0.89

Combined
0.81 0.86 0.76 0.82 0.81 0.78 0.88

Mäkelänkatu 0.79 0.89 0.76 0.82 0.81 0.80 0.89

Itä-Hakkila 0.80 0.88 0.76 0.83 0.81 0.80 0.89

Proxy Kumpula Makelankatu Ita-Hakkila Kallio Tikkurila Manneheimentie Lukki

Kumpula 3.30 3.30 4.25 3.44 3.32 3.46 4.38

Makelankatu 4.84 2.59 4.41 3.25 2.64 2.99 4.45

Ita-Hakkila 3.87 2.73 3.99 3.12 2.71 3.09 4.03

Combined 3.35 3.29 4.26 3.42 3.25 3.43 4.38



Four  different  sets  of  proxy  parameters  produced  four  different  sets  of  V90/10   values.  These

difference could be related to the meteorological conditions, pollutant emission sources and spatial

distribution of the pollutants. It still can not be determined which proxy is better though Kumpula

and combined V90/10 values were almost similar. Uncertainty study shows that proxy derived from

the combined dataset has more excellent usability compared to a proxy-based dataset of a particular

place. 

The  subtle  changes  involving  proxy  parameters  became  much  more  evident  when  uncertainty

analysis  was  performed.  Uncertainties  associated  with  proxies  developed  from individual  sites

varied broadly (28% - 69%), but that got reduced (33% -50%) when combined data set was used

(Table 9).  This shows the importance of additional  data from different sites while constructing

proxy variables. There is a high uncertainty involved in using proxy parameters calculated from

only  one  place  compared  to  the  uncertainty  associated  with  proxy  parameters  which  were

constructed using data from different environments. Data from different conditions will have much

more  spatial  variability  compared  to  the  data  from only  one  place.  Thus  caution  needs  to  be

implemented when using proxy parameters calculated from a specific type of condition.

Table 9: The uncertainty values describe the performance of the proxy, with the lower values

describing the least uncertainty for that proxy in predicting the measured value.
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Proxy Kumpula Mäkelänkatu Ita Hakila Kallio Luukki Mannerheimintie Tikkurila

Kumpula
0.35 0.38 0.48 0.69 0.68 0.65 0.42

Mäkelänkatu
0.59 0.28 0.51 0.35 0.42 0.42 0.31

Itä-Hakkila
0.41 0.38 0.44 0.58 0.44 0.69 0.36

Combined
0.39 0.33 0.46 0.48 0.50 0.46 0.36



4.6.  Lung deposited surface area proxy

In this analysis, the diffusion current from the Pegasor AQ Urban instrument was used. The method

describing parameterization of the diffusion current to approximate the LDSA concentrations is

given by Kuula et al. 2019. In this study, we do not use parameterization for the Pegasor AQ Urban

diffusion  current.  The  diffusion  current  itself  was  used  directly  and  levelled  as  PAQDCLDSA

concentration in data analysis and figure levels, respectively. Lung deposited surface area (LDSA)

concentrations are mainly derived from the DMPS size distribution data. The calibrated total current

of the electrical low-pressure impactor (ELPI) (Kuuluvainen et al. 2016), and diffusion current of

Pegasor AQ Urban, DiSCmini,  and Partector (Kuula et  al.  2019) instruments are  also found to

represent the LDSA concentrations calculated from the reference DMPS to a reasonable accuracy.

As shown earlier in figure 4, the Particle number concentration at the SMEAR III is dominated by

the particles from nucleation, aitken, and accumulation mode size range. Also mentioned earlier is,

NO2 is co-emitted during the combustion process. Inclusion of NO2  in the  PAQDCLDSA proxy is

justifiable for the derivation of the  PAQDCLDSA proxy (r = 0.75, figure 17a), as NO2 is a good

pollution indicator for particle number concentrations.

In urban background areas PM2.5  mass is typically dominated by the accumulation mode particles

(Timonen  et  al.  2018).  Particles  mass  concentration  is  dominated  by  the  particles  in  the

accumulation mode size range (figure 4). Pegasor AQ urban instrument diffusion current plotted as

a function of PM2.5 shows a strong correlation between them (not shown here). Similar results have

been  observed,  by  Kuuluvainen  et  al.  2016 for  most  of  the  environment  and  the  level  of  the

association depends on the type of environment, and by Kuula et al. 2019 using low-cost sensors.

Contribution of both volatile and non-volatile mass in the lung health effects is described in section

2.7 along with the importance of the particles from the nucleation and accumulation mode size

range. Contribution of particles in the nucleation mode and accumulation mode towards the LDSA

size distribution was observed at  traffic  sites,  and contribution from the long-range transported

aerosol in residential areas was seen around Helsinki (Kuuluvainen et al. 2016). Saarnio et al. 2012

reported that woodburning contributes significantly towards the PM2.5 in cold seasons in both urban

and  suburban  areas  to  a  certain  degree.  Still,the  effect  of  woodburning  towards  LDSA

concentrations is minimal (Kuuluvainen et al. 2016). Observed results in figure 17a and 17b, and

supporting knowledge from the literature illustrates NO2 and PM2.5  being ideal variables for the

inclusion in the PAQDCLDSA proxy.
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Figure 17: Pegasor AQ urban instrument Diffusion Current (PAQDC) leveled as PAQDCLDSA.

PAQDCLDSA as a function of NO2 (17a), The ratio of PAQDCLDSA to 1st level PAQDCLDSA,proxy as a

function of PM2.5 (17b), the ratio of PAQDCLDSA  to 2nd level PAQDCLDSA,proxy as a function of

relative  humidity (RH) (17c)  and the  ratio of  PAQDCLDSA  to 3rd  level  PAQDCLDSA,proxy as  a

function of  temperature (17d) shows the  individual  steps for the  proxy construction.  The

optimized parameters calculated for these variables to be used in the final PAQDCLDSA,proxy are

given in the the table 10.

Further  investigation  on  how  PAQDCLDSA proxy can  be  improved  led  to  the  inclusion  of,  RH

figure17.c, and temperature figure 17.d. Reche et al. 2015 reported the influence of both traffic and

nucleation events towards the increase of LDSA concentrations. A clean, cloudless environment is

thought to be important for the nucleation events, and temperatures higher than 25°C and lower

than  -21° C  are  also  not  favourable  for  nucleation  to  occur  (Dada  et  al.  2017).  At  higher

temperature, more monoterpenes and biogenic organic compounds are released to the atmosphere.

Photochemically produced oxidation products (Peräkylä et al. 2014, Kontkanen et al. 2016) are also

responsible for the particle formation (Ehn et al.  2014) and growth of particles (Paasonen et al.

2013) along with sulfuric acid (Paasonen et al. 2010, Paasonen et al. 2009, Petäjä et al. 2009). 
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Lower RH is suitable for nucleation events (Hamed et al. 2011) and the influence of RH could be

more of photochemical nature through cloudiness (Dada et al. 2017). Strong relation between RH

and trace gases like SO2 and O3 are observed, these gases regulate the production of precursor

vapours that are needed for nucleation to occur (Dada et al. 2017, reference therein). Further, The

performance of the pegasor urban air quality instrument somewhat also related to the operating

temperature and relative humidity (Kuula et al. 2019 and reference therein). That may also explain

the inclusion of RH and temperature for making the proxy better. After optimization, the proxy with

all the relevant parameter can be written as,  

PAQDCLDSA,proxy = Constant  * NO2
S2

 * PM2.5
S1

 *  10RH*s4 
* 10temp*s4.    …. (20)

Figure  18:  PAQDCLDSA  proxy  versus  measured  PAQDCLDSA show  the  performance  of

PAQDCLDSA proxy  (p3,  N,  PM2.5, temperature  and  RH,  red  dots)  calculated  with  Particle

number concentration (N) compared to proxy (p1, NO2, PM2.5 ,RH and temperature, blue dots)

without  N.  Data  coverage  February  2018  -  May  2018.  Similar  comparison  between  the

PAQDCLDSA proxy p1 and p2 is shown in the supplementary figure.

P3 proxy data centers around the 1:1 line nicely compared to the p1 proxy data (figure 18). The

correlation coefficient for p3 is also high (Table 10) compared to p1. These are also true for the p2

proxy when compared to the p1. But proxies p2 and p3 both use Particle number concentration (N) as
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one of the predictor variables. Accurate measurements of N requires complex measurement setup

and rather expensive reference instruments, thus making the use of N as a proxy variable not viable.

This similar argument is also valid for CS (p6, table 10), as it is a product of aerosol size distribution

data. But here CS data was used for one of the proxies as CS data was available for the whole

period when pegasor air quality instrument was operational at the SMEAR III site.  

Measurement of BC is also complicated and not that viable for being used in proxies. Still, tests

were done to see how BC performs in predicting the PAQDCLDSA (Table 10) because BC data from

the SMEAR III site was available for the analysis period.  The uncertainties associated with these

PAQDCLDSA proxies are low (table 10). For example, 24% for the p1 proxy, which uses the NO2  as

an indicator for traffic or combustion contribution. The p7 proxy (Table 10) was looked at because

of the available N data from the SMAER III site, and also it allowed to look at the whole year

PAQDCLDSA data. Measured N data from accurate, non-expensive and less complicated instrument

could be used in the future in case of such devices becomes readily available. A similar argument

can also be true for p2 and p3 proxies.

Table  10:  Optimized  parameters  for  the  variables  used  in  the  PAQDCLDSA proxy.  The

uncertainty value describe the performance of the proxy, with the lower values describing the

least  uncertainty  for  that  proxy  in  predicting  the  measured  value.  The  proxy  versions

(PAQDCLDSA p1-p7) given in one of the column are used to describe time series plots (figure 20

and 21).
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Proxy constant Slope 
(s1)

Slope 
(s2)

Slope 
(s3)

Slope (s4) V (90/10) 
unoptimized

V (90/10) 
optimized

uncertainty R Proxy
Version 

(PAQDC 
(LDSA))

LDSA
 Short 

(NO
2
, PM

2.5
, RH, Temp)

0.0097 0.44 0.22 -0.0010 0.0044 2.35 2.27 0.24 0.83 P1

LDSA
 Short

(PM
2.5

, NO
2
, N, Temp)

1.34e-04 0.29 0..166 0.475 0.0069 2.08 1.85 0.19 0.90 P2

LDSA
Short

(N, PM
2.5

, Temp, RH)
1.36e-4 0.704 0.33 0.0084 0.0021 1.95 1.89 0.19 0.89 P3

LDSA
Short

(BC, NO
2
, Temp)

0.0055 0.40 0.28 0.0036 2.23 2.10 0.22 0.86 P4

LDSA
 long

(CS, RH, N, Temp)
1.5444 0.81 -0.0051 0.28 -0.0043 1.487 1.456 0.11 0.975 P6

LDSA
 long 

(N)
1.1e-04 0.79 3.13 0.33 0.77       P7



Both  LDSA and  CS  are  derived  from  the  DMPS  aerosol  size  distribution  data.  Both  these

parameters describe surface area properties of aerosol particles.  PAQDCLDSA is found to correlate

strongly with CS (Figure 19), and PAQDCLDSA is parameterized to calculate LDSA concentrations

(Kuula et al. 2019). 

Figure 19: pegasor air quality diffusion current (PAQDC) as a function of condensation sink

derived from DMPS aerosol size distribution data.

Data from June 2017 to May 2018 were analyzed to investigate seasonal trends in PAQDCLDSA. The

median concentration of the PAQDCLDSA as a function of the months shows two high concentrations

peaks  during  February  and  May  (figure  20).  The  corresponding  aerosol  size  distributions  and

Particle  number concentration were  analyzed (few example days  of  that  analysis  are  shown in

section 4.2). The size distribution show two different patterns over the two months. In February,

particles in the smaller diameter range are more prevalent and are generally considered to be traffic

emitted particles. Particles, in this case, are either formed in the exhaust or formed in the exhaust

dilution process in the ambient condition immediately after exiting the tailpipe. Median particles

number  concentration (N) also show the highest peak in February. 

From the  end of  January  onwards  until  the  end of  March on 2018 weather  over  Finland  was

dominated by high pressure systems, and prolong cold period as a result of sudden tropospheric

warming (Karpechenko et al. 2018). The much higher PAQDCLDSA during that period showed less

day-night variability compared to any other months (figure 21). The effect of often sunny and stable

condition on new particle formation during that period or the meteorological conditions (e.g. lower
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boundary layer) governing the pollution dispersion or distribution at the same time could explain

the observed behaviour of the pollutants, but this was not the scope of this analysis. Few example

days where new particle formation event was prevalent was shown in section 4.2. 

Figure 20: Monthly median values of several parameters. Values of the parameters in figure

are scaled by PAQDCLDSA * 50*103 , N remained same and CS*500*103.

In May, particles in the smaller size range are not visible all the time, but on many occasions,

particles in the 50 – 150 nm size range are more prevalent (An example day was shown in section

4.2). Particles in this size range could be associated to the long-range transported particles (Hussain

et al.  2008) originated from the cleaner rural environment in the north, or aged traffic particles

originated in the urban area itself and got transported to the measurement site. These long-range

particles can scavenge the smaller traffic particles or newly formed particles quite efficiently and

preventing  the  measurement  of  the  smaller  particles  and which  may explain  the  non-measured

smaller particles in the size distribution data (Hussain et al.  2008).  So even though the Particle

number concentration is lower in May compared to March, slightly larger particles in May are

responsible  for  the  equivalent  surface  area  contribution  compared  to  March,  hence

similar PAQDCLDSA readings for both months.
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Often particles are seen to grow from smaller sizes to larger sizes within the 50-150nm size range

not shown here or in section 4.2. The scavenging of the smaller particles could explain the slight

growth of the particles. And also, by growth related to the ageing of the traffic particles and. The

temperature was a record high during May over the southern Finland region (FMI news release,

https://en.ilmatieteenlaitos.fi/press-release/539036550)  and  during  high-temperature  conditions

particle  growth has  also been observed to  be associated  with  condensation  of  organic  vapours

(Paasonen  et  al.  2013).  During  these  growth  periods,  PAQDCLDSA concentrations  are  found  to

increase (not shown here), but the PAQDCLDSA  concentrations remain steady when particles in a

particular size range remain constant for a long time without change to their size range.

Figure 21: Daily median values of measured and proxy pegasor air quality diffusion current

(PAQDC).

While three different size classed (2-10nm, 10-50nm, and 50-250nm) Particle number concentration

showed strong correlation with  PAQDCLDSA for an example day on February 5th  (not shown here),

Particle number concentration for the 2-10nm size range did not show the similar result  during

March 26th -28th. Or on May 5th (table 11).
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Table  11:  Correlation  coefficient  (r)  values  for  the  relation  between  Particle  number

concentration (N) among different size class and  PAQDCLDSA.

5. Conclusions

Proxy concentrations were derived for black carbon (BC),  condensation sink (CS),  pegasor AQ

urban diffusion current (PAQDCLDSA) and Particle number concentrations (N). Additional proxy for

sulfuric acid (SA) was also developed. For BC, only PM2.5 and NO2 were enough to derive a reliable

proxy (correlation coefficient, r = 0.80), and the addition of any other parameter did not improve the

proxy.  For  combined BC proxy,  data  from three  sites  were  used,  which  helped to  include  the

different meteorological and environmental conditions associated with individual sites—and thus

creating a better picture for the often changeable spatial characteristics of the urban environment.

Applying derived proxy to several other locations helped in evaluating the usefulness of the proxy

by comparing the measured  and proxy concentrations.  The uncertainty  associated  with using a

proxy  is  evaluated  through  uncertainty  analysis,  which  calculates  the  correctness  of  proxy

concentrations  instead  of  measured  values.  Proxy  derived  using  combined  data  reduced  the

associated  uncertainty  range  (33-50%)  of  using  proxy  concentrations  compared  to  any  other

individual site (35-69%, 28-59%, or 36-69%) based proxy. Thus, it was seen that it is useful to add

data from multiple locations for proxy construction,  as this  will  ensure different environmental
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PAQDCLDSA

(February 5th)
PAQDCLDSA

(March 26-28th)
PAQDCLDSA

(May 12th)

N2-10 0.81 0.12 0.0067

N10-50 0.91 0.79 0.83

N50-250 0.77 0.91 0.96



conditions are taken into account. Otherwise, it is necessary to apply caution when using a proxy

that is only being developed from data for one location. For the urban environment, the discretion

should be more adhered to, as conditions in these sites are rapidly changeable. In section 4.2, some

example cases show different environmental conditions that affect the SMEAR III site. Whether this

case studies will help to validate the proxy further and improve the proxies of this study, was not

investigated any further as this was not the goal of this analysis and will probably need additional

work in the future.

For  CS  and  PAQDCLDSA,  use  of  PM2.5,  NO2,  RH  and  temperature  yielded  reliable  proxies

(correlation coefficient, r = 0.85 and 0.83, respectively). For Particle number concentration, NO2

and RH gave a simple proxy that has a strong correlation (r = 0.76). Additionally, a campaign data

for SA from SMEAR III site used to produce a proxy for SA. SO2, Global radiation, CS and RH

gave the best version of that proxy. Proxy for SA was also previously derived for the SMEAR II

site. Proxy developed in this study is performing similarly to the proxy of the SMEAR II site or

proxy obtained by Mikkonen et al. 2011. Mikkonen et al. 2011 proxy is based on multiple sites and

includes more information about different environmental conditions. SA proxy had a correlation

coefficient (r) of 0.85. All of the expressions for proxies for SA, N, CS, BC and PAQDCLDSA can be

found from the equations 16-20, and the associated parameters and constants can be seen from the

table 2, 4, 5, 6, and 10, respectively. Using the measured AQT 420 data to implement these proxies

at air quality network will give additional parameters for air quality monitoring systems, helping to

build a dense network. 
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6. Supplementary figures

Supplementary figure 1: BC as a function of PM2.5 and NO2 at the individual stations. The

data was measured over the whole year of 2018. BC shows much stronger correlation with

NO2 (r = 0.68-0.85)  compared to the PM2.5 (r = 0.47-0.66) .
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Supplementary figure 2: BC proxy testing: PM2.5 and NO2 were used from Kumpula data to

produce a Kumpula based BC proxy. Kumpula and combined BC proxy were used to test the

performance of the proxies at other locations. Slight changes in the correlation coefficient

values, and the position of the 1:1 line through the data were observed. Often data centers

around the 1:1 line for the proxy concentrations based on parameters from the combined

proxy compared to the Kumpula based proxy concentrations.
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Supplementary figure 3: Proxy concentrations based on the Mäkelänkatu proxy parameters

often  resulted  in  large  variations  in  the  placement  of  the  1:1  line  compared  to  the

supplementary figure 2. 
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Supplementary figure 4: Proxy concentrations based on the Ita Hakkila proxy parameters

often  resulted  in  similar  to  the  supplementary  figure  3,  where  large  variations  in  the

placement of the 1:1 line is observed compared to the supplementary figure 2.
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