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Abstract 13 

 14 

A mathematical model is presented for the determination of human exposure to ambient air 15 

pollution in an urban area; the model is a refined version of a previously developed 16 

mathematical model EXPAND (EXposure model for Particulate matter And Nitrogen 17 

oxiDes). The model combines predicted concentrations, information on people’s activities and 18 

location of the population to evaluate the spatial and temporal variation of average exposure 19 

of the urban population to ambient air pollution in different microenvironments. The revisions 20 

of the modelling system containing the EXPAND model include improvements of the 21 

associated urban emission and dispersion modelling system, an improved treatment of the 22 

time-use of population, and better treatment for the infiltration coefficients from outdoor to 23 

indoor air. The revised model version can also be used for estimating intake fractions for 24 

various pollutants, source categories and population subgroups. We present numerical results 25 

on annual spatial concentration, time activity and population exposures to PM2.5 in the 26 

Helsinki Metropolitan Area and Helsinki for 2008 and 2009, respectively. Approximately 60 27 

% of the total exposure occurred at home, 17 % at work, 4 % in traffic and 19 % in other 28 

micro-environments in the Helsinki Metropolitan Area. The population exposure originating 29 

from the long range transported background concentrations was responsible for a major 30 

fraction, 86 %, of the total exposure in Helsinki. The largest local contributors were vehicular 31 

emissions (12 %) and shipping (2 %). 32 

 33 
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1  INTRODUCTION 34 

 35 

Exposure models vary from simple relations of the health aspects with the outdoor air 36 

concentrations up to comprehensive deterministic exposure models (e.g., Kousa et al., 2002; 37 

Ashmore and Dimitripoulou, 2009). Most of the epidemiological studies have been conducted 38 

based on relations between pollution concentrations measured at fixed ambient air quality 39 

monitoring sites, or modelled values using land-use regression models, and community-level 40 

health indicators, such as mortality (Pope and Dockery, 2006).  41 

 42 

Since the urban population spends typically 80-95 % of their time indoors (Hänninen et al., 43 

2005; Schweizer et al., 2007), the exposure to particles is dominated by exposure in indoor 44 

environments. The most simplistic approaches ignore the differences between indoor and 45 

outdoor air. Indoor air quality is determined by infiltration, ventilation and indoor pollution 46 

sources. Infiltration of outdoor particles indoors can be significant even in tight buildings that 47 

use mechanical ventilation systems and efficient air intake filters. Infiltration can also occur 48 

due to the operation of windows and doors, and cracks in the building envelope and window 49 

and door frames (Hänninen et al., 2005). Population exposure can therefore be significantly 50 

different, depending on the structure and ventilation of buildings.  51 

 52 

If one only takes into consideration concentration levels at measurement sites, fine-scale 53 

spatial variability is disregarded. However, the concentrations of pollutants in urban areas 54 

may vary by an order of magnitude on a scale of tens of meters. This is particularly important 55 

for traffic-originated pollution. Moreover, most of the simplistic models ignore the activity 56 

patterns of individuals, i.e., people’s day-to-day movements from one location to another, 57 

which is known to cause significant variations in exposure (Beckx et al., 2009). 58 

 59 

The assessment of exposure with a deterministic approach usually requires application of 60 

integrated model chains starting from estimation of emissions to atmospheric dispersion and 61 

transformation of air pollutants. This can be complemented with time-microenvironment-62 

activity models, an essential part of exposure assessment, and indoor to outdoor (i/o) 63 

concentration ratios. Microenvironment is defined by a location in which human exposure 64 

takes place, containing a relatively uniform concentration, such as, e.g., home or workplace. 65 

The average personal or population exposure is then estimated as a linear combination of 66 

concentrations in different microenvironments, weighted by the time spent in each of them.  67 
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 68 

Probabilistic models of population exposure distributions such as EXPOLIS (Hänninen et al., 69 

2003, 2005) and INDAIR (Dimitroulopoulou et al., 2006) provide the frequency distribution 70 

of exposure within a population, rather than mean or individual exposures. The population 71 

exposure can also be obtained by combining time-activity, dispersion modelling, and 72 

Geographical Information Systems techniques; this approach has been adopted in the models 73 

developed by Jensen (1999), Kousa et al. (2002), Gulliver and Briggs (2005), Beckx et al. 74 

(2009) and Borrego et al. (2009). These models can evaluate the individual or population 75 

exposure in different microenvironments during the day. In particular, the deterministic 76 

modelling system EXPAND (EXposure model for Particulate matter And Nitrogen oxiDes; 77 

Kousa et al., 2002) can be applied to continuous time segments ranging from one hour to 78 

several years, and for various urban spatial domains, as the time-activity and emission data 79 

are temporally and spatially resolved. The city-scale resolution allows taking into 80 

consideration small scale (street and neighbourhood scales) spatial variability. The EXPAND 81 

model can also consider exposure pathways, by evaluating population intake fractions (Loh et 82 

al., 2009). 83 

 84 

The EXPAND model was developed for the determination of human exposure to ambient air 85 

pollution in an urban area. The aims of this article are to describe a substantially improved 86 

version of this model and to present selected illustrative numerical results. Numerical results 87 

were computed for human exposure to fine particulate matter (PM2.5) in the Helsinki 88 

Metropolitan Area for 2008 and in Helsinki for 2009. The Helsinki Metropolitan Area is 89 

located by the Baltic Sea and it comprises of four cities: Helsinki, Espoo, Vantaa and 90 

Kauniainen; the total population is slightly over 1.0 million. The population of Helsinki is 91 

over 600 thousand. We have evaluated the exposure of the population in terms of both various 92 

micro-environments and the main source categories. This study also presents for the first time 93 

quantitative evaluations of the influence of shipping emissions on concentrations and 94 

population exposure in Helsinki.  95 

 96 

2 METHODOLOGY 97 

2.1 Modelling of vehicular traffic flows  98 

 99 

We have modelled the traffic flows in the street network of the Helsinki Metropolitan Area 100 

using the EMME/2 interactive transportation planning package (INRO, 1994). The model 101 
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generates a treatment for the traffic demand on the basis of given scenarios, and allocates the 102 

activity over the links (i.e., segments of road or street) of this network, according to 103 

predetermined set of rules and individual link characteristics (Elolähde, 2006). The traffic 104 

demand generated by the model is governed by the assumed socio-economic urban structure 105 

and location of the main activities, such as residential areas and workplaces, as well as the 106 

usage rate of public transport. Both the urban bus routes and the incoming and outgoing coach 107 

traffic are included in the model.  108 

 109 

According to the link characteristics and the number of vehicles, the software is used to 110 

compute the average speed of vehicular traffic for each link on a given hour of the day. 111 

Furthermore, both weekly and seasonal variations of the traffic density are taken into account. 112 

The profiles of vehicle speed and vehicle numbers are then computed for each link for each 113 

hour of the day (separately for weekdays, Saturdays and Sundays), and further aggregated 114 

over the year.  115 

 116 

In this study, approximately 4300 road and street links were included in the computations. 117 

The model also allows for the activities at all the major ports in Helsinki; which increase 118 

heavy duty vehicle traffic, in particular. In this study, the traffic flow modelling was based on 119 

the traffic data for 2008 and 2009, for the corresponding dispersion computations for 2008 120 

and 2009, respectively. It was pertinent to use up-to-date traffic data, due to recent substantial 121 

changes of traffic flows, caused especially by a recently constructed major cargo harbour in 122 

the easternmost part of Helsinki at Vuosaari. This new harbour is located further away from 123 

the Helsinki city centre, and it has been active since November 2008. The container terminals 124 

of the harbours at Sörnäinen and at the Western harbour (which are located in central 125 

Helsinki) were transferred to the harbour at Vuosaari. 126 

 127 

2.2 Modelling of emissions  128 

 129 

The emissions of PM2.5 were evaluated in the Helsinki Metropolitan Area for 2008, and in a 130 

more limited domain, the city of Helsinki for 2009. We have included the emissions 131 

originated from urban vehicular traffic for both years, and the emissions from shipping and 132 

major stationary sources for 2009. This approach has allowed us to study both the general 133 

characteristics of population exposure in the whole of the metropolitan area, and in more 134 

detail the influence of two potentially significant local source categories in the capital city.  135 
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 136 

2.2.1 Exhaust and suspension emissions originated from vehicular traffic  137 

 138 

The emissions of PM2.5 were computed for each link using average speed-dependent 139 

functions, determined separately for each vehicle category (Laurikko et al., 2003). The 140 

emission factors were based on European emission factors, and these take into account the age 141 

distribution of the Finnish vehicle fleet (Kauhaniemi et al., 2011, Laurikko et al., 2003). A 142 

total of 14 vehicle categories were included, divided to petrol cars with or without a catalytic 143 

converter, diesel-fuelled vehicles, as well as busses and other heavy duty vehicles. The 144 

division of the vehicles within the passenger car category was based on the registration 145 

statistics.  146 

 147 

We evaluated the vehicular-traffic emissions by scaling a previously compiled detailed 148 

inventory for the year 2005, to correspond to the years 2008 and 2009. The national vehicular 149 

exhaust emission values are available for 2005, 2008 and 2009 from a calculation system for 150 

traffic exhaust emissions and energy consumption, LIPASTO (Mäkelä, 2002). The scaling 151 

was performed for each road link, mainly using the ratio of the total vehicular exhaust 152 

emissions of PM2.5 in Helsinki Metropolitan Area in 2005 to that in 2008 and 2009, 153 

respectively. This means that the vehicular exhaust emissions were assumed to vary with a 154 

constant percentage from 2005 to 2008 or 2009. In addition, this scaling allows for major 155 

changes in traffic flows, such as those caused by the transferred cargo harbours.  156 

 157 

In the Nordic countries, the cold start and cold driving emissions of PM2.5 can be substantial, 158 

especially in winter. These emissions were taken into account, using coefficients based on 159 

laboratory emission measurements (Laurikko, 1998). The coefficients were estimated 160 

separately for weekdays and weekend, and take into consideration the temperature of ambient 161 

air and the fraction of vehicles using a pre-heating of engine (Kauhaniemi et al., 2008). 162 

 163 

We also applied a model for the road suspension emissions for PM2.5, FORE, described by 164 

Kauhaniemi et al. (2011). This model is based on the model presented by Omstedt et al. 165 

(2005). The emission factor for suspension of road dust (in units µg/veh/m) is a product of the 166 

so-called reference emission factors, the reduction factor of the moisture content of the street, 167 

and a weighted sum of the contribution of particles from the wear of pavement and from the 168 

traction sand. The FORE model can be used as an assessment tool for urban PM2.5 169 
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contributions in various European regions, provided that the model input values are available 170 

for local traffic flow, meteorological data and region-specific coefficients. The region-specific 171 

coefficients can be determined with fairly simple measurements, as described by Omstedt et 172 

al. (2005). 173 

 174 

However, the emissions from brake, tire, and clutch wear are not included in the model, due 175 

to their small contribution compared to suspension and road wear emissions in the Nordic 176 

countries. The baseline values for the suspension emission model were set by the reference 177 

emission factors that depend on the period (that may include street sanding or not), the mass 178 

fraction of particles (fine and coarse), and the traffic environment (urban or highway).  179 

 180 

2.2.2 Emissions originated from shipping  181 

 182 

Emissions from ship traffic in the harbours of Helsinki and in the surrounding sea areas were 183 

modelled using the Ship Traffic Emissions Assessment Model (STEAM) presented by 184 

Jalkanen et al. (2009 and 2012). The method is based on using the messages provided by the 185 

Automatic Identification System (AIS), which enable the positioning of ship emissions with a 186 

high spatial resolution (typically a few tens of metres). The model also takes into account the 187 

detailed technical data of each individual vessel. The AIS messages were received from the 188 

Finnish AIS network. 189 

 190 

The geographical domain of ship emission modelling was selected so that all the major 191 

harbours in Helsinki were included. We modelled the emissions (i) from ships cruising in the 192 

selected domain in the vicinity of Helsinki; (ii) from ships manoeuvring in harbours; and (iii) 193 

from the use of diesel generators at ships while at berth. Emissions from other sources in 194 

harbours, such as various harbour machinery, were not included. 195 

 196 

The computational domain of the shipping emissions comprises a rectangular area, the extent 197 

of which is 21.5 km in the east to west direction, and 25.5 km in the north to south direction. 198 

The cell size of the computational grid is 0.001º. This domain is slightly larger than the 199 

computational domain for evaluating exposures, as we considered it appropriate to include 200 

also the shipping emissions originated from the sea areas in the vicinity of Helsinki. 201 

 202 
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2.2.3 Emissions originated from stationary sources 203 

 204 

The emissions from major stationary sources in the Helsinki Metropolitan Area were mainly 205 

originated from energy production and other industrial sources. We have allowed for the most 206 

widely used methods for heating of residential buildings and domestic water, and for 207 

household appliances, viz. electricity (33 %) and district heating (29 %) (Statistics Finland, 208 

2012). 209 

 210 

The third most important source of energy for households is small-scale combustion, which 211 

mainly constitutes of the burning of wood (23 %). However, small-scale combustion was not 212 

included in this study, as the spatial distribution of the emission data was not known with 213 

sufficient accuracy.  214 

 215 

2.3 Dispersion modelling 216 

 217 

The urban atmospheric dispersion modelling system utilized in this study combines the road 218 

network dispersion model CAR-FMI (Contaminants in the Air from a Road) for vehicular 219 

traffic and shipping, and the UDM-FMI model (Urban Dispersion Model) for stationary 220 

sources. These models have been addressed in detail by, e.g., Karppinen et al. (2000a) and 221 

Kukkonen et al. (2001). Both of these models are multiple source Gaussian urban dispersion 222 

models.  223 

 224 

The dispersion parameters are modelled as a function of Monin-Obukhov length, friction 225 

velocity, and boundary layer height, which are computed with meteorological pre-processing 226 

model MPP-FMI (Karppinen et al., 2001). This model has been used with input data from the 227 

three nearest synoptic weather stations and the nearest sounding station, to evaluate an hourly 228 

meteorological time series for the dispersion modelling computations.  229 

 230 

In the urban scale computations, PM2.5 was treated as a tracer contaminant, i.e., no chemical 231 

reactions or aerosol processes were included in the calculations. The computations included 232 

approximately 5000 line sources for vehicular traffic and shipping for both years, and in 233 

addition, 40 stationary sources (power plants and industrial facilities) for 2009. All shipping 234 

emissions were treated as line sources with an injection height of 30 m above the sea level. 235 

The value of 30 m is a weighted average value of the injection heights of all ships considered 236 
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(including also their estimated average plume rise); as relative weighting coefficients we used 237 

the magnitudes of emissions provided by the STEAM model. The STEAM model includes a 238 

detailed database that contains technical properties of all major ships that travel in the Baltic 239 

Sea. 240 

 241 

For 2008, the regional and long-range transported (LRT) background concentrations were 242 

based on the concentrations computed with the LOTOS-EUROS model (Schaap et al., 2008). 243 

We selected as the LRT background values the predicted hourly PM2.5 concentrations at a 244 

model grid square (approximately of the size of 7 x 7 km
2
) that includes the regional 245 

background station Luukki. This site has previously been found to represent well the LRT 246 

background concentrations for the Helsinki Metropolitan Area; the influence of local sources 247 

on the PM2.5 concentrations at this station has been estimated to be on the average less than 10 248 

%. The reason for using the predictions of the LOTOS-EUROS model was the harmonization 249 

of regional background computations in the EU-funded TRANSPHORM project 250 

(www.transphorm.eu). However, for 2009, we used as the LRT background concentrations 251 

the measured values at the measurement site in Luukki. 252 

 253 

The computations of the LOTOS-EUROS model on a European scale included the formation 254 

of secondary inorganic aerosol, including sulphates, nitrates and ammonia, but these did not 255 

include the formation of secondary organic aerosol. The contributions from sea salt, wild-land 256 

fires and elemental carbon have also been included. The secondary PM2.5 has therefore been 257 

modelled with a reasonable accuracy in the regional background concentration values; 258 

however, there is an underprediction, caused presumably mainly by the missing secondary 259 

organic aerosol fraction. 260 

 261 

The local contribution of sea salt aerosol in PM2.5 is on the average smaller than 0.2 µg/m
3
 in 262 

Helsinki; the low value is mainly due to the low salinity of the Baltic Sea (Sofiev et al, 2011). 263 

The wind-blown dust concentrations are also low on an annual average level, emitted by 264 

distant sources (Franzen et al., 1994). Hence, the urban-scale computation included only the 265 

LRT’ed contribution of these natural aerosols.  266 

 267 

The concentrations were computed in an adjustable grid. The receptor grid intervals ranged 268 

from approximately 20 meters in the vicinity of the major roads to 500 meters on the outskirts 269 

http://www.transphorm.eu/
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of the area. The number of receptor points was more than 18000 and more than 6000 for the 270 

computations of vehicular traffic and shipping, and for the stationary sources, respectively.  271 

 272 

The CAR-FMI model has previously been evaluated against the measured data of urban 273 

measurement networks in Helsinki Metropolitan Area and in London both for gaseous 274 

pollutants (e.g., Karppinen et al., 2000b, Kousa et al., 2001 and Hellén et al., 2005) and for 275 

PM2.5 (Kauhaniemi et al., 2008, Sokhi et al., 2008 and Singh et al., 2013). The performance of 276 

the CAR-FMI model has also been evaluated against the results of a field measurement 277 

campaign and other roadside dispersion models (Kukkonen et al., 2001, Öttl et al., 2001, 278 

Levitin et al., 2005). The UDM-FMI has been evaluated against the measured data of urban 279 

measurement networks in Helsinki Metropolitan Area (Karppinen et al., 2000b, Kousa et al., 280 

2001) and the tracer experiments of Kincaid, Copenhagen and Lilleström. The main limitation 281 

of Gaussian dispersion models is that they do not allow for the detailed structure of buildings 282 

and obstacles.  283 

 284 

2.4 Modelling of human activities 285 

 286 

We obtained the information on the location of the population from the data set that has been 287 

collected annually by the municipalities of the Helsinki Metropolitan Area. The human 288 

activity data within the EXPAND model is based on this data set. The dataset contains 289 

information on the dwelling houses, enterprises and agencies located in the area in 2009. The 290 

dataset provides geographic information on the total number and age distribution of people 291 

living in a particular building, and the total number of people working at a particular 292 

workplace. The data also includes information on the number and location of customers in 293 

shops and restaurants, and individuals in other recreational activities.  294 

 295 

The location of people in traffic was evaluated using the computed traffic flow information. 296 

This information is available separately for buses, cars, trains, trams, metro, pedestrians, and 297 

cyclists for each street and rail section on an hourly basis. Neither this information nor the 298 

above mentioned information from the municipalities identifies individual persons. Time 299 

activity of people in harbours was based on the numbers of travellers in each ship line and the 300 

time tables of ships arriving to and departing from Helsinki. 301 

 302 



10 

 

 

The time-microenvironment activity data for both years considered (2008 and 2009) is based 303 

on the time use survey by Statistics Finland. The time activity data were collected from 532 304 

randomly selected over 10-year old inhabitants in the Helsinki Metropolitan Area for the 305 

years 2009 and 2010 (OSF, 2013). There was no detailed information on the time activities of 306 

children that are younger than or equal to 10 years old; it was therefore assumed in the 307 

activity modelling that such children stay at home all the time. This assumption will probably 308 

result in only moderate inaccuracies, as most of the childcare facilities and schools are located 309 

within a radius of three kilometres from a child’s home.  310 

 311 

Population time-activity data was divided into four micro-environments: home, workplace, 312 

traffic, and other activities. The category ‘other activities’ includes customers in shops, 313 

restaurants and other locations; however, it does not include the personnel working at such 314 

places (they are included in the category ‘workplace’). The time-activity data is updated by 315 

the municipalities once in every 10 years. The data that we have used in this study 316 

(corresponding to the year 2009) is therefore better representative for the last few years than 317 

the data used in the previous EXPAND model version (Kousa et al., 2002). The previously 318 

applied time-microenvironment activity data was provided for Helsinki in the EXPOLIS 319 

study. The EXPOLIS activity data included only adult urban populations, from 25 to 55 years 320 

of age, whereas the new activity data comprises of all population age-groups.  321 

 322 

2.5 The infiltration of outdoor air indoors  323 

 324 

Indoor air quality is determined by the efficiency of infiltration of outdoor air indoors, 325 

ventilation and indoor air pollution sources.  An infiltration factor (Finf) for pollutant species a 326 

is defined as  327 

a

ai

C

C
F inf                                                                                                                                (1) 328 

 329 

where Cai is the indoor air concentration of species a originating from ambient air, and Ca is 330 

the outdoor air concentration of species a. By definition 0 ≤ Finf ≤ 1.  331 

 332 

The infiltration rates of ambient air particles in the previous version of the EXPAND model 333 

were estimated using data based on the EXPOLIS study. This was a population representative 334 
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study on working age people, conducted in 1996-97. It included measurements of indoor and 335 

outdoor PM2.5 concentrations, and X-ray fluorescence analysis of elemental markers 336 

(Hänninen et al., 2004; Jantunen et al., 1998; Rotko et al., 2000). Elemental sulphur was used 337 

as a marker of the outdoor originating particles in 84 residences. The i/o ratios of sulphur in 338 

particles were also corrected to allow for the particle size distributions (Hänninen et al., 339 

2004).  340 

 341 

The infiltration factors at workplaces of the same subjects were also analysed. The 342 

workplaces are distributed following a random population sample, but differences between 343 

different types of workplaces could not be evaluated, due to the limited number of subjects. 344 

Data on infiltration factors in public buildings is scarce; it has therefore been assumed that the 345 

values determined in the EXPOLIS project correspond to all workplaces.  346 

 347 

In this study, the previous EXPOLIS infiltration estimates were updated, using also aerosol 348 

measurements in the ULTRA-2 study. These aerosol samples were collected in Helsinki in 349 

1999, including a sample of homes of 47 cardiovascular patients, with 4-5 repeated 350 

measurements (Lanki et al., 2008). The set of homes is smaller in this sample, but the 351 

methods were updated to include a treatment of particle size dependent behaviour. The 352 

comparison of the results obtained using sulphur-based and aerosol methods revealed 353 

significant differences in the aerosol parameters; in particular, regarding the deposition rate 354 

and the estimation of the air exchange rates. Nevertheless, the PM2.5 infiltration factor 355 

distributions of residences were almost identical and were not affected by the improved 356 

methods. 357 

 358 

In this study, we have evaluated only the impact of outdoor air pollution on the population 359 

exposure. We have considered neither the influence of indoor sources of PM2.5 nor the impact 360 

of particulate matter transformation and deposition in the indoor environments on the 361 

population exposure. In order to account for the indoor concentrations, the EXPAND model 362 

could be used to consider the ratio between indoor and outdoor concentrations. However, the 363 

detailed value of this ratio depends on numerous factors, in particular the influence of indoor 364 

sources.  365 

 366 

The infiltration factors in the present study are based on the results that have been summarised 367 

in Table 1. These PM2.5 infiltration rates were estimated based on residential and workplace 368 

http://wizfolio.com/?citation=1&ver=3&ItemID=325&UserID=3251&AccessCode=3500BF13D3584824A60F2CD6CBE94FC0&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=325&UserID=3251&AccessCode=3500BF13D3584824A60F2CD6CBE94FC0&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=330&UserID=3251&AccessCode=D71FE240C4EA410AA1D9FE5CEA56EEF2&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=287&UserID=3251&AccessCode=7B0072C82BB1426AB2853C77E3C783B6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=287&UserID=3251&AccessCode=7B0072C82BB1426AB2853C77E3C783B6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=371&UserID=3251&AccessCode=C25DE48FD9B4400ABC4A9C5FF440776A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=279&UserID=3251&AccessCode=D9A25B81AEAB499F8F135CBEC863D53F&CitationSuffix=
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measurements using two relatively large population-based datasets (EXPOLIS and ULTRA-369 

2). We therefore evaluate that the residential infiltration rates have been fairly reliably 370 

estimated for the 1996-99 building stock. The corresponding values for workplaces, 371 

representing partly public buildings and partly private occupational businesses, are available 372 

only from the EXPOLIS study. The infiltration estimates for non-residential buildings 373 

therefore contain more substantial uncertainties. 374 

 375 

For simplicity, a weighted average of the presented results, i.e., the value of 0.57, was 376 

assumed to represent both the home and work environments. As the information in the case of 377 

traffic and other microenvironments was very scarce, it was assumed that the infiltration 378 

factor would be equal to one for those microenvironments.   379 

 380 

The Finnish building code (EP, 2002) has been updated in 2002 and 2010, setting new 381 

requirements for improved energy efficiency and improved filtration in ventilation. The 382 

infiltration rates will therefore be lower in buildings that have been built after the two above 383 

mentioned studies. Hänninen et al. (2005) estimated that there was a 20 % reduction of 384 

infiltration factors in the building stock that was built in the 1990’s, in comparison with older 385 

buildings. The same long-term trend has continued in the 2000’s. Considering all buildings, 386 

the impact on infiltration factors of improved energy efficiency and filtration in ventilation is 387 

much smaller, due to the slow renewal rate of the building stock, estimated to be of the order 388 

of 1-2 % annually.  389 

 390 

2.6 Modelling of exposure 391 

 392 

Exposure to air pollutants can be represented as the sum of the products of time spent by a 393 

person in different locations and the averaged air pollutant concentrations prevailing in those 394 

locations. These locations are commonly categorised into micro-environments, which are 395 

assumed to have homogeneous pollutant concentrations. Exposure can therefore be written as: 396 





m

j

ijiji CTE
1

                                                                                                                   (2) 397 

where Ei is the total exposure of person i in various micro-environments [µg m
-3 

s], m is the 398 

number of different microenvironments, Tij is the time spent in microenvironment j by person 399 

i [s] and Cij is the air pollutant concentration that person i experiences in microenvironment j 400 
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[µg m
-3

]. Equation (2) can also be interpreted as a weighted sum of concentrations, in which 401 

the weights are equal to the time spent in each micro-environment.  402 

 403 

The main objective of this study was to evaluate the average exposure of the population with 404 

reasonable accuracy, instead of the personal exposures of specific individuals. The exposure 405 

modelling in case of homes is done by combining residential coordinates with the information 406 

on the number of inhabitants at each building and the time spent at home during each day. 407 

Correspondingly, for the workplace coordinates, the number of the personnel and the time 408 

spent at the workplace are combined.  409 

 410 

The population activities at other locations (such as, e.g., shops, restaurants, cafes, pubs, 411 

cinemas, libraries and theatres) are evaluated using statistical information of leisure time 412 

(CHUF, 2009). The number of persons in traffic is evaluated based on the predicted traffic 413 

flows. In the case of buses, trains, metro, trams and pedestrians and cyclists, the number of 414 

persons and the time they spend in each street or rail section is estimated using the traffic-415 

planning model EMME/2. In case of private cars, the EMME/2 model predicts the number of 416 

cars; we assumed that the number of passengers in each car is equal to the average value in 417 

the area, i.e., 1.31 (Hellman, 2012).  418 

 419 

The concentrations are interpolated on to a rectangular grid in the model. The data regarding 420 

population activities (number of persons * hour) is also converted to the same grid. For this 421 

study, the grid-size was selected as 50*50 m
2
. The GIS system MapInfo is subsequently 422 

utilised in the post-processing and visualisation of this information.   423 

 424 

The model has also been extended to be able to use various internationally used coordination 425 

systems; details have been reported in Appendix A.  426 

 427 

2.7 Modelling of intake fractions  428 

 429 

The EXPAND model was refined to calculate not only exposures, but also intake fractions 430 

(iF) for the available substances. The iF is defined as intake by humans via relevant exposure 431 

pathways, divided by the emissions of the pollutant. For instance, an intake fraction of one in 432 

a million (10
-6

) means that for every tonne of a pollutant emitted, 1 g is inhaled by the 433 

exposed population. The iF concept provides a measure of the portion of a source’s emissions 434 
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that is, e.g., inhaled by an exposed population over a defined period of time. The iF concept 435 

can be useful in both screening-level order-of-magnitude estimates and more detailed policy 436 

modelling of non-reactive compounds (Bennett et al., 2002). 437 

 438 

The model allows for the estimation of the spatial and temporal distribution of iF’s, by 439 

combining and processing different input values: time-microenvironment activity data, the 440 

spatial location of the population, micro-environmental population breathing rates, and 441 

pollutant concentration distributions (Loh et al., 2009). The emissions can be considered for 442 

one source only, or for a selected source category. The iF can be calculated using exposure 443 

estimates for the micro-environments of interest and the average breathing rate of a 444 

population, while in each micro-environment.  445 

 446 

3 RESULTS AND DISCUSSION 447 

 448 

We address results computed for two years, 2008 and 2009. The computations in 2008 449 

address the Helsinki Metropolitan Area, whereas the computations in 2009 focus on the city 450 

of Helsinki. Both computations include the LRT pollution, and the vehicular emissions. 451 

However, the computations for 2009 additionally include the emissions from major stationary 452 

sources and the emissions from shipping in the vicinity and in the harbours of Helsinki. The 453 

computations for 2008 can therefore be used for examining the population exposure within a 454 

wider area (the whole of the Helsinki Metropolitan Area), whereas those for 2009 are useful 455 

for investigating, in particular, the influence of major stationary sources and shipping on the 456 

population exposure within the more limited area of the Finnish capital.  457 

 458 

3.1 Predicted emissions of PM2.5 459 
 460 

The total emissions of PM2.5 originated from vehicular traffic were 322 tonnes for the 461 

Helsinki Metropolitan Area in 2008, and 202 tonnes for Helsinki in 2009. The vehicular 462 

emissions include exhaust emissions (these include also cold start and driving) and road 463 

suspension emissions. The emissions of PM2.5 originated from ships were estimated to be 204 464 

tonnes in Helsinki in 2009. The PM emissions originated from major stationary sources were 465 

225 tonnes in Helsinki in 2009, according to Lappi et al. (2008). In summary, the total annual 466 

emissions from vehicular sources and from shipping were approximately the same in Helsinki 467 
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in 2009, and the emissions from major stationary sources were slightly higher than those from 468 

vehicular or shipping sources.  469 

 470 

The emissions of PM2.5 originated from shipping in 2009 are presented in Fig. Figure 1b. 471 

There are three main harbours in central Helsinki, listed from north to south: the Kulosaari 472 

harbour, the Southern harbour and the Western harbour. The emissions per unit area are 473 

largest within these three harbour areas. One reason for the relatively high shipping emissions 474 

in harbours is that auxiliary diesel engines are used for power generation while at berth; these 475 

engines have relatively higher emissions per power output, compared with the main engines 476 

(Jalkanen et al., 2012). The second largest emissions occur along the main shipping routes 477 

from Helsinki to Tallinn (the southward ones) and to other major cities.  478 

 479 

The small-scale combustion emissions were not included in the dispersion computations, due 480 

to insufficient information regarding the spatial distribution and magnitudes of these 481 

emissions. The contribution of small-scale combustion to the total PM2.5 emissions in 482 

Helsinki Metropolitan Area has been estimated to be 15 %; this fraction is slightly lower than 483 

the corresponding one for stationary sources (21 %) (Niemi et al, 2009 and Gröndahl et al, 484 

2013). In the present study, allowing also for the emissions of small-scale combustion as 485 

reported in the above mentioned studies, the contributions of the different emission source 486 

categories for PM2.5 in Helsinki in 2009 are: 36 % for vehicular traffic, 23 % for major 487 

stationary sources, 23 % for shipping and 18 % for small-scale combustion. 488 

 489 

3.2 Predicted concentrations of PM2.5 490 
 491 

The predicted concentrations for vehicular emissions and LRT in 2008 are presented in 492 

Fig.Figure 2. The centre of Helsinki is on a peninsula that is located approximately in the 493 

middle of the southern part of Fig.Figure 2. The LRT is responsible for a substantial fraction 494 

of the total PM2.5 concentrations. The concentrations are highest in the vicinity of the main 495 

roads and streets, and in the centre of Helsinki. Fig.Figure 2 shows also the distinct influence 496 

of the ring roads number 1 (situated at a distance of about 8 km from the city centre) and 497 

number 3 (situated about 15 km from the city centre), the major roads leading to the Helsinki 498 

city centre, and the junctions of major roads and streets. The overall characteristics of the 499 

spatial distribution of the predicted concentrations in 2009 were very similar to those in 2008, 500 

and are therefore not presented here.  501 
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 502 

Averaging the results, for 2008, over all receptor grid locations, shows that LRT, vehicular 503 

traffic and shipping contribute 86 %, 11 % and 3 % to the PM2.5 concentrations, respectively. 504 

Although the average contribution of shipping to the total PM2.5 concentrations within the 505 

whole of the modelled domain was modest, this contribution can be higher than 20 % in the 506 

vicinity of the harbours (within a distance of approximately one kilometre).  507 

 508 

The computations for 2008 have been evaluated against the measurement data from the air 509 

quality monitoring network at the Helsinki Metropolitan Area; selected example results have 510 

been presented in Fig. Figure 3. In general, the agreement of the measured and predicted 511 

values was good or fairly good. For instance, the index of agreement that corresponds to the 512 

comparison of predicted and measured hourly time series of the PM2.5 concentrations varied 513 

from 0.72 to 0.73 at the available three stations, whereas the fractional bias varied from - 0.16 514 

to - 0.22.  515 

 516 

It is appropriate to evaluate, whether the above mentioned values on the contribution of 517 

shipping and harbours on the PM2.5 concentrations are correct. We have therefore compared 518 

the predicted annual average concentration values with the available measurements of the 519 

Helsinki Region Environmental Services Authority in the vicinity of harbours from 2008 to 520 

2010 (Table 2). For two stations, the year of measurement was not the same as the predicted 521 

year (2009); these comparisons are therefore only qualitative. The measured data included 522 

from 95 to 97 % of the hourly values for all these stations. 523 

 524 

Regarding the values at the stations in the vicinity of the harbours, the agreement of the 525 

predicted and measured annual means ranged from 5 to 9 %. This adds some confidence that 526 

the predicted contributions from shipping are probably approximately correct. The annual 527 

averages of the measured and predicted urban background values also differed only slightly. 528 

However, for the computations in 2009 we have used the measured regional background 529 

concentration values, which constitute a substantial fraction of the predicted concentrations.  530 

 531 

3.3 Predicted time-activities 532 

 533 

The time-activity of the population was divided into four categories: home, workplace, traffic 534 

and other activities. The diurnal variation of population activities in various 535 
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microenvironments in the Helsinki Metropolitan Area is presented in Fig. Figure 4. The 536 

children that are younger or equal to 10 years have been excluded from the data of this figure; 537 

however, they are included in the subsequent exposure computations. In the data presented in 538 

Fig. Figure 4, we have combined indoor and outdoor time-activity in each microenvironment.  539 

 540 

On average people spend most of their time at home environment. As expected, in the late 541 

afternoon and early evening, people spend a substantial fraction of their time in traffic and in 542 

other activities (these include shopping and various recreational activities). The results 543 

presented in Fig. Figure 4 can be compared with the previously applied time-activity data for 544 

the adult population, presented by Kousa et al. (2002). As expected, the more comprehensive 545 

sample of the population presented in Fig. Figure 4 (including population of all ages larger 546 

than 10 years) includes a substantially larger fraction of home activities, and a smaller fraction 547 

of work activities.  548 

 549 

The spatial and temporal distributions of the time-activity were modelled separately for each 550 

microenvironment. The annually averaged results have been presented in Figs. Figure 5a-e. 551 

As expected, the population density values are highest in the centre of Helsinki (Fig. Figure 552 

5a). There are also elevated levels of population density in the vicinity of the district centres 553 

of the other major cities in the area (Espoo and Vantaa), and in the vicinity of major roads and 554 

streets. The work time-activities are focused in some regions of central Helsinki, in the district 555 

centres, and in some industrial areas, whereas the home activities, and partly also the other 556 

activities are much more evenly dispersed throughout the area.  557 

 558 

3.4 Predicted exposures to PM2.5 559 

3.4.1 Exposures in various micro-environments in 2008 560 

 561 

The population exposures were computed based on the predicted PM2.5 concentrations and 562 

time-activities. The predicted concentration and population data were interpolated on to a 563 

rectangular grid with a grid size of 50 m. The population exposures were computed for each 564 

hour of the year, at 18.7 x 10
3
 receptor grid squares, separately for the selected four micro-565 

environments.  566 

 567 
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Population exposure is a combination of both the concentration and activity (or population 568 

density) values. The fractions of exposure in various micro-environments compared with the 569 

total population exposure to PM2.5 have been presented in Fig. Figure 6a. These values 570 

include all age groups (including also children younger than 10 years). The exposure at home 571 

is responsible for most of the exposure, 60 %; whereas the work and other activities exposures 572 

are responsible for most of the rest of the exposure, i.e., 19 and 17 %, respectively.  573 

 574 

We have compared the shares of time-activity and exposure in each microenvironment in 575 

Table 3, according to the computations. The contributions to the total time-activity and 576 

exposure are similar for home, work and other activities microenvironments; this indicates 577 

that there are no major relative differences in the average concentrations prevailing at those 578 

microenvironments. However, for traffic the contribution to exposure is substantially higher 579 

than the corresponding contribution to time-activity. This is mainly caused by the relatively 580 

higher concentrations on the roads and streets and in their vicinity.  581 

  582 

We have presented the spatial distributions of the predicted annual average population 583 

exposures in the Helsinki Metropolitan Area in 2008 in Figs. Figure 7a-e, for the total 584 

exposure and separately for all micro-environments. These distributions exhibit characteristics 585 

of both the corresponding spatial concentration distributions and time-activities. There are 586 

elevated values in the Helsinki city centre, along major roads and streets, and in the vicinity of 587 

urban district centres. The high home and work exposures in the centre of Helsinki are caused 588 

both by the relatively high concentrations and the highest population and workplace densities 589 

in the area.  590 

 591 

The spatial distributions of the population exposures at home and work correlate poorly (cf. 592 

Figs. Figure 7b-c). The reason is that while most of the work environments are located either 593 

in the centre of Helsinki and in district centres, or in major industrial, service and commercial 594 

regions, a substantial fraction of residences are also located in suburban areas.  595 

 596 

As expected, the exposure while in traffic is focused along the main network of roads and 597 

streets, and in their immediate vicinity. These exposures may be under-predicted for three 598 

main reasons. First, the traffic flow and emission modelling does not completely allow for all 599 

the effects of traffic congestion. The traffic flow modelling does take into account the slowing 600 

down of traffic in certain regions and streets, and the emission modelling takes into account 601 
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the dependency of emissions on the travel speed. However, the emission modelling does not 602 

take into account the effects of idling, and the deceleration and acceleration of vehicles. 603 

Traffic congestion occurs frequently in the centre of Helsinki, and also along the main roads 604 

and streets, especially during rush hours. Second, the dispersion modelling and the spatial 605 

averaging does not allow for the very fine-scale (< 50 m), highest peak concentrations above 606 

the roads and streets. The dispersion modelling also does not include any treatment for 607 

dispersion in street canyons, which tends to result in an under-prediction of concentrations. 608 

Third, by assuming no indoor sources (the infiltration factor for vehicles is equal to one) the 609 

indoor concentrations are neglected.  610 

 611 

We have allowed for only the influence of outdoor air pollution on the population exposure. 612 

We have not addressed the indoor sources and sinks of pollution; however, indoor sources 613 

such as, e.g., tobacco smoking, cooking, heating and cleaning can cause additional short-term 614 

concentration maxima. We have also assumed that the infiltration factor is temporally 615 

constant. The temporal variation of indoor concentrations would be expected to be smoother, 616 

compared with our assessments, due to the delay associated with the infiltration of outdoor air 617 

pollution to indoors. Such a delay would mainly affect shorter term exposure assessments; we 618 

have considered only annual average exposures in the present study.  619 

  620 

3.4.2 Exposures originated from various source categories in 2009 621 

 622 

The population exposures from various source categories were also computed for each hour of 623 

the year. The contribution of each source category to the total population exposure to PM2.5 624 

concentrations in the Helsinki have been presented in Fig. Figure 6b. The population exposure 625 

originated from the LRT background concentrations is responsible for a major fraction, 86 %, 626 

of the total exposure. The second largest contributors are vehicular emissions (12 %) and 627 

shipping (2 %). The exposure originated from major stationary sources is negligible, caused 628 

by the dispersion of pollutants to wide regions due to high stacks for most of these 629 

installations. However, the above mentioned percentage values include some uncertainties, 630 

due to excluding the small-scale combustion from these computations. The contribution of 631 

small-scale combustion on the population exposure will be higher than its contribution to the 632 

total emissions, due to the low injection heights.  633 

 634 
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We have presented in Figs. Figure 8a-c the spatial distributions of annually averaged 635 

predicted population exposures to PM2.5 in Helsinki in 2009, originated from various source 636 

categories. The population exposure caused by shipping is focused in central Helsinki, near 637 

the main harbours and within some densely inhabited parts of the city. As expected, the 638 

population exposure is relatively substantially lower within the main park areas (e.g., Central 639 

Park, and the parks of Kaisaniemi and Kaivopuisto) and a cemetery (Hietaniemi). In the 640 

harbours and their vicinity (approx. 1 km from the harbour), the contribution of shipping to 641 

total exposure can reach up to 20 %.  642 

 643 

4 Conclusions 644 

 645 

We have presented a refined version of a mathematical model for the determination of human 646 

exposure to ambient air pollution. A review of the main characteristics of the previous and 647 

current versions of the EXPAND model have been presented in Table 4. The revisions of the 648 

modelling system include the following: (i) The treatment of the time-use of population has 649 

been extended to include all the age groups and a wide range of activities, including detailed 650 

treatments of the various traffic modes, and a wide range of recreational activities; (ii) The 651 

infiltration coefficients from outdoor to indoor air have been updated based on new 652 

information from the ULTRA-2 study; (iii) The revised model version can also be used for 653 

evaluating intake fractions, and the model can be applied using several internationally applied 654 

coordinate systems. The model can be used for evaluating specific population exposures, e.g., 655 

in terms of population age-groups, microenvironments, source categories or individual 656 

sources.  657 

 658 

Numerical results have been presented on the spatial concentrations, the time activity and the 659 

population exposures to PM2.5 in the Helsinki Metropolitan Area for 2008 and in Helsinki for 660 

2009. The computations included the regionally and long-range transported pollution and the 661 

vehicular emissions both for 2008 and 2009. In addition, the emissions from major stationary 662 

sources and the emissions from shipping in the sea areas and in the harbours of Helsinki have 663 

been considered in the simulations for 2009. The above mentioned emission source categories 664 

contain all the most important sources in the area, except for small-scale combustion (such as, 665 

residential heating). It has been estimated that small-scale combustion contributes 18 % to the 666 

total PM2.5 emissions in the Helsinki Metropolitan Area. It was not possible to take into 667 

account those residential sources, due to scarcity of spatially resolved emission data. 668 
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 669 

We have conducted an unprecedentedly detailed and accurate emission inventory of PM2.5 670 

originated from shipping in 2009, using the STEAM emission model. The emissions per unit 671 

area were largest within three major harbour areas in Helsinki; the second largest emissions 672 

occurred along the main shipping routes. This study presents for the first time for this capital 673 

region quantitative evaluations of the influence of shipping emissions on the concentrations 674 

and population exposure. 675 

 676 

A comprehensive and up-to-date inventory was compiled of the time-activity of the 677 

population of approximately 1.0 million inhabitants. This inventory included the fine-scale 678 

spatial distributions of hourly time-activity of all the age groups of the population during a 679 

year, classified into four micro-environmental categories: home, workplace, traffic and other 680 

activities. On average, people spend most of their time at home. As expected, in the late 681 

afternoon and early evening, people spend a substantial fraction of their time in traffic and in 682 

other activities (these include, e.g., shopping and various recreational activities). The work 683 

time-activities are focused in some regions of central Helsinki, in the district centres, and in 684 

some industrial areas, whereas the home activities are much more evenly dispersed 685 

throughout the area.  686 

 687 

Finally, we evaluated the population exposures both in terms of the micro-environments and 688 

the main source categories. Approximately 60 % of the total exposure occurred at home, 17 % 689 

at work, 4 % in traffic and 19 % in other micro-environments. The spatial distributions of the 690 

population exposures exhibit characteristics of both the corresponding spatial concentration 691 

distributions and time-activities. There were elevated exposure values in the Helsinki city 692 

centre, along major roads and streets, and in the vicinity of urban district centres. The high 693 

home and work exposures in the centre of Helsinki were caused both by the relatively high 694 

concentrations and the highest population and workplace densities in the area.  695 

 696 

As expected, the exposure while in traffic was focused along the main network of roads and 697 

streets, and in their immediate vicinity. However, the exposures in traffic may be under-698 

predicted in this study for three main reasons. First, the emission modelling does not 699 

explicitly allow for the traffic congestion. Second, the dispersion modelling and the spatial 700 

averaging do not allow either for the dispersion in street canyons or the very fine-scale 701 
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concentration distributions above the roads and streets. Third, the indoor concentrations are 702 

neglected. 703 

 704 

The population exposure originated from the LRT’ed background concentrations was 705 

responsible for a major fraction, 86 %, of the total exposure. The second largest contributors 706 

were vehicular emissions (12 %) and shipping (2 %). The exposure originated from major 707 

stationary sources was marginally small. In the harbour areas and their vicinity 708 

(approximately at the distance of 1 km), the contribution of shipping to total exposure can 709 

reach up to 20 %.  710 

 711 

The values for the infiltration factors were updated based on the best available information, 712 

from the ULTRA-2 study. However, the assumed infiltration values are averages for 713 

residential and workplace buildings, and do not take into account the specific characteristics 714 

of individual buildings, such as the efficiency of ventilation and the filtering of pollutants, or 715 

pollution sources and sinks within the indoor microenvironments. The relevant information 716 

regarding the whole of the building stock was not sufficient for conducting such assessments.  717 

 718 

This model has been designed to be utilised by municipal authorities in evaluating the impacts 719 

of traffic planning and land use scenarios. It has been used, for instance, as an assessment tool 720 

in the revision of the transportation system plan for the Helsinki Metropolitan Area. Such 721 

detailed population exposure models can also be a valuable tool of assessment to estimate the 722 

adverse health effects caused to the population by air pollution, both for the present and in the 723 

future. The model, including the GIS-based methodology, could also be applied on a regional 724 

scale in the future.  725 

 726 

The methodologies developed, and the EXPAND model itself, are available to be utilised also 727 

for other urban areas world-wide, and within other integrated modelling systems, providing 728 

that sufficiently detailed concentration fields and time-activity surveys will be available. The 729 

data that is commonly the most difficult to find and process to a suitable format is the detailed 730 

time-activity information. This data should include at least a survey regarding the temporally 731 

varying location of the population in residential and workplace environments. Whenever 732 

possible, this information should be accompanied with time-activity information of the 733 

population in traffic and at recreational activities. The location of the population in traffic can 734 
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commonly be estimated mainly based on traffic flow information, combined with information 735 

on the number of passengers in private cars, buses and other vehicles.  736 

 737 

The executable program of the EXPAND model for Windows operating system for evaluating 738 

human exposure to air pollution in an urban area is available upon request from the authors. 739 

 740 
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Table 1 Compilation of available results on the PM2.5 infiltration factors in the building 927 

stocks in the Helsinki Metropolitan Area, based on the results from the EXPOLIS and 928 

ULTRA-2 studies. In case of the EXPOLIS study, the main references have been listed. For 929 

the ULTRA-2 study, the methods have been mentioned; these infiltration factors have not 930 

been previously published. SD = standard deviation.  931 

 932 

Acronym 

of study 
Year 

Type of 

buildings 

Number 

of 

buildings 

Infiltration 

factor 

(mean ± SD) 

References or method 

EXPOLIS 1996-97 Residences 84 0.59±0.17 Hänninen et al.  

(2004 and 2011) 

EXPOLIS 1996-97 Workplaces 94 0.47±0.24 Hänninen et al. (2005) 

ULTRA-2 1999 Residences 47 (180)
a
 0.58±0.15 sulphur-based method  

(Hänninen et al., 2013) 

ULTRA-2 1999 Residences 47 (180)
a
 0.55±0.13 Aerosol-based method 

(Hänninen et al., 2013) 

a
 Number of daily measurements in parenthesis.  933 

  934 
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Table 2 Comparison between measured and predicted annual average PM2.5 concentrations 935 

(µg/m
3
) at the measurement sites in the vicinity of harbours, and at an urban background site 936 

in Helsinki. All modelled values are for 2009. SD = standard deviation based on the hourly 937 

values.  938 

 939 

Name of the 

measurement site 

Classification of 

the 

measurement 

site 

Annual 

mean ± SD, 

modelled 

Year of 

measure-

ments 

Annual 

mean ± SD, 

measured 

Eteläranta 

 

In the vicinity of 

a harbour 

8.7±3.3 2010 9.8±9.9 

Katajanokka 

 

In the vicinity of 

a harbour 

8.0±2.9 2009 7.7±6.0 

Western harbour 

 

In the vicinity of 

a harbour 

8.2±3.2 2008 8.7±8.7 

Kallio 

 

Urban 

background 

8.2±3.0 2009 8.4±5.7 

 940 

 941 

 942 

Table 3 Contribution in each microenvironment to total time-activity and exposure.  943 

 944 

Microenvironment 
Contribution to total 

time-activity (%) 

Contribution to total 

exposure (%) 

Home 61 60 

Work 18 17 

Traffic 2 4 

Other activity 18 19 

 945 

 946 

 947 

 948 

 949 

 950 

 951 
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Table 4 A summary of the refinements of the EXPAND model done in this study.  952 

 953 

 
Previous version  

(Kousa et al., 2002) 

Current version  

 (this study) 

Emissions  
Vehicular (exhaust), 

major stationary sources  

Vehicular (exhaust and suspension), 

major stationary sources, shipping 

Pollutants 

addressed 
NOx and NO2 PM2.5 

Dispersion 

models 

CAR-FMI, UDM-FMI, 

measured regional 

background 

CAR-FMI, UDM-FMI,  

LOTOS-EUROS, measured regional 

background 

Time- activity 

data  

Working age population 

(25-65 years), 

year 2000 

All age groups, 

wider range of activities for various 

traffic modes and recreational 

activities, 

 year 2010 

Infiltration rates 
Based on the EXPOLIS 

project 

Based on the EXPOLIS and 

ULTRA2 projects 

Model results 

Population exposure, 

microenvironment- and 

source-specific 

Population exposure and intake 

fractions, microenvironment-, 

source- and population group-

specific 

Coordinate 

systems 

Finnish coordinate 

system 

Several international and national 

coordinate systems 

 954 

  955 



33 

 

 

a) 

  
b) 

 

 956 

Figure 1. (a) Location of the harbours and the measurement sites in their vicinity in 2009. The 957 

notation for harbours: Katajanokka harbour (KH), Southern harbour (SH), Western harbour 958 

(WH); and for the measurement sites: Eteläranta (EM), Katajanokka (KH), Western harbour 959 

(WM). The urban background measurement site at Kallio has also been marked in the figure. 960 

(b) The predicted emissions of PM2.5 originated from shipping (g/cell) in Helsinki in 2009; the 961 

size of each grid cell is 0.001 º.   962 
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 963 

Figure 2. Predicted annual average concentrations of PM2.5 (µg/m
3
) in the Helsinki 964 

Metropolitan Area in 2008. The grid size is 50 m x 50 m and the size of the depicted area is 965 

20 km x 16 km.  966 

 967 

 968 
a)

 

b)

 

 969 

Figure 3. Predicted daily averaged against observed PM2.5 concentrations at the stations of a) 970 

Kallio (urban, background) and b) Mannerheimintie (urban, traffic) in 2008. 971 

  972 
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 973 

Figure 4. The diurnal variation of the activity of the population in the Helsinki Metropolitan 974 

Area in four microenvironments, based on the data for 2009 and 2010. Children that are 975 

younger or equal to ten years old have not been included in the statistics of this figure.  976 

  977 
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 978 

Figure 5. The predicted density of population (no. persons), evaluated as an average for 2009 979 

and 2010, for a) all micro-environments, b) home, c) work, d) traffic and e) other activities. 980 

The grid size is 50 m x 50 m. 981 

  982 
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a) 

 

b) 

 

 983 

Figure 6. Contribution to the total population exposures to PM2.5: a) in each 984 

microenvironment in the Helsinki Metropolitan Area in 2008, and b) originated from various 985 

source categories in Helsinki, in 2009.  986 

  987 
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e) 

 

 988 

Figure 7. Predicted population exposure per year (µg/m3 * no. people) to regionally and long-989 

range transported pollution and the emissions originated from the urban vehicular traffic 990 

PM2.5 in the Helsinki Metropolitan Area in 2008: a) all microenvironments, b) home, c) work, 991 

d) traffic and e) other activities. 992 

 993 

 994 

 995 
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a) 

 

b) 
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c) 

 

 996 

Figure 8. Predicted population exposure per year (µg/m3 * no. people) to PM2.5 in Helsinki in 997 

2009. The unit is number of people * µg/m
3
. The computations included regionally and long-998 

range transported background, and the emissions originated from vehicular traffic, shipping 999 

and major stationary sources: a) total exposure, b) only emissions from vehicular traffic and c) 1000 

only emissions from shipping. 1001 

 1002 

 1003 

  1004 
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Appendix A. The coordinate systems of the model. 1005 
 1006 

The EXPAND model was refined to be able to compute exposures and intake fractions 1007 

internationally using the following coordinate systems:  1008 

(i) ETRS-GKn, in which GK refers to the Gauss-Krüger -projection and n stands for the 1009 

zone of the projection (in total 13 projections),  1010 

(ii) longitude and latitude (WGS84) and  1011 

(iii) Universal Transverse Mercator (UTM) coordinate system.  1012 

 1013 

In addition, the new model version can use the national Finnish coordinate system 1014 

(abbreviated as KKJ) in all the defined zones. 1015 

 1016 

 1017 


