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Abstract  

The use of fixed air pollution monitors to assess population exposure to pollution may 

result in significant errors because actual exposure for individuals depends on their 

activities and distances from emissions source locations. To investigate personal 

exposure to air pollution, this study: (i) evaluates the accuracy of personal exposure 

measuring instruments by comparisons to reference instruments; (ii) measures the 

variation in personal exposure to black carbon (BC) in three different UK cities along 

different transport modes and routes; (iii) evaluates exposure along a specific walking 

route in Marylebone, measuring BC and lung deposited surface area (LDSA); and (iv) 

investigates the spatial distribution of nitrogen dioxide (NO2) measured by diffusion 

tubes in Marylebone.  

BC levels measured by the portable exposure instrument (AE 51) were higher than 

those measured by the reference instrument by approximately 14% to 16%. BC 

concentrations recorded on four different transport modes in different cities showed 

large variation. Walking on quiet streets led to the lowest mean BC exposure when 

compared with any other route in every city. Children are found to be exposed to 

higher BC concentrations than adults when walking on the busy streets. On the 

walking route in Marylebone, BC and LDSA are more highly correlated on busy 

streets compared to streets with low traffic volumes, which indicate that a greater 

proportion of the LDSA is BC when closer to transport emissions. Finally, the NO2 

measurements indicate that road-side concentrations are higher than urban 

background values over the entire period. 

 

This thesis indicates that personal exposure cannot be accurately predicted with fixed 

monitoring stations and that there is significant variability in exposure at different 

times of the day and along different routes, heavily influenced by transport emissions.  
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1.   Introduction  

1.1  Background  

The health effects of air pollution are a growing concern due to the correlation 

between pollution exposure and higher risk of mortality and reduced disability-

adjusted lifetimes (1). There is clear evidence that air quality has adverse effects on 

public health, the environment, and the economy. The health of more than 90% of 

global population is under potential threat, because the air pollution levels in the 

places where they live exceed World Health Organization (WHO) recommended limit 

values (2). In 2012, about 6.5 million mortalities (11.6% of all global deaths) were 

related to exposure to indoor and outdoor air quality pollution (3). London is an 

example of a major city with pollution levels that are exceeding legal limit values. 

Each year, at least 9000 premature mortalities can be attributed to air pollution in the 

city. 438 schools and 27 nurseries are located at places where the air quality exceeds 

regulation limit (4). Old people, children, people already troubled by heart and lung 

illness, and people with lower incomes tend to suffer more from the air pollution (5).  

 

The harm of air pollutant exposure is mainly linked to the concentration of particulate 

matter (PM) and nitrogen dioxide (NO2). There is a large body of research linking 

PM2.5 (fine particles with an aerodynamic diameter below 2.5 micrometres) to health 

effects (2). Traffic-related sources make important contributions to PM concentrations 

in urban areas. One component of PM2.5 that is most strongly linked to transport is 

black carbon (BC), which is produced from the combustion of diesel fuel in diesel 

engines (6). BC is typically characterised as ultrafine PM with an aerodynamic 

diameter less than 100 nm. Ultrafine PM may have stronger effects on human health 

than particles with larger sizes. Therefore, more research considers to use it for 

assessing exposure to air pollution (7). Passengers can be exposed to higher pollutant 

concentrations due to their proximity to traffic-related emission sources (6). 
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It is a traditional approach to assess human exposure based on static population 

distributions and pollutant concentrations which are derived from stationary 

monitoring networks. These fixed monitoring stations could give a general overview 

of concentration variations of different pollutants in which residents are immersed. 

While they could not accurately provide time-activity data, because some pollutants 

display strong dependence on sources and significant spatial and temporal 

fluctuations (8). Ultrafine PM are particularly sensitive to the effects of different 

microenvironments dominated by different sources, which turns out to show varying 

by orders of magnitude (9). Personal exposure measurements can provide a more 

accurate and detailed insight to assess the level of exposure of individuals. It could 

also suggest the environments where exposure is greatest (10). Therefore, personal 

exposure assessments of air pollutants are necessary. 

1.2     Research  aims  and  objectives  

This study aims to quantify personal exposure and investigate the affecting factors. 

Taking Marylebone as the case study, it is one of the busiest areas in terms of 

transportation in central London. Pedestrians and people living there are exposed to 

higher air pollutions. Therefore, a detailed personal exposure study along a specific 

designed walking route at Marylebone is conducted. Experiments will also be done in 

three different cities by three kinds of modes, namely walking, driving, and bus, 

which provide very different scenarios for personal exposure to emissions. 

Measurements will be taken next to the air quality monitoring station on Marylebone 

road, allowing for analysis on the accuracy of the devices and also helping with 

calibration purposes.  

The objectives of this research are to:  

1.   Evaluate the accuracy of personal exposure measuring instruments; 

2.   Investigate how personal exposure level changes in different modes and routes; 

3.   Investigate the relationship between Black Carbon and Lung Deposited Surface 

Area (LDSA). It is known that BC is an important component of the UFPs emitted 
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by vehicles. LDSA can be affected by UFPs to a great extent. Therefore, an 

assumption is proposed that the correlation between LDSA and BC could indicate 

the proportion of measured particulate matter surface area that is BC. The gradient 

of LDSA/BC ratio represents surface area to BC mass ratio. Hence, this study also  

investigate that if the ratio of LDSA to BC might suggest the size characteristics 

of particulate matter; and  

4.   Study the spatial distribution of NO2 concentrations in Marylebone over a period 

of 6 months.  

1.3     Structure  of  the  report     

In Chapter 2, related work is reviewed and the gaps in existing literature are 

highlighted. In Chapter 3, the methodology and materials that will be used to conduct 

the measurements are described. Chapter 4 is a detailed discussion of the results of 

this research. Chapter 5 gives the conclusions and future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 14 

2.   Literature  Review 

This section outlines existing literature related to air pollution exposure. Firstly, urban 

air pollutants are introduced, including black carbon (BC), nitrogen dioxide (NO2), 

and ultrafine particles (UFPs). An overview of sources of pollutant emissions is 

presented in section 2.2. Section 2.3 and 2.4 investigate the instruments used for 

measuring air pollution and exposure at personal level, respectively. Section 2.5 

focuses on possible relationships between different pollutants. Section 2.6 

demonstrates methods to characterise particle matter. Dispersion in urban area is 

discussed in section 2.7. Section 2.8 describes traffic emission and dispersion 

modelling. Available methods to characterise ambient particulate matter are discussed 

in section 2.9. 

 

2.1  Metrics  to  characterise  air  quality  

2.1.1  Particulate  Matter  

Ambient aerosols consist of a collection of solid particles or liquid droplets, which are 

dispersed in air. These particles range in size from several nanometres (10-9 m) to 

around 100 micrometres (10-4 m). Aerosols can be grouped into primary particles, 

which are emitted directly from sources, and secondary particles formed from gaseous 

precursors that undergo complex series of chemical reactions in the atmosphere as 

emissions are dispersed. Airborne particles, also called PM, are classified according 

to their aerodynamic diameter; coarse (2.5 µm to 10 µm), fine (<2.5 µm) and ultrafine 

particles (<0.1 µm). The adverse effects of PM on public health through exposure 

have been proved by numerous studies in past several years (11). There is a strong 

correlation between PM2.5 exposure and morbidity of heart and respiratory issues 

(12). It has been verified that PM2.5 plays a significant role contributing to specific 

diseases, such as asthma, and cancer (13).  
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To protect public health, the WHO recommends that the annual mean concentration 

of PM2.5 should not exceed 10 µg/m3 and the 24-hour mean value should be limited 

below 25 µg/m3. Also, the concentration should not exceed 50 µg/m3 more than 30 

times a year (2). Studies have found that particles with diameter below 0.5 µm can 

have a greater human health impact and that adverse effects tend to increase with 

decreasing particle diameter of PM (14). UFPs are able to penetrate deeper and 

deposit on the nose or mouth and different parts of the lung compared with larger-size 

particles. Regarding the generation, UFPs show a close relationship with man-made 

emission sources, such as combustion plants and power facilities (15). UFPs are 

typically formed through the oxidising process of volatile organic components the 

concentration of which are more likely to be at high level in urban environments (16). 

It is found that a large proportion of UFPs consists of organic carbon, which is 

followed by Elemental Carbon (EC) as primary products from diesel and automobile 

emissions (17). Primary road traffic emissions contribute nearly 30% of the total 

PM2.5 and contribute 30–50% of the urban and roadside increments of PM. Motor 

vehicles are a main contributor to fine and ultrafine particles to the ambient 

atmosphere as direct emission sources. In addition to the formation by direct exhaust, 

photochemically driven reactions also result in forming low volatile species which 

may generate UFPs after undergoing varieties of nucleation processes (18).  

2.1.2  Black  Carbon  (BC)  

Black carbon is defined as ‘the dark, light-absorbing components of aerosols that 

contain two forms of elemental carbon’ (19), which is regarded as a part of fine 

particles (PM2.5). BC is generally formed during incomplete combustion. Therefore, 

the main sources contributing to the generation of BC include diesel engines, 

domestic heating using coal or wood, and power plants utilizing fossil fuels. BC 

particles are not toxic on their own, but they can carry toxic semi-volatile organic 

components, which are also produced through the fuel-combustion process (e.g. 

dicarboxylic acids) (19). According to some studies, BC is a good indicator with 



 16 

respect to personal exposure (18) (20). Since the main source of BC is diesel 

combustion, the risk of short-time exposure to BC is dramatically increased for people 

on transit. It is also found that the degree of difference between background 

concentrations and concentrations at emission source are higher for BC than PM2.5 

(21). BC is highly related to the road and traffic conditions; experiments were 

conducted in Colombia to measure BC concentrations using Aethalometer 

instruments. The results showed that outdoor daily mean concentrations measured at 

schools near major roads were up to seven times higher than those at schools near 

non-congested roads (22). Other emission sources, e.g. cooking exhaust and tobacco 

smoking emissions, could also have a noticeable promotion on BC concentration, 

which might result in a sudden peak value (21).      

2.1.3  Particle  Number  Concentration  

Particle Number Concentration (PNC) and particle mass, which are both significant 

properties of airborne aerosols have been widely used to assess the link between air 

quality and human health in recent years. However, the association between PNC and 

health effects is still equivocal concerning PNC as a parameter to associate the UFPs 

with premature morbidity (23). Moreover, some research also proves that black 

carbon which is a constituent of ultrafine particle could have impacts on public health 

(24) (25) (26). It is believed that a strong relationship exists between the degree of 

particles’ harmful effects and the capability of them to penetrate into deeper areas of 

human body, which carries toxic components and then impacts on respiratory organs 

(27). The toxicological research finds that even the composition of particles is the 

same, the toxicity increases with the decreasing size of particles, which means the 

UFPs are more poisonous than larger particles (28). Over past years, many studies 

have claimed that surface area deposited in the lungs, a new dose metric which is 

expressed as µm2/cm3, is more strongly correlated with the bad effects on human 

health than other metrics of exposure such as PNC and particle mass concentration 

(29) (30).  
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2.1.4  Nitrogen  Oxides  (NOx)  

Nitrogen oxides (NOx), consisting of nitric oxide (NO) and nitrogen dioxide (NO2), is 

a significant species of atmospheric pollutants. They are primarily emitted in the form 

of NO, which turns into NO2 rapidly after dispersing in ambient atmosphere and 

reacting with O3. It could cause adverse harmful effects on respiratory system 

particularly, such as airway and lung (31). The generation of it mainly owes to high 

temperature combustion (32). Traffic is one of the most important influence factors 

that determine NO2 concentration in urban environments. For example, in 2008, road 

transport plays an important role contributing to NOx emissions of London, reaching 

the proportion of 62% of the total NOx amount. According to the WHO air quality 

guideline, annual average NO2 concentration should not exceed 40 µg/m3 and 200 

µg/m3 should not appear more than 18 times a year (2). Existing studies have revealed 

that the NO2 concentrations could surpass this standard by a factor of 2-4 when the 

traffic and distribution condition reach certain levels (33).   

2.1.5  Lung  Deposited  Surface  Area  (LDSA)  

The most relevant dose metric for inflammatory effects on public health which are 

induced by ambient particulate matters has been a highlight in the recent past. Many 

studies indicate that particle surface area rather than mass turns out to be a more 

informative parametric (57) (58) (59). An experiment was conducted to expose rats to 

metallic ultrafine nickel at the regulated occupational exposure level (OEL) which is 

based on data for fine nickel particles. Nevertheless, it was found that the exposure to 

OEL concentration in the form of ultrafine nickel particles led to serious lung damage 

after a single exposure (60).  

 

It is also widely recognised that the quantity per unit volume of air is not so 

meaningful regarding the health effects of aerosol particles. Only the particles that 

deposit in human body can cause adverse effects, so they are the ones supposed to be 

measured. Based on the model proposed by International Commission for 
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Radiological Protection (ICRP), it is found that for particles with different sizes, the 

deposition fractions are correspondingly different, as shown in the figure 1 below. 

The particle deposition in the lower airways is approximately inversely proportional 

to particle diameter in the diameter range of 20-300 nm. At about 200-300 nm, the 

minimum total deposition percentage occurs, which means that only 10% of the 

particles in ambient atmosphere deposit in human body. However, this fraction 

reaches around 50% when the particles are at 40 nm diameter (61). 

 
Figure  1:  Deposition  as  function  of  particle  size  (ICRP)  (5)  

 

With taking both two parameters discussed above into consideration, Lung Deposited 

Surface Area (LDSA) is regarded as the most relevant dose metric to quantify 

exposure to particulate matters. LDSA could be expressed as below: 

LDSA = surface area * deposition probability = d2 * d-1= d1 

Where d is the particle diameter. To obtain LDSA concentrations, lung deposited 

probability and a series of complex measurements of the entire particle distribution 

which is followed by a summation of particle surface at all sizes are required, together 

with some extra calculations. LDSA can also be measured directly with so-called 

diffusion charging. Diffusion charger labels size-dependent charges Q on particles 

which pass through them. Q can be expressed as: 

Q = const * d1.1 
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Therefore, it could be found that LDSA is approximately proportional to the diffusion 

charge signal. It is indicated that the coefficient of determination between LDSA and 

Q is 0.91–0.95. 

2.2  Sources  of  pollutant  emissions  

Particulate matter air pollution is a blend of solid particles and liquid droplets 

suspending in the air. It differs and could be characterised by chemical component, 

source, size distribution, number concentration, and lung deposited surface area. 

Based on the size ranges, atmospheric particles are grouped into three species, namely 

coarse, fine and ultrafine particles, which are relevant to different and unique origins 

and toxicity. Coarse particles mainly are generated during mechanical abrasion 

process and suspension of crustal materials such as soil and ashes. Fine particles, the 

typical representative of which is PM2.5, are produced more relatively to fossil 

burning process such as vehicle fuel combustion and soot burning. The generation of 

fine particles is also closely related to the conversion of primary emissions and 

secondary organic particles. While the dominant source of UFPs is vehicle 

combustion emissions. They could serve as cores to form new bigger complicated 

particles which commonly remain fine particles.     

 

Many studies have demonstrated that in the urban background a large proportion of 

total amount of PM is made up of road traffic emissions and these emissions have 

certainly detrimental impacts on public health (11). However, better metrics for 

characterising the air pollutants caused by different sources are required to relate them 

with health effects, which is also called as source apportionment (34). Traffic 

emissions could be divided into two types, exhaust emissions from tailpipe and non-

exhaust emissions from abrasions such as brake and tyre wears. Non-exhaust 

emissions mainly consist of particles whose aerodynamic diameters are between 2.5 

µm and 10 µm, whereas fine particles are the dominating contributors to exhaust 

emissions. Much attention has been paid to characterise and analyse exhaust 
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pollutions in past several years, but the investigation of non-exhaust still remains a 

gap. With the development of electric vehicles, it is estimated that non-exhaust 

sources would play the most important role affecting the traffic emissions till the end 

of 2020 year (35). Therefore, the issues of non-exhaust emissions should be 

highlighted, as well as the exhaust emissions. 

 

For exhaust pollutants, motor engines are a main source for aerosols containing 

carbon. PM2.5 concentrations are particularly easily influenced by combustion 

engines. Some factors could determine particulate matter emissions at a large extent, 

including combustion engine type, how vehicles are maintained, and how carbon 

distributes in organic carbon (OC) and elemental carbon (EC). For instance, it is 

indicated that vehicles using diesel fuels have a quadruple higher emission factor than 

those with gasoline combustion engines, which might owe to lubricating oil (36). The 

first EU-wide vehicle emission regulation, known as Euro 1, was introduced in 1992, 

aiming at defining acceptable limits and reducing the levels of harmful exhaust 

emissions of new light duty vehicles sold in EU. Diesel vehicles used to produce 

much PM, but now diesel engines emit less UFPs and fine particles, due to the 

introduction of a diesel particulate filter which captures up to 99% of solid particles, 

to meet the requirements of Euro standards. Additionally, gasoline direct injection 

engines emit quite high levels of PM, and are not currently regulated (37). Trace 

metals used to be adopted as an indicator of exhaust emissions, but it has been 

gradually abandoned with lead removed form gasoline. Therefore, organic 

components emitted from engines are typically used as successful tracers to carry out 

receptor modelling analysis, which could significantly contribute to distinguishing the 

vehicular exhaust from other sources (38)    

 

The main sources contributing to non-exhaust emissions are re-suspension of accrued 

PM and traffic abrasion associated particles. These emissions exist not only in the 

form of coarse size particles but also PM2.5. It is found that emission factors for 

elements such as Ba are higher in particles with diameter between 2.5 µm and 10 µm, 



 21 

which points that mechanical abrasion and brake wears are likely origins (39). Trace 

metals are commonly used to characterise non-exhaust emissions, even though 

organic chemicals are also adopted in some areas (40). Different trace metals could be 

regarded as representatives of specific sources. For instance, tyre wear is generally 

considered to be the dominant source of Zn in the roadside environment. While the 

existence of elements Ba, Sb and Cu are more closely related with brake wears. 

Moreover, different districts are under diverse conditions, which would lead to 

various but unique profiles of trace metal emission for them. There are some factors 

that could affect the results, including but not limited to traffic condition, vehicle 

characteristics, driving patterns, and geography of this region (41). Also, different 

companies use their own formulas to manufacture tyres and brakes, which makes it 

even harder to confirm fleet wide components. Metal marker concentration originated 

from dust suspensions is found to be slightly correlated with that from brake friction 

and fuel combustion (42).      

 

Atmospheric particle formation and growth involves the formation of molecular 

clusters and their subsequent growth to larger sizes, first to a few nm in particle 

diameter, then to nucleation and Aitken mode particles in the sub-100 nm size range, 

and possibly up to sizes at which these particles may act as cloud condensation nuclei. 

New particles are formed by nucleation of non- or low-volatile gas-phase compounds, 

emitted from either biogenic or anthropogenic sources, followed by growth into small 

particles. New particle formation is highly sensitive and depends on several factors 

including, surface area of existing aerosols and age of the aerosols as well as ambient 

gas-phase concentrations. Particle growth occurs through coagulation and 

condensation both of which are dependent on particle size. Coagulation involves the 

collision of particles with one another due to the motion between them, which results 

in a decrease in particle number concentration but conserves particle mass through the 

formation of a single particle following a collision between two aerosols. It will also 

lead to the decrease of particle surface area. In polydisperse particle size distributions 

coagulation is more effective between particles of different sizes, since it is a function 
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of the particle size, diffusion coefficient of the particle (also size dependent) and 

particle number. Whilst large particles provide a large surface area for absorption 

smaller particles have a greater diffusion rate. Condensation is a function of saturation 

vapour pressure and available particle surface area, both of which are related to 

particle diameter. Within the different environments the varying concentrations of 

sulphuric acid and low VOCs between clean and polluted areas resulted in 

significantly different growth rates.  

2.3  Instruments  for  measuring  air  pollution  

2.3.1  Passive  diffusion  tubes  (NO2)  

Passive diffusion tubes have been widely used in Europe to measure nitrogen dioxide 

(NO2) concentration at personal exposure level for over 40 years since it is firstly 

introduced (43). They could display the NO2 distribution in terms of both spatial and 

temporal aspects. Diffusion tube is not a real-time reading instrument, instead they 

provide a long-term mean value over a period of time which could be a few days to 

several weeks. There are numbers of advantages of passive diffusion tubes. The 

instruments do not require the support of electricity related power. The price of 

diffusion tubes is quite inexpensive which allows it to be used at a large scale. 

Moreover, the handling process of tubes is very simple but the results turn out fairly 

effective. It is useful for identifying the area of high NO2 concentrations, especially 

for that from traffic emissions.  
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Figure  2:  Diffusion  tube  components  

 

As shown in Figure 2, a diffusion tube is made up of an acrylic tube, two caps and 

two stainless grids. One end of the tube is sealed by the cap in deep colour, but the 

other side of tube is open to let ambient pollutants in. The tubes should be placed 

vertically with the open side downwards during the measuring process. The metal 

meshes which have been penetrated by a chemical reagent directly absorbing the 

pollutant to be measured from the air are placed at the sealed side of tube. The 

products of reaction remain on the mesh which would be taken out and then used for 

the analyse of NO2 concentration by the manufacturer of these samples.  

There are several sources of uncertainty which might affect the results of diffusion 

tubes. The passive sampling rate is calculated based on the assumption that no 

chemical reaction within the tube during sampling, which is in turn influenced by the 

assumption of constant concentrations at the inlet to the tube. However, this 

assumption is not met in practice, which results in systematic positive bias of up to 

40% in condition where NO and O3 concentrations are not in equilibrium. Regarding 

effects of environmental conditions, it has been proved that there is no predictable 

relationship between the wind speed measured at a site and the actual wind conditions 

near the entrance of the tube. Humidity is also an important environmental variable 

affecting the performance of diffusion samplers which use TEA as absorbent, because 

TEA does not behave quantitatively at low humidity. TEA is dissolved in water as the 
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reagent to measure NO2. Therefore, the ration of H2O to TEA is significant to the way 

in which TEA reacts with NO2. The sampling efficiency decreases with decreasing 

temperature due to the absence of adequate water. However, this is not likely to be a 

problem in UK except quite cold, dry weather. The accuracy of the results of this 

analytical methodology is proved to be around 8%.  

The chemiluminescence analysers measure and record NO2 pollutants persistently all 

cross the UK. The main contributors to this measuring work are the Automatic Urban 

and Rural Networks which is sponsored by the governmental departments, and the 

London Air Quality Network consisting of local community sites. The results of 

diffusion tube measurements could be adjusted and corrected by compared with the 

data from parallel automatic monitoring station which serves as a reference helping to 

avoid the under or overestimation of measured values (44). 

2.3.2  Micro-‐Aethalometer  51  (Black  Carbon)  

As shown in Figure 3, personal exposure Micro-Aethalometers (MicroAeth AE 51, 

AethLabs, United States) are widely used to carry out the black carbon measurements. 

The AE 51 inlets ambient aerosols at a time interval of 60 seconds and flow rate of 

150 ml/min, with the measurement resolution of 0.001 µg/m 3. These aerosols would 

pass through a filter and then are collected by it. Black carbon is quite sensitive to the 

light of which the wavelength is 880 nm. Therefore, with the continuous 

accumulation of depositing BC, the transition of light would decrease, which leads to 

a corresponding enhanced optical attenuation. Due to the measuring principles as 

stated, this instrument is troubled by ‘loading effect’. Therefore the measured BC is 

underestimated correspondingly to the increase of PM depositing on the filter, which 

introduces an uncertainty.  

There is a mass flow sensor in the instrument, which helps to convert light attenuation 

to correlated BC mass concentration, expressed in µg/m3. Lower flow rates are needed 

when measuring exposure to areas of high BC concentration. Correspondingly, higher 
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flow rates will be selected when maximum sensitivity is demanded in areas of low BC 

concentration. A lower flow rate should also be chosen for longer operating times and 

extended battery life. Regarding the time-base, faster ones are mostly effective either 

for direct source monitoring or for temporal analysis. However, they will lead to 

higher noise. Attention should also be paid to the regular replacements of filter strips 

for the maintenance of correct accuracy. During the measuring process, the inlets and 

outlets of AE 51 should be totally exposed to atmospheric environments and away 

from anything that could disturb the data collection. It is reported that humidity is one 

of the major factors that have large effects on Micro-Aethalometer instruments (45), 

so all the measurements need to be conducted under the condition avoiding the 

rainfall.  

 
Figure  3:  Black  carbon  instrument-‐  Micro-‐Aethalometer  51 

2.3.3  Partector  (Lung  Deposited  Surface  Area)  

The Partector (Naneos GmbH, Windisch, Switzerland) is the smallest electrical 

particle measuring instrument based on charges in the world. Due to the fact that it is 

light at the weight of 400 g, and the battery of it could support the continuous 

operation about 10 hours, it is quite a convenient and portable instrument for field 

work. The partector inlets ambient aerosol at a time-base of 1 second and a flow rate 

of 0.5 L/min. It gives real-time values, when combined with GPS data, personal 

exposure could be presented with higher spatial and temporal resolution. The machine 
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is made up of two main working parts, namely charging unit and induction unit. At 

first, ambient particles will pass through the charging unit, where they contact and are 

charged by electrons. There is a proportional relationship between the number of 

electrons depositing on every particle and surface area of the particle, which means 

that if the surface area of a particle is bigger, it would carry more electrons, so that the 

charge is higher. An ion trap removes charged particles with low mass (e.g. gaseous 

ions), after which the charge on particles would be measured in induction unit. The 

currents detected are then converted into lung deposited surface area (LDSA) 

concentration, expressed as µm2/cm3. The device can record particles whose sizes 

range from 10 nm to 1000 nm, but the highest accuracy occurs in 20-400 nm size 

distribution.   

 

Accuracy is an unavoidable parameter when assessing the performance of an 

instrument, which is ±25% for partector. The ratios of LDSA measured by the 

partector to the calculated LDSA which is derived based on ICRP model for spherical 

particles are presented in Figure 5. It can be found that LDSA values provided by the 

partector will be accurate when the majority of particles whose sizes fall in the range 

of 20 to 350 nm. For particles with diameter below 20 nm, they are overestimated, 

whereas underestimated LDSA are indicated for larger particulate matters. It should 

be noted that it still measures particle charging accurately, but the interpretation as 

LDSA is incorrect. In urban environments, the size of most ambient PM is below 400 

nm. Therefore, the accuracy of measured LDSA can be guaranteed (62). With no 

particle in air, the partector gives a value (0.5 µm2/cm3), which means that there is a 

non-zero baseline noise. Therefore, the sensitivity of partector is lower than 

traditional diffusion charging instruments (63).  
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Figure  4:  LDSA  instrument-‐Partector  

 

Figure  5:  The  accuracy  range  of  Partector  

2.3.4  Personal  Air  Quality  Monitor  (AS520)  

As shown in Figure 6, Personal Air Quality Monitor (AS520) is a portable air quality 

monitoring system which takes advantage of a complementary range of sensing 

technologies to offer a completed and dependable assessment of the air quality in the 

immediate vicinity of the wearer. This monitor includes electrochemical cells, a laser 

optical monitor, temperature and humidity sensors, also incorporating a highly 

sensitive GPS receiver and 3 axis accelerometer. Therefore, the AS520 can measure 

and provide the concentration of CO, O3 and NO2 at the same time.  
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Figure  6:  Personal  Air  Quality  Monitor  (AS520)  

2.4  Personal  exposure  to  pollution  

Exposure is defined as the event when a person is exposed to a pollutant of certain 

concentration over a certain period of time (64). Typical exposure parameters include 

distance to major road, traffic volume, vehicle flow density, and exhaust emission 

density. In terms of assessing exposure level, pollutant concentration, duration, 

frequency, distribution route, time frame and geography are all main contributing 

factors. Actual exposure for a specific individual will also be affected by many 

conditions, such as transportation mode used and breathing rate (65). 

 

Personal exposure measurements have been widely carried out recently, which could 

provide a better acknowledgement of the level how an individual is affected by air 

pollution. In past, the investigation of effects of air pollutant was commonly based on 

the assumption that in one total urban region, every person was exposed to the same 

level concentration. These values were often provided by some fixed monitors which 

could only give the average concentrations over this area. It would result in big errors 

when evaluating the personal exposure to airborne pollution, because there is a close 

relationship between real exposure and the temporal activities from an individual, as 

well as their distances from the central source locations. It is a primary problem which 

could only be conquered by taking advantage of personal exposure samples. This 
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method is capable of supervising the aerosol particle conditions where individuals are 

often exposed in their typical daily activities, also taking the age, sexuality, salary or 

ethnicity into consideration at the same time.  

 

It was reported that there was a stronger correlation between indoor and personal 

exposure PM2.5 levels compared to that between indoor and outdoor PM2.5. Indoor 

fine particle concentration was found to be best correlated with that of personal 

exposure (46). There was a study with 175 non-smoking person taking part in to 

investigate the difference of PM2.5 and PM10 when they were assessed at different 

levels. A significant finding was highlighted that in day times personal exposure 

concentration of PM10 presented a higher value than indoor and outdoor levels. Even 

for the same personal level, concentrations in daytime and at night were not the same, 

the former value was higher than the latter one. In terms of mean concentration, 

personal exposure was in the middle of the other two levels. Outdoor PM10 

concentrations were higher than indoor ones at night. However, in daytime PM10 

showed a different result where indoor and outdoor values were very similar. The 

correlation coefficient of PM10 between stationary monitoring station and outdoor 

household (r = 0.62) was higher than that between station and indoor levels (r = 0.51), 

personal levels (r = 0.38). Regarding PM2.5, concentrations indoors and outdoors were 

well correlated, whereas a better relationship was shown for day-time measurement (r 

= 0.92, 0.58 and 0.53, respectively) than corresponding night-time ones (47).   

 

Many studies have proved that human health is closely associated with variations in 

PM concentrations in short period, so if the mean values of ambient aerosol are used, 

some representative or peaking points would be missed, which would then lead to 

inaccurate estimations of exposure. A study was carried out to evaluate how different 

environments contributed to routine personal ultrafine particle exposure. With 60 

volunteers participating in, their activities in two days were recorded assisted by GPS 

instruments, and real-time UFP concentrations of different people were measured 

meanwhile. It was found that household environments were responsible for most of 
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person exposure, about 60% of the whole daily time. Highest ultrafine particle 

concentrations were observed during the time when people were on transit. It was also 

noticed that people were exposed to higher UFPs using passive travel methods such as 

bus and vehicle than using active ways like walking and bicycling (48). It was 

observed that people earning lower incomes would be exposed to worse air pollution 

than those with higher salaries. For instance, in Leicester the properties where 

children from higher social class live suffer from less vehicle emissions, whereas 

children from poor residential areas would experience around 32% more emissions 

which are even produced by private cars of communities from low-emission living 

districts (49).     

 

London is one of the largest cities in Europe with about 8 million residents and 3.6 

million registered vehicles (66). Since the occurrence of the well-known air pollution 

event, Great Smog in London in 1952, which killed more than 4000 people, air 

quality has attracted much attention and much research has been done to quantify 

human exposure to air pollution in London.  

 

Research has been done to assess exposure to air pollutants in London during 

commuting when people are quite close to the traffic-related sources. It is found that 

there are evident inequalities in exposure when different modes of transportation are 

employed. Experiments were conducted to measure exposure to ultrafine particles 

(UFPs), very fine particles (PM1), fine particles (PM1-2.5) and coarse particles (PM2.5-

10) on 48 specifically selected routes across the Great London. Two transportation 

modes were assessed, namely walking and driving. Average exposures during 

walking significantly exceeded those in vehicle, by a factor 4.6 for PM2.5-10 mass, 2.2 

for PM1-2.5 mass,1.8 for PM1 mass, and 1.4 for UFPs number density. It was found 

that in terms of mass concentration, PM2.5-10 was responsible for 72% of total 

particulate mass during walking exposures, compared with 54% for in-vehicle 

exposures (67). Research was done to investigate differences between pollutant 

exposures during commuting starting from four London locations at different socio-
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economic levels. Three kinds of transport micro-environment exposures consisting of 

car, bus and underground were measured characterised by PM, BC and UFPs. The 

results showed that the differences between commuting modes rather than income 

made stronger contributions to different pollutant exposures (68).  

 

On-road exposure to pollutants are affected by traffic conditions and dispersion 

categories. There were remarkable correlations (r = 0.408–0.662) between UFPs and 

street dispersion characteristics, and density of Heavy Good Vehicles (HGV), and car 

densities separately, for both walking and in-vehicle modes (67). Pedestrian 

exposures to several pollutants (PM2.5, reflectance, UFPs and CO) were studied along 

Marylebone Road (MR) in London. PM2.5 exposure displayed significant differences 

on different sides of MR. However, both sides witnessed dramatic increases of the 

exposure from morning to afternoon. Regarding reflectance and UFP counts, 

significant differences were available not only between two sides of MR, but also the 

different walking sides of the pavement (69). Wind speed rather than traffic mode was 

found to be the most significant contributor to personal PM2.5 concentrations. Mean 

pedestrian exposure degrees were not reflected by automatic monitoring station 

neither at Marylebone nor at Bloomsbury, which was possibly caused by the absent 

regarding of pollutant dispersion and people activity of these stations (70).  

 

2.5  Relationships  between  air  pollutants  

Many studies have indicated that typical pollutants, such as NO2, BC and PM2.5, are 

all correlated with adverse effects on human health. Much attention is now being paid 

to investigate the relationships between these air quality parameters. In the study in 

Leicester urban background sites, LDSA was found to be at a higher level when the 

weather was colder, because of the existence of semi volatile aerosols. Similar trends 

also appeared for BC and NOx concentrations, which might be due to the fact that 

vehicular emission and dilution levels were both important factors affecting the 

variations of these air quality parameters (50).  



 32 

Measurements were done to assess nitrogen dioxide (NO2), PM2.5, LDSA and their 

correlations in different environments in USA. It was found that the LDSA 

concentration near major roads could be six times higher than that in suburban areas. 

The NO2 and PM2.5 concentrations were also higher at locations where the traffic is 

busier. LDSA was observed to be a total function of those two pollutants. A good 

correlation (r = 0.94) was presented between LDSA and NO2, and the slope of LDSA 

to NO2 ratio experienced an increase with the effects of traffic. It was also noticed 

that they were correlated at a weaker level where the correlation was shown to be 0.36 

in RA suburban areas when compared to the correlations at other locations, because 

traffic emissions were not the most important contributor to the air pollution. In terms 

of LDSA and PM2.5, high correlations existed in nearly every environment, but the 

fluctuation of slopes of LDSA/PM2.5 should not be ignored either. The value of slope 

at inner city was as four times high as that in suburban area, indicating that LDSA 

was a more traffic-related parameter than PM2.5. Therefore, given the PM2.5 

concentrations, it was possible to roughly predict the LDSA values by using the 

slopes at different specific environments (49).  

 

Another study in Spain also agreed with these findings (50). LDSA concentrations 

were observed to be higher at traffic-related sites, which were also higher than indoor 

activities such as cooking. Correlations between LDSA and particle number were also 

investigated to figure out the particle size distribution, according to which LDSA 

conditions were mainly determined in urban areas. When the particles were in sizes 

ranging from 50 nm to 200 nm, LDSA concentrations were closest related with 

particle number concentration. It is known that traffic exhaust emissions were 

responsible for most proportion of number concentration of the ultrafine particles (30 

nm to 200 nm), which means vehicle emission is one of the most important 

contributors to LDSA. BC is regarded as a typically successful indicator of traffic 

emissions. Therefore, the relationships between LDSA and BC was also explored. It 

was found that the correlation coefficients and determination coefficients between 
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these two parameters were both higher than two separate coefficients between LDSA 

and number concentrations, reflecting the importance of traffic effects on LDSA. This 

finding was in accordance with the famous effects of fresh road exhaust emissions on 

particles in ultrafine ranges, as well as the preceding studies of LDSA and particle 

size distributions (51).  

2.6  Methods  to  characterise  ambient  particulate  matter  

In past, ambient aerosol was usually assessed using the parameter particulate mass. 

For instance, to indicate the diesel engine emissions, gravimetric analysis would be 

done to particles sampled from the exhaust pipe. Nevertheless, much research recently 

has revealed that some other particle properties might contribute more to 

characterising particulate matter than total mass. Particles with aerodynamic diameter 

below 10 µm have been used to represent inhalable particle fraction, but now particles 

below 2.5 µm are also taken into consideration. Due to a growing acknowledgement 

that about 90% of the number of traffic emissions which is closely related to human 

health fall into the size range below 100 nm while less than 20% of the mass fall into 

the same size range, other parameters are urgently required to give an expression to 

these new worries.  

There are several typically critical parameters which are always used for the 

characterisation of aerosol particles, including size distribution, particle number, 

surface area and mass concentration.   

Particle size is regarded as one of the most important characteristics which would 

affect their behaviours, so particles in different size ranges always function 

differently. It is found that when the particle is smaller, the ability of it is stronger to 

penetrate into respiratory system. For particles with same mass, the ones of which the 

diameters are smaller would be more active.  

Particulate matter measurement methodologies could be mainly grouped into two 

types. One depends on sampling aerosol particles on a substrate, taking filter for 
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example, which takes relatively longer collecting time and is usually followed by 

succeeding laboratory analysis, while the other could provide real-time reading 

concentrations of the aerosols. The first technology has been widely used since many 

efficient instruments could assist in subsequent measurements in laboratory, such as 

gravimetric analysis and X-ray fluorescence. However, there are numbers of 

disadvantages of it that during the sampling process, coagulation or formation of new 

particles might take place, and this method could only give an average-period value.  

2.7  Pollution  dispersion  in  urban  areas     

The rapid urbanization in many cities around the world has resulted in dramatically 

enhanced demands for transportation and industrialization, which correspondingly 

leads to high levels of pollutant emissions into ambient atmosphere. It is a primary 

reason of deterioration in the local air quality, followed by the increased risk of 

adverse health problem among urban residents. Therefore, it is necessary to 

understand the urban pollutant dispersion, which is strongly affected by building 

configuration, meteorological procedure and some additional factors to obtain a better 

prediction and assessment of air quality.  

The street canyon, defined as a street with constructions blocking it along both sides, 

is a popular case for investigating flow and dispersion in urban areas. It is generally 

characterised by its aspect ratio, H/W (the height of the canyon to construction height) 

or L/W (building length to street width). Extensive studies have indicated that 

increase of H/W aspect ratio will lead to a corresponding higher pollutant 

concentration. It is because of quite weak vortex near the bottom of street which 

makes contributions to dominating molecular diffusion and turbulent diffusion over 

convection. As a result, high pollutant accumulation takes place here (71). In terms of 

L/W aspect ratio, there will be a uniform distribution of pollutant along the bottom 

canyon when the ratio value is below 1. However, the pollutants will almost 

accumulate at the centre of street canyon when the value of L/W exceeds 5 (72).   
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As shown in figure below (73), there are evident differences between the local wind 

conditions within the street canyon and wind flowing over the roof. The ventilation of 

a street canyon shows a strong dependence on its air changing condition with the 

over-roof atmosphere and connecting streets, which affects the dispersion of gaseous 

pollutant (74). Several studies have demonstrated that for perpendicular wind 

conditions, the traffic-related pollutants tend to accumulate in the leeward side of the 

street canyon, leading to a factor of 2 higher concentration compared with that on 

windward side. However, the pollutant concentration exhibits a decreasing trend with 

an increasing height along both sides of the canyon (75). Urban heat island caused by 

the additional heat fluxes will increase the instability of the mixing boundary layer 

over an urban region, which results in elevated pollutant dispersion (76). Tree 

planting also plays an important role as a barrier in hindering street ventilation, which 

leads to the increased accumulation of pollutants (77).   

 

Figure  7:  Pollutant  dispersion  in  a  regular  street  canyon  (73) 

 

2.8  Traffic  emission  and  dispersion  modelling     

Numerous methodologies have been employed to investigate flow structures and 

pollutant dispersion process, including field measurements, wind tunnel experiments, 

operational modelling and computational fluid dynamics (CFD) techniques. However, 

in field measurements, the governing parameters fluctuate at the same time, which 

makes it a difficulty to meaningfully construe the experiment data. The high cost of 

constructing and maintenance of wind tunnels determines them not being a favourable 

choice. Therefore, modelling methods are quite popular in studies about urban 
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planning, pollution prediction, air quality and traffic managements, and population 

exposure (78).  

Operational simulation models (e.g. CALINE4 and STREET) are developed on basis 

of semi-empirical equations which are derived from vast analysis of experimental 

data. CFD modelling (e.g. FLUENT and PHOENICS) employs the numeric resolution 

of the controlled fluid flow and dispersion equations, deduced from primary 

preservation and transportation principles, which is regarded as a more practical 

approach compared to operational modelling (79). Dispersion model forecast is a 

comprehensive result of several parameters. To establish the model in street canyon, 

specified traffic data which includes vehicle numbers, fleet constitutes, and mean 

vehicle velocity is necessary. Street geometry and background concertation are both 

the most basic inputs of even simplest models. In addition, specific emission factors 

should be applied to corresponding vehicles of different kinds. Meteorology 

information is also demanded, the amount of which shows a positive relationship with 

the complexity of chosen model. In London, weather data recorded by monitoring 

station in Heathrow airport is widely used as the input, which turns out to generate 

less accurate predicted results compared with those generated by using local wind 

data. Hence, the latter one has been extensively used now (80).  

2.9  Research  questions  

In recent years, much research has indicated that LDSA is more strongly correlated 

with adverse health effects than other parameters, such as number concentration and 

particle mass (50). However, few about the concentrations of LDSA in UK have been 

reported. Some studies investigated annual fluctuations of LDSA in urban 

environments, but in most of these studies stationary measurements were conducted, 

which could only provide an overview idea of LDSA and their changes in a relatively 

large area. Few consider a mobile measuring route which can experience different 

transportation conditions (e.g. traffic volume) at different locations, when given the 

corresponding GPS data of the route. It would also be useful to analyse LDSA to BC 



 37 

ratio at different locations. This might allow to give an indication that whether LDSA 

is capable of being used to infer the size characteristics of BC particulate matter. 

Also, popular instruments used before for LDSA measurements were usually operated 

at the time-base of one minute or even lower. Therefore, equipment with higher 

resolution could be considered for better analysis.  

Numerous papers have reported about particle concentration of PM2.5 and PM10 at 

personal exposure level. However, the studies about personal exposure of ultrafine 

particles still remain scarce. It has been proved that UFPs tend to immerse deeper into 

respiratory organs and deposit on lung surface area much easier compared with 

larger-size particles. Morden life is quite dependent on transportation and traffic 

emissions contribute a lot to UFPs. Therefore, the investigation of UFPs should be 

highlighted. BC emitted by diesel engines is a good indicator of UFPs and LDSA 

instruments are especially accurate for measuring particles which fall into UFPs size 

range. It is also a good opportunity to study the correlation between BC and LDSA, 

which might tell the proportion of BC in LDSA but still remains a gap in previous 

research. By controlling the variance of vehicle conditions, such as vehicle type, 

amount and speed, it is also possible to analyse the specific contributions of different 

vehicles to air pollution. The source apportionment files and models might be 

established as well together with some chemical analysis of emission samples.     
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3.   Materials  and  methods  

3.1  Data  analysis  tools  

To better analyse the collected data, some data analysis tools are required for 

assistance, among which R is especially useful. R is a computer programming 

language developed specifically for analysing data (e.g. excel). The core features of R 

such as effective data analysis and high quality graphics make it the ideal system for 

analysing air pollution data. Specific packages have been developed for this purpose, 

such as open-air (53). 

Open-air includes a number of features. The Wind Rose function is a quite helpful 

method to display meteorological effects. It particularly highlights how wind speed 

and wind direction function on particulate matter distribution. Wind data obtained 

from UK Met Office would be generalized by direction which is usually 30 or 45 

degrees, and by various speed types. Typically, wind speeds are represented by 

different width ‘paddles’. These plots clearly exhibit the percentage of frequency of 

wind from certain directions and in different speed scopes. The Linear Relation 

function is also widely used to investigate the relationship between two pollutants. It 

is especially effective when the consistence between this relationship and emission 

inventories is assessed. The correlations between pollutants contribute a lot to finding 

useful messages about source apportionments and how they vary. A scatter plot 

developed from aimed pollutants is necessary to study the relationship, which is 

usually followed by a linear regression for the purpose of testing how strong this 

relationship is. Google Map Plot function is very useful when investigating the spatial 

distribution of emissions. This could give an acknowledge of surrounding different 

sources which contribute to the concentration.  
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3.2  Theory  

In this study, a hypothesis is proposed that there might be some correlations between 

LDSA and BC at some certain locations. The correlation coefficient (R) is a measure 

that determines the degree to which two variables’ movements are associated. 

Therefore, the correlations of different degrees between LDSA and BC might be able 

to indicate the proportion of measured particulate matter surface area that is BC. It is 

known that for particles with the same mass, the ones will have larger surface areas 

when their sizes are bigger. Therefore, the ratio of LDSA to BC might help to infer 

size characteristics of measured ambient particles.  

In the case, if the strong correlation between these two parameters is high, as well as a 

high coefficient of determination presented, there is a high possibility to predict one 

parameter when only given the data of the other. For the purpose of investigating this 

relationship further in the study, it is necessary to know how this method is monitored 

by the theory. Person’s R method is used to calculate the coefficient correlation 

coefficient, and the equations are shown as below. It should be noted that X and Y are 

on behalf of LDSA and BC respectively.  

ρ#,% =
'()(#,%)
,-,.

                              （1） 

where: 

l   coν is the covariance 

l   σ# is the standard deviation of X 

l   σ% is the standard deviation of Y 

It is assumed that there is a linear relationship between LDSA and BC. Software R is 

used to fit the data into this linear regression model. The equation y = sx + b is used, 

in which s represents gradient and b is intercept. The chosen gradient and intercept are 

calculated to find the closest fit between the predicted LDSA values and the measured 

LDSA values. Correlation coefficient (R) and coefficient of determination (R2) would 

also be obtained during this process. R tells the strength and direction of this linear 
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relationship between two variables and R2 gives the proportion of how many 

variances of one variable could be explained by the other. 

The coefficient of determination (R2) is calculated by three equations listed below. It 

should be noted that y is known as the vector of a data set with n values ranging 

y1,…,yn which in turn represent the BC results. Each of these values is in turn 

associated with predicted or modelled LDSA values, ranging as f1,…, fn respectively                                   

R2= 1- 11234
11565

                                (2) 

SS891 = 	  ; (y= −	   f=)@
=

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3)	  

                                  

SSB(B = 	  ; (y= −	  yC)@
=

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4)	  

                        

where: 

l   SSres is the sum of squares of residuals, e, where (ei = yi – fi) 

l   SStot is the total sum of squares  

 

The units of this gradient (s) could be displayed as below: 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [s] = 	  
µμm@

cmK ×
mK

µμg 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5) 

after being simplified, the equation could be presented as: 

[s] = 	  O
P

Q
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (6)                           

it could also be expressed in an alternative way as: 

[𝑠] = 	  
𝐿@

𝐿K ×
𝐿K

𝑀 = 	  
𝐿@

𝑀	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (7) 

 

where: 

l   L stands for length metric 

l   M stands for mass metric 
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It could be found that the gradient represents surface area to BC mass ratio. Evidently, 

a large gradient implies that on average the surface area of particles is large with 

respect to BC mass 

3.3  Evaluation  of  personal  exposure  measurements     

To evaluate the personal exposure measurements against the reference methods, field 

work of data collection and quantitative analysis of collected data were conducted. 

Principally, two AE 51, one Partector, and one AS520 were co-located with reference 

monitors at two London Air Quality Network (LAQN) fixed monitoring sites during 

7th June and 26th June 20171. The monitoring sites included one roadside monitoring 

station (Marylebone site) and one background monitoring site (North Kensington 

site). The instruments were put side by side on the roofs of the Marylebone site 

(approximately 2 m from the kerb which is near the reference method inlets) and 

North Kensington site (about 3 m above street level). Regarding sensor shelter, as 

shown in Figure 8, a Stevenson screen was used to protect all the instruments from 

extreme weather conditions, such as precipitation and direct heat radiation from 

external sources, but still allowing free air circulation around them. The reference 

measurement which typically is Automatic Urban and Rural Network (AURN) and 

personal exposure methods for monitoring particles and gas were shown in Table 1.   

     

 
Figure  8:  Stevenson  screen  at  the  Marylebone  Road  monitoring  station  

                                                
1 This data was collected by Xuanjin Li, an MSc Environmental Technology student in 2017. The analysis of data 

is my own. 
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Table  1  The  reference  and  personal  exposure  measurement  techniques  (53)  

Pollutant type Reference Personal exposure 

O3 UV absorption (ultraviolet) AS520 

NO2 Chemiluminescent instrument AS520 

CO IR Absorption AS520 

Black Carbon AE 21 AE 51 

  

3.4  Personal  exposure  of  BC  in  different  modes  and  routes     

To investigate how different modes and routes affect personal exposure to air 

pollution, BC was measured in three cities which were Manchester, London and 

Leeds. In every city, three different modes of transportation were employed, namely 

bus, car and walking of which the route was also designed and grouped into quiet 

walking route and busy walking route2. In all the car measurements, windows were 

kept closed. Two AE 51 were separately carried by an adult and a child 

simultaneously to conduct the BC measurements, which aimed to explore if there 

were inequalities for adults and children in the exposure during commuting. It should 

be noticed that the inlets of AE 51 were put in close vicinity of the holder’s breathing 

height. The time-base was set to be 60 s and flow rate was 150 mL/min. AE 51 was 

also tested at 1 s time base, but the uncertainty was too high.  

AE 51 has been proved to be an effective instrument for measuring personal exposure 

to BC. However, in this experiment, it was frequently turned on and off at the start 

and the end of every single mode and route. It was noticed that if a route cost quite a 

short time, such as less than 10 minutes, the data spreadsheet would provide many 

minus values which caused impacts on the results. Therefore, this situation should be 

paid attention to and avoided.  

                                                
2 These experiments were conducted in collaboration with Global Action Plan. The analysis of the data is my 

own. 
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3.5  LDSA  and  BC  in  Marylebone     

The measurements of BC and LDSA at Marylebone were carried out at three different 

times through each day. These three periods include: morning rush hour (9:00 to 

10:00), noon rush hour (13:00 to 14:00), and evening rush hour (17:00 to 18:00). A 

specific one-hour walking route was designed near the Marylebone Road, as shown in 

Figure 9. The green dot represents the starting point and the Rathon House indicates 

the finishing point. This route consisted of a various range of roads in different 

conditions, allowing for the subsequent analyses and comparison of busy and quiet 

roads. It also contributed to finding hot spots along this route and investigating the 

reasons that lead to this phenomenon. It is hypothesised that diesel vehicles are source 

of BC. This route passes the Marylebone Station and bus stations, where engines use 

both diesel and electricity to provide power. This helps to explore how different 

sources affect the air pollution. The results consisted of 12 repeats which include 4 

morning, 4 noon and 4 evening readings.  

As mentioned above, Partector (Naneos GmbH, Windisch, Switzerland) and Micro-

Aethalometers (MicroAeth AE 51, AethLabs, United States) were used to measure 

LDSA and BC respectively. Two Partectors and two AE 51, were used to measure the 

concentrations simultaneously. Due to the fact that all instruments worked at the same 

time, the results of the same two machines would be compared for calibration. 

Partector is 1 Hz instrument, while AE 51 records data at the interval of one minute 

(0.0167 Hz). Therefore, before measuring two AE 51 were turned on first, and after 

measuring two Partectors were turned off first. The route was designed to pass by the 

Marylebone Road air quality monitoring station as a measurement reference point.  
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Figure  9:  The  specific  designed  walking  route  at  Marylebone  

  

  

3.6  NO2  concentrations  in  Marylebone  

For the purpose of studying medium-term exposure, experiments have been done to 

measure NO2 distribution across six months in Marylebone3. Regarding the 

instruments, diffusion tubes introduced in chapter 2.3.1 were used, because they are 

able to capture good spatial resolution and they are cost-effective. Much research has 

revealed that pollution levels could be affected by both emissions and weather. 

Therefore, it must be taken into consideration that measurements should be lasted 

over a long period of time to account for seasonality. Then great confidence could be 

given in attributing any change in NO2 concentrations to road work emissions, rather 

than some abnormal weather pattern in one month.  

 

The urban environment generally contains a combination of various sources. This 

could lead to air pollutions which are different in terms of distribution in quite a short 

distance. For the purpose of determining fluctuations of ambient pollution in a 

                                                
3 These measurements were conducted in collaboration with a group of residents from Marylebone. I assisted in 

deploying the diffusion tubes, recording their locations and site characteristics, and in analysing the data and 

implementing the bias adjustment factor.  
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district, it is necessary to establish an intensive grid of measuring points to include 

different types of urban environments which could be grouped into two main types. 

One is ‘urban background’ where emission sources do not have a direct effect on 

concentrations. This type includes residential areas, parks, gardens and similar places. 

The other is ‘road side’, locations close to major roads.  

 

Despite the merits of effective use and low cost, there is some uncertainty in terms of 

the NO2 concentrations given by diffusion tubes. The results from diffusion tubes 

could be influenced by various sources of error (described in chapter 2.3.1), which 

might lead to significant under or overestimations when compared to automatic 

monitor analysers. This deviation is referred to as “bias”, which is an apparent issue 

in any case in which diffusion tube concentrations need to be compared for air quality 

purpose. Therefore, the diffusion tube measurements are required to be quantified and 

a suitable bias factor should be applied to raw results. In this study, some diffusion 

tubes were placed next to the automatic monitor stations which are managed by 

LAQN. Therefore, this factor was calculated by dividing automatic monitoring mean 

concentration by diffusion tube mean concentration. The solution applied to the 

stainless steel grids of diffusion tube in this study is 20% TEA in water. According to 

National Diffusion Tube Bias Adjustment Factor Spreadsheet on DEFRA website, the 

reference bias adjustment factor is 0.80 (54). 

 

40 tubes were placed at 40 different locations separately, of which 18 points were in 

road-side type and 22 locations were in urban background state, as shown in Figure 

10. The instruments were attached to lamp posts with open end vertically downward. 

These locations took a wide range of roads into consideration to allow for 

comparisons of different traffic conditions which included busy street, residential area 

and places around the Marylebone Station. The duration of entire measurement was 

from February to July in year 2017, and the tubes were replaced by new ones each 

month. Gradko International (United Kingdom) was responsible for the analysis of 

tubes to obtain monthly average concentrations.  
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These 40 tubes were replaced by new ones monthly, so bias adjustment factors were 

different and supposed to be calculated for both types and each month. These tubes 

were numbered in order from 1 to 40 and named according to the features of their 

geographic positions. Considering the fact that tube 2 was quite close to Marylebone 

automatic monitoring station, a typical road-side environment, and tube 3 was near to 

Bloomsbury monitoring station, which was a representative of urban background 

environment, these two tubes were picked out for the calculation of specific bias 

factors. Data downloaded from Air Quality London website was used to calculate 

monitoring station monthly average NO2 concentrations. 

 

 
Figure  10:  Locations  of  40  tubes  in  Marylebone 
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4.   Results  and  discussion  

4.1  Evaluation  of  personal  exposure  measurements  

As mentioned above, the instrument AS520 can record CO, NO2 and O3 

concentrations simultaneously. Therefore, the measured values of these three types of 

pollutants are compared with corresponding ones obtained from the two different 

fixed monitoring stations (namely MR and NK) to validate AS520. The linear 

regression fits are shown in Figure 11-13 separately. Also based on Table 2, it can be 

found that the correlations between measured pollutant concentrations and reference 

pollutant values are poor, except for NO2 and O3 recorded at NK monitoring station. 

Moreover, measured concentrations cannot match well with homologous reference 

ones, for all three kinds of pollutants. AS520 does not show good performance on 

tracking personal air pollution exposure. Therefore, it will not be employed in the 

following sections.  

 

The instruments, two AE 51, are also evaluated in terms of their performance and 

usability. From Table 2 and Figure 14, it is found that the BC concentrations 

measured by AE 51 and reference method (AE 21) are highly correlated, of which the 

correlation coefficients are r = 0.794 for one AE 51 and r = 0.780 for the other. It is 

also noticed that the measured values are generally 15% - 20% higher than 

corresponding reference ones. This result shows good agreement with the previous 

study where the BC levels measured by AE 51 were higher than those measured by 

AE 21 by approximately 14% - 16% (81). This difference might be resulting from the 

different aerosol sampling flow rates, spot areas, filter materials, and mass attenuation 

cross-section parameters (σATN) of the two different instruments. For the instrument 

AE 51, when it measures BC at the flow rate of 150 mL/min and time base of 1 

minute, the uncertainty is ± 0.1 µg/m3, as shown in Figure 14.  
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Figure  11:  Comparison  between  personal  exposure  CO  and  reference  CO  (top  MR;  bottom  NK)  
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Figure  12:  Comparison  between  personal  exposure  NO2  and  reference  NO2  (top  MR;  bottom  NK)  
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Figure  13:  Comparison  between  personal  exposure  O3  and  reference  O3  (top  MR;  bottom  NK)  
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Table  2  Linear  regression  fit  between  measured  and  reference  concentration  of  the  pollutant  

Pollutant  type      Unit   Location   Linear  regression  fit  

   S  (slope)   b  (intercept)   r  (correlation  

coefficient)  

CO   mg/m3   MR   0.50   -‐0.14   0.38  

CO   mg/m3   NK   -‐0.13   -‐0.06   -‐0.09  

NO2   μg/m3   MR   0.71   78.47   0.64  

NO2   μg/m3   NK   0.94   52.87   0.72  

O3   μg/m3   MR   1.45   263.38   0.47  

O3   μg/m3   NK   1.72   205.70   0.87  

BC1   μg/m3   MR   1.07   1.26   0.79  

BC2   μg/m3   MR   1.08   1.21   0.78  

BC  with  LDSA      MR   11.21   15.78   0.89  
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Figure  14:  Comparison  between  personal  exposure  BC  and  reference  BC  (top  BC1;  bottom  BC2);  

   The  size  of  error  bar  is  ±  0.1 μg/m3  
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large amounts of passing vehicles which is the main contributor to BC. However, for 

the walking route, it consists of several busy streets and quiet streets. Therefore, 

vehicle emissions are not the only dominating source. Cooking emissions and 

cigarettes could also contribute a lot to LDSA. To examine the hypothesis, further 

analysis of correlations between BC and LDSA on busy and quiet streets separately 

will be made in section 4.2.3.  

 

Figure  15:  Time  series  plots  of  LDSA  (top)  and  BC  (bottom)  at  the  MR  monitoring  station  

 

 
  

Figure  16:  Scatterplot  of  LDSA  and  BC  at  the  MR  monitoring  station  
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4.2  Personal  exposure  of  BC  in  different  modes  and  routes  

The BC concentrations in different trips are displayed in Table 3 as below. The two 

highest concentrations are on a bus in Manchester and in a car in Leeds, which are 5-

40 times higher than those of other routes. It can be seen that walking on quiet routes 

consistently shows the lowest concentrations when compared to any other route in 

every city. As shown in figure 17, in Manchester and Leeds, the BC concentrations 

inside the car all experience an increasing trend when cars are driven from a quiet 

street onto a busy street. The presence of intermittent peaks might be related to the 

increasing of vehicles or the traffic congestion. These suggest that differences 

between traffic volume and density have a strong influence on exposure to air 

pollution. 

In terms of busy walking routes, the mean BC concentrations for children in 

Manchester, London and Leeds are 2.240, 1.396 and 1.143 µg/m3 respectively, which 

are all higher than corresponding concentrations for adults in the same city. The 

evidence suggests that children can be exposed to higher concentrations when 

walking on busy streets due to the proximity to vehicle emission tailpipes. In London 

and Manchester, both adult and child are exposed to higher BC concentrations when 

travelling by bus than by car. This might be resulting from open windows and 

frequent door openings which lead to a higher infiltration of outside pollutants into 

the bus. In Manchester, for both child and adult, evidently higher BC concentrations 

are observed on the lower deck of the bus when compared with those recorded on the 

upper deck, which might also be caused by the higher efficiency of outside pollutants 

infiltrating into the bus.  
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Table  3  BC  concentrations  in  different  trips  and  modes  

  

     

Location      BC mean ± sd (µg/m3)  

 Mode Child  Adult  

Manchester Walk (quiet route) 0.6±0.3 0.7±0.5 

 Walk (busy route) 2.2±1.6 1.4±0.8 

 Bus (upper deck) 1.4±0.4 0.9±0.4 

 Bus (lower deck) 10.0±3.5 10.8±3.3 

 Car 0.7±0.3 0.5±0.2 

London Walk (quiet route) 0.6±0.2 0.9±0.8 

 Walk (busy route) 1.4±1.2 1.3±1.4 

 Bus  1.5±1.1 1.1±0.6 

 Car 1.0±0.4 1.1±0.8 

Leeds Walk (quiet route) 0.8±0.3 0.6±0.4 

 Walk (busy route) 1.1±2.4 0.9±1.1 

 Bus  2.9±0.4 2.5±0.5 

 Car 23.4±13.3 21.0±13.4 
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Figure  17:  Time  series  plots  of  BC  in  cars  in  three  different  cities  
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4.3  LDSA  and  BC  in  Marylebone  

All recorded data is imported into software R for the following analysis. To make a 

clear and consistent presentation of the project, the unit of BC will be expressed as 

µg/m3 and the unit of LDSA is unified as µm2/cm3.  

4.3.1  Instrument  calibration     

It has been mentioned above that two pairs of AE 51 and Partectors were used 

together to measure BC and LDSA. Therefore, it is needed to assess the consistency 

of corresponding same instruments. Ideal situation is that the concentration collected 

by a Partector (as well as AE 51) is totally equivalent to the value given by the other 

one. However, it is not realistic in practice. Therefore, a linear relationship is assumed 

and equation y = bx+c is used to assess the equipment, where intercept c represents 

the initial gap between two similar instruments. If slope b is bigger, then the error and 

difference between two collected concentrations would become bigger.  

Table  4  Correlation  analysis  using  R  between  two  Partectors  and  two  AE  51  

Instrument and 

experiment time 

Linear regression fit 

Gradient b Intercept c Pearson correlation 

coefficient (r) 

Coefficient of 

determination (R2) 

Partector Friday Morning  1.08 2.23 0.98 0.97 

Partector Friday Noon 1.08 1.76 0.99 0.98 

AE 51 Friday Morning 0.90 0.51 0.98 0.96 

AE 51 Friday Noon 0.98 0.07 0.97 0.94 

 

Taking 20th October for example, the scattering plots of LDSA values recorded 

synchronously by two Partectors are presented in Figure 18. All the morning, noon 

and evening measurements have been taken into account. Table 4 displays the specific 

values of slope b, intercept c, the correlation coefficients (r) and coefficient of 

determinations (R2) of these two Partectors. If b is equal to 1, it shows perfect 
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agreement, but b ranges from 1.079 to 1.120. Despite the situation, it is found that 

actual slopes are still in the range of 10% exceedance of expected b, which is an 

acceptable error. High r and R2 also indicate that these two Partectors are closely 

correlated. Similar analysis is done to two AE 51, results are also presented in Figure 

18 and Table 4, which tells that there is a high correlation between two AE 51.  
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4.3.2  BC  and  LDSA  Distribution  in  Marylebone  

The partector is a real-time instrument of which the time base is one second, whereas 

AE 51 counts the BC concentration at the time interval of every minute. Therefore, 

when analysing the correlation between BC and LDSA, the LDSA values are 

averaged out to the time base of one minute firstly. This averaging is conducted by 

picking out values at 60-second intervals and starting at 30 seconds, which should be 

in accordance to the time of AE 51. Figure 19 shows the time series of data at two 

different time bases. It is found that plots based on the values of one-second time base 

is much nosier and experience more sudden jumping to peaks, when compared with 

plots of averaged concentrations. Some of these peaks or troughs are caused by 

occasional incidents.  

 

However, when considering plotting the heat maps of LDSA distribution in 

Marylebone, second-time interval is a more appropriate choice. The environments in 

this area are a little complicated, even within a short distance there might be several 

different situations. If the values of LDSA are averaged, some important and especial 

points would be missing. Moreover, the designed walking route nearly passes through 

the locations of all diffusion tubes used in NO2 measurements, which might be useful 

for comparison.  

 

 



 60 

 

  

 

 

 
  

  

Figure  19:  Plots  of  LDSA  readings  as  original  second  time  step  (top)  and  minute  averaged  

concentrations  (bottom)  
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Figure  20:  Time  series  of  all  morning  LDSA  and  BC  repeats  

The data plotted in Figure 20 indicates that LDSA and BC throughout the same time 

period but in different days are visually highly correlated. It is found that similar 

spikes happen to these two parameters quite consistently. It is obvious that these 

raising concentrations are collected during the segment of the routes related to 

B
C

 (µ
g/

m
3 ) 

0 
  

  
  

 1
0 

  
  

  
20

  
  

  
 3

0 
  

  
  

40
 

LD
SA

 (µ
m

2 /c
m

3 ) 

0 
  

  
  

20
0 

  
  

  
40

0 
  

  
 6

00
  

  
  

 8
00

 

0               1000              2000              3000 
Time (s) 

     0                   20                   40                   60 
Time (min) 



 62 

Marylebone Station and Marylebone Road, particularly the part where roads are made 

up of six lanes of traffic totally. It is also noticed the segments with lower values 

mainly consist of residential areas and quiet streets where the traffic is not busy. 

There is also a common feature between these streets, which is that these roads are 

usually much narrower with only two lanes.  

 

The repeated measurements along the route display a large range of LDSA readings, 

from 15 to 300 µm2/cm3. Compared with the LDSA concentrations in underground (7 

to 60 µm2/cm3) from other research (55), it suggests that particle number on the 

ground is bigger at some locations on this route, which also indicates that average 

diameters of these particles are smaller but the surface area is larger. In Figure 20, it 

can be seen that spikes across the LDSA time series of all the morning, noon and 

evening rush period, are highly consistent with those of BC concentrations 

meanwhile. Every spike takes place nearly at the same time for both BC and LDSA 

values and remains proportional to each other of enhancement. However, it should be 

highlighted that at minute 10 from the start of the walking on the morning of 17th Oct 

and noon of 20th Oct, the spike of LDSA does not lead to a corresponding increase in 

BC. A possible explanation to this spike of LDSA is that there is an increase in non-

BC particles that are likely to be small in diameter, perhaps semi-volatile nucleation 

particles. Taking the order of this spike, it could be inferred that vehicle emission is 

not the dominating contributing source, and the possible explanation is that cooking 

emissions from nearby café and restaurants are the main affecting factor.  

 

Figure 21 presents the walking routes with LDSA concentrations of morning, noon 

and evening periods separately as the form of heat maps. It is found that LDSA 

measured on busy main roads can be larger by nearly a magnitude of 7 than that on 

quiet side roads. The largest values mainly appear along the Marylebone Road and in 

front of the Marylebone Station. The corner of intersection of Harewood Avenue and 

Harewood Row is always under the condition where the LDSA readings are quite 
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high, because many taxis wait here to pick up passengers from the station. 

Additionally, the café here also contributes a lot. It is evident that Great Central Street 

and the junction of it and Marylebone Road are troubled by high LDSA 

concentrations, for the reason that this street is responsible for many bus routes and 

that junction is the regulated northbound turning location for these buses. The short 

experiment segment of Shroton Street also witnesses higher LDSA readings than 

other route parts near it. It is not only due to a bus top here but also because there is a 

Tesco supermarket where multi-axes high duty vehicles always wait here to unload 

goods. In evenings, the LDSA readings on Boston Street which is only one wall away 

from railway tracks are higher than morning and noon time. The reasonable 

explanation is that the period of 5pm to 6pm is the busiest working hours of 

Marylebone Station according to Transport for London.     

  

As shown in Figure 21, on the road which is exactly in front of the Marylebone 

Station (red box A), LDSA concentration appears to be the highest in morning when 

compared with that in the other two sampling periods in the same day. Moreover, on 

the same morning, this segment seems to bear higher LDSA concentration when 

compared with the segment which is adjacently next to it. In addition, this 

phenomenon takes place on all four measuring days rather than just one particular 

day. This also works for the intersection of Dorset Square and Baker Street (red box 

B). The meteorology data obtained from Heathrow Weather Monitoring Station 

indicates that the wind in morning is quite calm. At these mentioned locations, there 

are long-time waiting traffic lights which always cause congested traffic. Therefore, 

one possible explanation is that the mixing of air is dominated by high traffic and 

congestion rather than wind produced turbulence.  
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Figure  21:  GPS  plots  of  LDSA  (μm2/cm3)  readings  as  heat  maps  on  Thursday  

A 
B 

Thursday Morning 

Thursday Noon 

Thursday Evening 
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BC readings are in the range of 1 to 30 µg/m3. Nevertheless, most of the 

concentrations do not exceed 15 µg/m3. In spite of the different orders of values from 

LDSA concentrations, strong similarities appear regarding the positions where peak 

and trough readings show along the walking route. As shown in Figure 22, it is also 

consistent with LDSA trends that highest BC emissions take place on busier and 

wider roads and quiet streets display lower values. All these results indicate that there 

might be a potential correlation between BC and LDSA when fossil fuels are the 

dominating sources of exhausts. In the case of this study, the main sources are vehicle 

diesel engines on Marylebone Road and train engines in Marylebone Station. On 

Monday, both BC emissions and LDSA present relatively higher concentrations than 

other days.  
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Figure  22:  GPS  plots  of  BC  readings  as  a  heat  map  for  Morning,  Lunch  and  Evening  on  Thursday  

Thursday Morning 

Thursday Noon 

Thursday Evening 
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Based on the figures and tables below, it can be seen that the range of both BC and 

LDSA on busy streets are much wider than that on quiet streets. Generally, the 

concentration of BC on busy streets is 2 – 3 times higher than that on quiet ones. 

Regarding LDSA, the concentration is 1.2 – 2 times higher on busy streets than on 

quiet streets. However, the range changes of BC and corresponding LDSA match 

each other well.  

 

  

 
Figure  23:  Box  plots  of  Morning  BC  (top)  and  LDSA  (bottom)  concentrations  
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Table  5  Summary  statistics  of  Morning  BC  measurements  

Time Period 

(Morning) 

BC (µg/m3) 

1st Qu Median Mean 3rd Qu. Maximum 

16 busy 9.0 11.3 12.8 12.6 56.3 

16 quiet 5.0 5.8 5.9 6.5 11.1 

17 busy 3.3 5.9 6.1 8.1 12.8 

17 quiet 1.9 2.3 2.4 2.8 4.4 

19 busy 6.0 8.9 9.7 11.5 24.7 

19 quiet 3.8 4.0 4.3 4.8 6.1 

20 busy 4.5 6.6 8.3 9.6 27.8 

20 quiet 1.3 1.5 1.8 2.2 3.6 

  

Table  6  Summary  statistics  of  Morning  LDSA  measurements  

Time Period 

(Morning) 

LDSA (µm2/cm3) 

1st Qu Median  Mean  3rd Qu. Maximum  

16 busy 80.6 104.5 123.2 138.0 723.3 

16 quiet 60.2 64.6 69.4 70.7 248.8 

17 busy 39.4 53.7 73.9 90.4 504.2 

17 quiet 26.1 29.4 31.3 34.9 90.4 

19 busy 53.0 70.9 94.0 104.4 951.2 

19 quiet 43.6 47.5 49.3 52.2 99.4 

20 busy 38.5 65.6 83.4 109.5 626.5 

20 quiet 31.3 35.0 37.4 39.0 110.5 
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Figure  24:  Box  plots  of  Noon  BC  (top)  and  LDSA  (bottom)  concentrations  

Table  7  Summary  statistics  of  Noon  BC  measurements  

Time Period 

(Noon) 

BC (µg/m3) 

1st Qu Median  Mean  3rd Qu. Maximum  

16 busy 2.6 4.1 4.8 6.1 11.8 

16 quiet 1.5 1.7 2.1 2.4 4.2 

17 busy 3.1 5.1 6.5 9.1 19.2 

17 quiet 1.5 2.0 2.5 2.7 6.3 

19 busy 6.4 8.4 9.6 11.9 19.6 

19 quiet 2.6 3.3 3.4 4.1 5.2 

20 busy 3.5 4.8 5.7 7.5 12.3 

20 quiet 1.6 2.1 2.2 2.7 4.7 
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Table  8  Summary  statistics  of  Noon  LDSA  measurements  

Time Period 

(Noon) 

LDSA (µm2/cm3) 

1st Qu Median  Mean  3rd Qu. Maximum  

16 busy 37.1 46.0 80.8 68.8 7804.0 

16 quiet 26.3 29.1 31.1 31.8 337.7 

17 busy 51.9 70.9 90.1 107.1 320.3 

17 quiet 30.1 35.3 39.1 43.2 161.1 

19 busy 68.1 90.4 103.0 116.6 461.5 

19 quiet 40.6 49.3 53.2 60.8 456.4 

20 busy 41.9 53.0 72.4 81.4 713.2 

20 quiet 31.0 35.6 39.0 43.1 181.2 

 

 

 
Figure  25:  Box  plots  of  Evening  BC  (top)  and  LDSA  (bottom)  concentrations  
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Table  9  Summary  statistics  of  Evening  BC  measurements  

Time Period 

(Evening) 

BC (µg/m3) 

1st Qu Median  Mean  3rd Qu. Maximum  

16 busy 2.3 3.2 3.8 5.1 8.0 

16 quiet 1.2 1.4 1.6 1.9 4.8 

17 busy 5.8 8.0 8.4 9.2 18.5 

17 quiet 2.3 2.6 3.0 3.4 7.6 

19 busy 5.3 7.1 7.6 8.4 20.7 

19 quiet 2.5 2.9 3.0 3.6 5.9 

20 busy 3.9 5.0 6.2 8.2 13.2 

20 quiet 1.8 2.0 2.9 3.3 9.8 

  

Table  10  Summary  statistics  of  Evening  LDSA  measurements  

Time Period 

(Evening) 

LDSA (µm2/cm3) 

1st Qu Median  Mean  3rd Qu. Maximum  

16 busy 26.5 40.1 62.5 71.8 766.8 

16 quiet 17.6 21.2 25.7 27.6 263.3 

17 busy 64.1 87.4 103.6 121.4 709.8 

17 quiet 43.1 50.4 53.4 58.5 230.2 

19 busy 39.5 58.0 76.4 92.5 560.7 

19 quiet 26.0 31.3 38.3 40.7 433.4 

20 busy 40.8 61.2 74.7 96.7 498.7 

20 quiet 26.3 32.5 40.1 43.6 199.1 
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4.3.3  Correlation  between  LDSA  and  BC  

It is known that BC is an important component of the UFPs emitted by vehicles. 

LDSA can be affected by UFPs to a great extent. Therefore, an assumption is 

proposed that the correlation between LDSA and BC could indicate the proportion of 

measured particulate matter surface area that is BC. This will be further discussed in 

this chapter. As mentioned above, corresponding data of BC and LDSA in certain 

positions indicates that there exists a potential correlation between these two factors. 

Table 4 lists the computed number of correlation coefficient (R) and coefficient of 

determination (R2) using the method introduced in Chapter 3.2. Figure 26 displays 

some examples of the linear regression relationships between LDSA and BC. The 

highest LDSA/BC gradient appears on Tuesday morning at the value of 9.83 m2/g. 

The gradient represents surface area to mass ratio, so the surface area of particles is 

much larger in regard to mass at that time.  

Table 11 tells that Thursday morning accounts for the highest correlation coefficient 

(R = 0.87) and coefficient of determination (R2 = 0.75) when compared with other 

repeats. It has been proved that diesel engine is one of the most significant sources 

contributing to BC and Marylebone Road is well known for its busy flow of traffic 

and large amounts of vehicles. Some research also suggests that the coefficient 

correlation value (R = 0.14) between BC and LDSA is quite low when BC is not the 

dominating pollutant emitted by engines (54). Based on this, it is reasonable to tell 

that high correlations meant that BC occupies a large proportion of LDSA. The high 

correlation coefficient between LDSA and BC also suggests that BC can be used as a 

good indicator for measurement or estimation of health effects related to LDSA. The 

standard deviations are relatively high, because this is a walking route rather than a 

fixed position. Fluctuations are expected for the reason that the route consists of 

streets and roads at a various range of traffic flow which determines BC emissions 

directly in urban environments.   
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Both atmospheric dispersion and coagulation contributed to the rapid decrease in 

ultra-fine particle number concentration and change in size distribution with 

increasing distance from the emission sources. When two small particles collide due 

to their Brownian motion (coagulate), they form a bigger particle. Thus, coagulation 

reduces number concentrations and shifts the size distribution to larger sizes. BC 

particles will also deposit as moving away from the sources, so the BC concentrations 

will decrease.   

The relationships between LDSA and BC on busy and quiet streets are also 

investigated separately. The calculated correlation coefficients between LDSA and 

BC on busy streets on 16th, 17th, 19th, and 20th October are 0.54, 0.88, 0.95 and 0.68 

respectively. However, the correlation coefficients from 16th to 20th on quiet streets 

are 0.31, 0.53, 0.58 and 0.42 respectively. It is evident that correlation coefficients on 

busy streets are always higher than corresponding ones on quiet streets. It is known 

that vehicle emission is the most dominating source on busy streets in this research, 

which powerfully proves our assumption about proportion of BC.  

 

 

  

Figure  26:  Examples  of  the  linear  regression  fitting  plots  of  BC  against  LDSA  concentration 
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Table  11  Correlation  coefficients  and  coefficients  of  determination  of  linear  regression  fits  in  four  

measuring  days  

Time Period BC (µg/m3) LDSA (µm2/cm3)  

mean sd mean sd r R2 

Monday Morning 8.7 4.1 103.3 45.2 0.19 0.04 

Noon 3.4 2.4 64.1 97.8 0.11 0.01 

Evening 2.5 1.8 40.7 26.2 0.11 0.01 

Tuesday Morning 4.0 2.7 51.8 29.8 0.86 0.74 

Noon 4.5 4.1 63.6 33.8 0.30 0.08 

Evening 5.2 3.7 84.7 40.1 0.68 0.46 

Thursday Morning 7.0 4.4 77.0 41.3 0.87 0.75 

Noon 6.4 4.4 82.6 37.5 0.56 0.31 

Evening 5.4 3.9 59.4 34.7 0.31 0.10 

Friday Morning 4.8 5.4 61.2 33.5 0.30 0.09 

Noon 3.5 2.6 58.4 32.1 0.56 0.31 

Evening 4.4 3.1 60.2 30.6 0.42 0.18 

 

4.3.4  LDSA/BC  ratio  

Heat maps of LDSA/BC ratio collaborating with GPS are presented in Figure 27. It is 

reported that near the train station BC is highly correlated with PM1, which means 

that BC particles emitted by train diesel engines are small in size (57). It is observed 

that LDSA/BC ratios are high at segments around railway station. The station is the 

place that is nearest to the emission source. At this point, ultrafine particles have not 

experienced enough coagulated, so the surface area is bigger. It is known that the 

gradient of LDSA/BC ratio represents surface area to BC mass ratio. This is 

consistent with the assumption raised in this study that LDSA/BC ratio can be used to 

infer the size characteristics of the measured particulate matter. In residential areas, 

LDSA/BC ratio appears to be elevated. This is in accordance with the fact that 
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residential parts are made up of streets/roads which are usually quieter. Therefore, 

less BC emissions would be there due to little flow of diesel engine vehicles.  

 

The large spikes of LDSA/BC ratio can be caused by the dramatic drop of proportion 

of BC in ambient environment, which means that BC is not the leading pollutant any 

longer. Moreover, high LDSA/BC ratios can also be caused if the diesel engines emit 

a large percentage of small-size particles and even relatively more BC are emitted 

resulting from the incomplete combustion (18). It is also noticed that the intersection 

of Melcombe Street and Gloucester PI gives high LDSA/BC ratios. It might be 

explained by a construction site in working process during the experiment days. 

 

On Thursday, LDSA concentrations experienced an increase from morning to noon, 

whereas BC concentration nearly remains the same as the morning value despite the 

slightly lower traffic flow. Simultaneously, LDSA/BC ratio is found to be 

significantly enhanced, which means that there are additional small-size particles in 

large amounts. It might be attributed to new particle formation by photochemically 

induced nucleation by the higher solar intensity and by dilution of aerosols due to the 

growth of mixing layer.  
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Figure  27:  GPS  plots  of  LDSA/BC  ratio  as  heat  map  in  Marylebone  on  Thursday 

Thursday Morning  

Thursday Noon 

Thursday Evening  
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4.4  NO2  concentrations  in  Marylebone  (NO2)  

4.4.1  Bias  adjustment  factor  

The regulated standard bias factor at Marylebone is 0.80 for the tubes used in this test. 

It can be seen from the Table 12 that the bias factors for urban background type range 

from 0.73 to 0.98, and factors for road-side type are in the range of 0.86 to 1.06. In 

May 2017, road-side type presents the highest bias factor value of 1.06, which means 

that the accuracy of corrected concentrations in this month is lower. For road-side 

type, the deviation is higher than that of urban background type, but it is still within a 

range of 10%. These bias factors are applied to the corresponding raw data measured 

by diffusion tubes to reduce under or overestimation. The corrected data is then used 

for the following analysis. The experiment lasted for 6 months, from February to July, 

and all the bias factors are listed in Table 12.  

Table  12  Bias  adjustment  factors  of  tubes  in  different  months  and  locations  

Tube 

location type 

Bias adjustment factor 

February March April May June July 

Urban 

background 

0.85 0.86 0.81 0.82 0.73 0.98 

Road side 0.94 0.92 0.91 1.06 0.97 0.86 

4.4.2  NO2  distributions  

As shown in Table 13, monthly average NO2 concentrations over all locations in 

urban background range from 41.99 to 59.31 µg/m3, with the highest average 

concentration appearing in February. It can be seen that the NO2 concentrations are 

higher in winter season than in summer season, which might be due to the lower 

boundary layer height as well as increased emissions. It is also noticed that the road-

side tube concentrations are higher than urban background values at the same period. 

It might be because of busier flow of traffic. Another possible reason is that the street 

is quite narrow, which limits the dispersion of NO2. However, for no matter what 
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types of the environment, the seasonally and monthly mean nitrogen dioxide 

concentrations all exceed the EU limit value which is 40 µg/m3 (2). To have a more 

detailed view of spatial and temporal distribution of NO2, heat maps are plotted for 

each month as shown in Figure 28. For each month, the tube numbers and locations 

where the top three highest NO2 concentrations occur are listed in Table 14. 

The concentration of tube 4 is nearly the highest value in every month. It is located at 

the intersection of Marylebone Road and Baker Street, both of which are the main A-

level roads. Therefore, this phenomenon can be explained by the quite busy traffic 

flow. Tube 14 is also highlighted frequently, positioned at the conjunction of 

Marylebone Road and Gloucester PI which is a relatively busier residential road. 

Tube 32 is put near a bus stop, which gives a good explanation of the high NO2 

concentration, because diesel engine is an important contributor to NO2 emissions. 

Tube 5 is located in front of a café where customers and employees can contribute to 

increasing NO2 concentration. Tube 2 is put very close to the Marylebone monitoring 

station which is along the Marylebone Road.  

Table  13  Month-‐average  NO2  concentrations  measured  by  diffusion  tubes  from  February  to  July  

Tube location 

type 

NO2 (µg/m3) 

February March April May June July 

Urban 

background 

59 48 44 42 41 47 

Road side 72 64 61 71 64 53 
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Table  14  The  tube  numbers  and  locations  with  highest  NO2  concentrations  in  each  month  

Time Period NO2 (µg/m3) 

First highest  

Tube No. 

Con. Second highest 

Tube No. 

Con. Third highest 

Tube No. 

Con. 

                                 

February 

 

4 

Marylenone 

Rd/Baker St 

107 14 

Marylebone 

Rd/Gloucester 

PL 

93 32 

Hayes Place 

Bus Stand 

91 

March 

 

4 

Marylenone 

Rd/Baker St 

97 14 

Marylebone 

Rd/Gloucester 

PL 

96 2 

Marylebone 

Monitor 

88 

April 

 

4 

Marylenone 

Rd/Baker St 

110 14 

Marylebone 

Rd/Gloucester 

PL 

85 5 

Baker St-Costa 

75 

May 

 

4 

Marylenone 

Rd/Baker St 

105 14 

Marylebone 

Rd/Gloucester 

PL 

92 35 

Marylebone St 

Frontage V 

90 

June 

 

7 

Baker 

St/Melcombe 

Rd 

98 4 

Marylenone 

Rd/Baker St 

97 15 

Marylebone 

Rd/Balcombe 

St 

97 

July 

 

4 

Marylenone 

Rd/Baker St 

82 38 

Marylebone Rd 

Old Grammer 

Sch 

 

79 17 

Gloucester 

PL/Dorset Sq 

5th 

74 
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Figure  28:  Heat  maps  of  NO2  distribution  on  February,  March  and  April 

February 

March 

April 
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It can be found that the quiet residential streets, such as Linhope and north part of the 

Balcombe street, exhibit month-average NO2 levels of 30 to 45 µg/m3, which makes 

them at the edge of being just below or above the regulated EU limit NO2 

concentration. For relatively busier residential streets, taking tubes on Harewood 

Avenue for example, nearly all the monthly mean concentrations are above 45 µg/m3, 

exceeding the limit value of 40 µg/m3 regulated by WHO (2). Marylebone station is 

an important transportation hot spot centre, providing train service into and out of 

London. It is also surrounded by busy bus routes and a taxi rank. 

 

Tube 35 is most affected by the waiting taxis and a café at the corner of junction of 

Harewood Avenue and Harewood Row, so the concentrations recorded by it are 

around 34% to 52% higher than other tubes which are also located on these two 

Harewood-related roads. The values of tube 35 are even higher than those of tubes on 

busy Marylebone Road. All the tubes around the Marylebone station give 

concentrations above EU limit value except tube 31 which displays the lowest 

emission among these station-related tubes. The dominating wind direction is 

southwestern from February to July, so the potential reason might be that the 

dominating wind blows from west to east which carries train engine emissions away 

from this part but towards Boston PI. Tube 29 is put at the kerbside on the Rossmore 

Road bridge over the railway tracks, so it can be seen that the concentrations it shows 

are higher than tubes near to it at the same time duration, such as tube 26 and 30.  
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4.4.3  The  affecting  factors  

 

 
Figure  29:  Examples  of  contour  plots  of  NO2  concentration  measured  by  40  tubes  in  Marylebone 

    

As shown in Figure 29, contour plots present a clearer distribution of NO2. The mean 

concentrations measured by 40 tubes separately of February and June are taken out as 

the representative of winter and spring season. It can be seen that the NO2 

distributions are similar that the area consisting of Marylebone Road, Baker Street, 

Gloucester PI and the part surrounded by these three Roads, are most troubled by high 

NO2 emissions. However, something changes in July. It is found that the NO2 

concentrations in this area are significantly reduced. This might be due to generally 

higher boundary layer and reduced emissions from residential and commercial space 

heating.   
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Figure  31:  Monthly  average  NO2  concentrations  trends  recorded  by  tube  27  and  28  

Marylebone station plays an important role in transporting passengers to other cities. 

Most of the serving trains are diesel trains, which would exhaust plenty of NOx 

emissions when operating. Therefore, tube 27 and 28 are set here to assess the exact 

effects of the diesel trains. Tube 28 is on the lamppost alongside the enclosed train 

shed and it is 0.35 m away from the kerbside. However, tube 27 is alongside the open 

railway track as shown in Figure 30 and it is 0.7 m away from kerbside. The 

difference between these two distances to the kerbside is too small to cause clear 

effects, so train exhaust is likely to be the dominating factor. Figure 31 displays the 

trends of month-average concentrations measured by two tubes separately from 

Figure  30:  Marylebone  railway  station 



 84 

February to July. It is found that in every month, the NO2 concentrations recorded by 

tube 27 are all higher than those of tube 28. A possible explanation for this is that the 

boundary wall of railway acts to block the pollution.  

 

As shown below in Figure 32, four tubes, numbered 17, 18, 19 and 20, are positioned 

at four different directions around the Dorset Square garden. The monthly mean 

concentrations of four tubes are also plotted and presented in Figure 33. NO2 

measured by tube 17, is much higher than the other tubes. It is set up at the turning 

corner of the intersection of Gloucester PI and Melcombe Street, which mainly serves 

cars and buses accessing the Marylebone station. Tube 35 located in front of the 

entrance of Marylebone Station also records high NO2 concentrations, because there 

are many cars idling and waiting in front of the station. Considering the fact that NO2 

emissions of tubes near to the junction of two roads are all high, it is not only due to 

the busy flow of vehicles, but also possibly resulting from idling, speeding up and 

slowing down process. 

 

  

  

19 
18 

20 
17 

Figure  32:  The  locations  of  tube  17,  18,  19,  and  20  at  the  Dorset  Square 
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Figure  33:  The  NO2  monthly  average  concentration  trends  recorded  by  tube  17-‐20  from  February  to  

July  

The effects of wind speed and direction are also considered. Wind data is download 

from Met Office UK and then plotted into wind rose as shown in Figure 34. Hyde 

Park monitoring station is chosen as reference, because it is the closest station to 

Marylebone district. It is seen that wind speed mainly focuses on the range of 0 to 1 

mph for every month. The most frequent wind is from southwest orientation. 

However, in April and May, there are considerable times that wind blows from 

northeast direction. Till now, no evident relationship between NO2 concentration and 

wind condition is found. Further investigation is required to do the real-time NO2 

measurements at fixed locations, which would provide clear and detailed fluctuations 

influenced by wind.    
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Figure  34:  Wind  rose  indicating  wind  direction  and  frequency  in  February  and  March  

4.4.4  Comparison  with  FMS  

The summary of statistics for the monthly average concentrations of NO2 obtained 

from the roadside FMS (Marylebone), urban background FMS (Bloomsbury), and 

personal exposure measurements using diffusion tubes are presented in Table 15. A 

similar trend of NO2 concentrations between FMS and corresponding diffusion tube 

measurements can be observed with the changing of month, whereas the differences 

between these two kinds of exposure measurements are also clearly evident. In urban 

background, the personal exposure to pollutants are around 1.25 times higher than 

those measured by FMS in every month. However, in road-side environments, NO2 

concentrations recorded by FMS are sometimes nearly 1.5 times higher than those 

measured by diffusion tubes over this long period. Pedestrian exposure levels over a 

long term cannot be accurately reflected by neither of the two FMS. The most 
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possible reason is that individual activities and pollutant dispersion are not taken into 

consideration by the FMS. Consequently, more attention should be paid when using 

FMS data which is now widely used as a surrogate to estimate exposure for science 

and policy aims.   

Table  15  Monthly  average  concentrations  of  measured  NO2  and  reference  NO2  from  February  to  July  

Methodology and Location NO2 (µg/m3) 

February March April May June July 

Urban background tube 59 48 44 42 41 47 

Urban background FMS 

(Bloomsbury) 

45 37 37 34 30 33 

Road side tube 72 64 61 71 64 53 

Road side FMS (Marylebone) 86 88 70 80 93 73 

 

4.4.5  Comparison  with  short-‐term  BC  measurement     

It is known that diffusion tube is an economic friendly methodology and quite 

appropriate for evaluating medium-term exposure. AE 51 performs well in measuring 

personal exposure, but the high price of it determines that it cannot be used neither on 

a large scale like diffusion tubes nor for medium-term measurements. It has been 

mentioned above that 40 diffusion tubes were put at 40 different locations separately 

and measured NO2 over a 6-month period. A specific walking route which could pass 

26 tubes of all is also designed for measuring BC. Therefore, NO2 concentrations are 

compared with BC values which are recorded at the same location of corresponding 

diffusion tubes. This aims to investigate that whether the cheap medium-term 

exposure measurements can be used as the accurate prediction of inconvenient 

personal exposure of air pollution. A linear regression relationship is assumed 

between NO2 and BC. As shown in Figure 35, the fit is y = 0.1127x – 1.4257, where y 

represents BC and x stands for NO2. The correlation coefficient between them is 0.58. 
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This value is not ideal, so medium-term exposure measurements of NO2 cannot be 

used as a surrogate to estimate personal exposure to air pollution.   

 
  

Figure  35:  Linear  regression  fit  between  NO2  recorded  by  diffusion  tubes  and  BC  measured  on  the  

designed  walking  route  
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5.   Conclusions  and  future  recommendations  

5.1  Conclusions     

This research sets out to evaluate the accuracy of personal exposure measurements. 

BC concentrations measured by instrument AE 51 exhibit high correlations with those 

recorded by reference method (AE 21), where the correlation coefficient is 0.794. It is 

also noticed that the measured values are generally 15% - 20% higher than 

corresponding reference ones. This result shows good agreements with the previous 

study where the BC levels measured by AE 51 are higher than those measured by AE 

21 (reference instrument) by approximately 14% - 16%. This might be due to the 

different aerosol sampling flow rates, spot areas, filter materials, and mass attenuation 

cross-section parameters (σATN) of the two different instruments.  

Personal exposure levels to ambient air pollutant (BC) are also evaluated in different 

modes and routes, in three different cities. The results obtained by four different 

modes, namely walking on quiet streets, walking on busy streets, driving a car and 

taking bus, show large variabilities. Walking on quiet streets is responsible for the 

lowest mean BC concentrations when compared with any other route in every city, 

which suggests that differences between traffic volume and density might have a 

strong influence on personal exposure to air pollution. In the same environment, 

different personal exposure levels are also observed for child and adult. It is found 

that the mean BC concentrations on busy walking routes for children in Manchester, 

London and Leeds are 2.240, 1.396 and 1.143 µg/m3 respectively, which are all higher 

than corresponding concentrations for adults in the same city. This indicates that 

children can be exposed to higher concentrations when walking on busy streets due to 

the proximity to vehicle emission tailpipes. Also, the BC concentrations inside the car 

all experience an increasing trend when cars are driven from a quiet street onto a busy 

street. The presence of intermittent peaks might be related to the increasing of 

vehicles or the traffic congestion. In the bus, BC concentrations recorded on the lower 

deck are found to be higher than those measured on the upper deck. This might be due 
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to the frequent door openings, which leads to a higher infiltration of outside pollutants 

into the bus. However, both children and adults are exposed to higher BC 

concentrations when in the car and bus than walking.  

The performance of LDSA and BC, and the relationship between them in urban 

environments at Marylebone are explored as a measure of personal exposure. BC 

readings are in the range of 1 to 30 µg/m3, whereas LDSA readings range from 15 to 

300 µm2/cm3. In spite of the different orders of values, strong similarities appear 

regarding the positions where peak and trough readings show along the walking route. 

GPS data for Marylebone indicates that there exists a strong trend between traffic 

flow and density and peaks within both LDSA and BC data. Generally, the 

concentration of BC on busy streets is 2 – 3 times higher than that on quiet ones. 

Regarding LDSA, the concentration is 1.2 – 2 times higher on busy streets than on 

quiet streets.  

The correlation coefficients between LDSA and BC on busy streets on 16th, 17th, 19th, 

and 20th October are 0.54, 0.88, 0.95 and 0.68 respectively. However, the correlation 

coefficients from 16th to 20th on quiet streets are 0.31, 0.53, 0.58 and 0.42 

respectively. It is evident that correlation coefficients on busy streets are always 

higher than corresponding ones on quiet streets. It is also known that vehicle emission 

is the most dominating source on busy streets in this research. Therefore, this proves 

our assumption that correlation coefficient can indicate the contribution of the 

measured particulate matter surface area which is BC. It is known that near the train 

station BC particles emitted by train diesel engine are small in size. It is also observed 

that LDSA/BC ratios are high at segments around railway station. This is consistent 

with the assumption raised in this study that LDSA/BC ratio can be used to infer the 

size characteristics of the measured particulate matter. 

NO2 concentrations and distributions are assessed in Marylebone. It can be seen that 

February is responsible for the highest NO2 concentration which is 72 µg/m3. The 

NO2 concentrations in residential districts are higher in winter season than in summer 
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season, which might be due to the burning of fossil fuel for the need of heating. It is 

also noticed that the road-side tube concentrations are evidently higher than urban 

background values at the same period, which might be because of busier flow of 

traffic. Another possible reason is that the street was quite narrow, which limits the 

dispersion of NO2. Despite the similar trend, NO2 concentrations measured by 

diffusion tubes also display evident differences when compared with those recorded 

by fixed monitoring station, where the former NO2 values can reach as 1.5 times as 

the latter ones. Therefore, FMS cannot stand for personal exposure well. More care 

should be taken when using FMS data which is now widely used as a surrogate to 

estimate exposure for science and policy aims.   

5.2  Recommendations  for  future  work  

A specific walking route at Marylebone was selected to access the variations in 

emissions within different traffic conditions by including roads which differed 

significantly in traffic flow and density. This indeed contributed a lot to investigating 

the relationship between BC and LDSA. However, there also existed many affecting 

factors which could disturb the results and analysis, due to the exposed and 

uncontrolled environment. Therefore, further study is needed to verify our assumption 

under an environment where BC and LDSA could be accurately controlled. A 

surrogate soot source and a catalytic stripper could be used to obtain BC at different 

concentrations and make sure there will not be any semi-volatile carbon. The number 

and size of particulate matters is an important parameter in the assumption, so particle 

size could be controlled by selecting particles of a certain size (e.g. using an Aerosol 

Aerodynamic Classifier (AAC)). The ratio between BC and LDSA will be expected to 

be different for different particle sizes. Also, for one given particle size, it could also 

be investigated how different BC concentrations affect the relationships between BC 

and LDSA.  

It is known that LDSA is still a new metric dose which needs more investigation to 

assess its performance as measure of exposure to air pollution. BC is regarded as a 
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good representative of other pollutants and used as a main indicator when assessing 

climate, environmental and more importantly health effects. However, there are other 

pollutants which are also associated with similar health effects such as NOx, PM and 

CO. It could be of particular interest to evaluate how LDSA varies with these other 

compounds and whether similar relationships lie at the different locations.  
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