
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Report No 71: 
The effect of black carbon on soiling of materials 
 
 
 
September 2012 
PREPARED BY THE MAIN RESEARCH CENTRE 
 
 

 

 

Swerea KIMAB AB, Stockholm, Sweden 
 



 
 

1 
 

 
 
 
 
 

 
CONVENTION ON LONG-RANGE TRANSBOUNDARY AIR POLLUTION 

INTERNATIONAL CO-OPERATIVE PROGRAMME 
ON EFFECTS ON MATERIALS, 

INCLUDING HISTORIC AND CULTURAL MONUMENTS 
 
 
 
 

Materials 
 

http://www.corr-institute.se/ICP-
Materials 

 
 

 
 
 

Report No 71 
The effect of black carbon on soiling of materials 

 
 
 

 
 
 

Compiled by 
Andrew Gordon1, Johan Tidblad1 and Tiziana Lombardo2,  

 
1Swerea KIMAB AB, Stockholm, Sweden 

2Laboratoire Interuniversitaire des Systèmes Atmosphérique (LISA), Paris, France 
 

http://www.swereakimab.se/ 



 
 

2 
 

 Contents 
 
1 INTRODUCTION ............................................................................................... 3 
2 METHODS FOR MEASURING BLACK CARBON ........................................ 4 

3 RELATIONSHIP BETWEEN BLACK CARBON AND OTHER 
PROPERTIES OF PARTICULATE MATTER ........................................................ 9 

4 NON-TRANSPARENT MATERIALS ............................................................. 12 
4.1 SOILING MODELS AND DOSE-RESPONSE FUNCTIONS ............................................ 12 
4.2 TOLERABLE SOILING LEVELS AND AESTHETIC THRESHOLDS ................................ 15 

5 TRANSPARENT MATERIALS ....................................................................... 19 
5.1 SOILING MODELS AND DOSE-RESPONSE FUNCTIONS ............................................ 19 
5.2 TOLERABLE SOILING LEVELS AND AESTHETIC THRESHOLDS ................................ 23 

6 ECONOMIC ESTIMATIONS OF SOILING .................................................. 25 
7 CONCLUSIONS AND RECOMMENDATIONS............................................. 27 

8 REFERENCES .................................................................................................. 29 
 



 

3 

1 Introduction 
Black carbon (BC) has received renewed attention in connection with climate change since 

it is being considered a short lived climate forcer (SLCF). It also has direct effects on 

human health and the environment and therefore the executive body of the LRTAP 

Convention decided that the ICP’s should review adverse effects of black carbon. ICP 

Materials has previously identified soiling of materials as the most important effect. 

Work in this field, i.e. soiling of materials, began in the 1970’s and has developed through 

the years and has been included in the work plan and mandate for ICP Materials. Therefore 

ICP Materials decided to meet the request of the executive body by performing a literature 

review of the effects of black carbon on the soiling of materials, presented in this report. 

The report starts with a short review of methods for measuring black carbon and 

relationships between black carbon and other properties of particulate matter. This is not 

the focus of the report but a necessary background since soiling of materials has been 

correlated to several aspects of particulate matter including black carbon, elemental 

carbon, soot, etc. Very few dose-response functions directly include black carbon as a 

parameter and therefore the review needs to be broadened to include all dose-response 

functions. 

The main part of the report deals with soiling dose-response functions and thresholds. This 

is divided into two separate sections for non-transparent and transparent materials, since 

the methods for evaluating soiling and also the theory for deriving dose-response functions 

are quite different. 

Lastly, the most important economic models and results are summarised and those 

particularly interested in this aspect should also consult report 65 “Economic assessment of 

corrosion and soiling of materials including cultural heritage”. 
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2 Methods for measuring black carbon 
Methods of measuring atmospheric black carbon (BC) are based on the principle of 

collecting aerosol samples on filters, and then analysing these filters for changes in either 

optical or chemical properties. The samples can be collected using a variety of standard 

techniques such as total suspended particulates (TSP), particulate matter PM10 and PM2.5 – 

where the sample has an aerodynamic diameter cut-off of 10µm and 2.5µm respectively. 

Today the most commonly used method for analysis of the collected particulate matter is 

by thermal-optical means by one of the available protocols such as IMPROVE, NIOSH, 

STN, HKUST or EUSAAR. There are also purely optical methods of determining BC 

concentrations such as the Dark Smoke (DS) method and other photometric techniques, as 

well as thermo-chemical methods known as thermo-coulometric analysis. 

Dark smoke methods using light reflectance began life during the earlier part of the 20th 

century (Hill, 1936), but generally they have been superseded by other methods. In DS the 

analysis is by optical means, where the light reflectance of a sample is converted into a 

value of BC concentration. The changes in pollutant properties since the decline in coal use 

for domestic heating, and the increase in diesel use for motor transport have driven the 

change away from DS measurements, as well as the requirement for more accurate BC 

measurements (Watt and Hamilton, 2003). Current legislation for control of particulate 

pollutants in the atmosphere is generally based on PM10 and PM2.5 sampling and analysis 

thereafter. 

The drive for data on PM levels for health and environment research purposes has resulted 

in the establishment of monitoring networks within countries such as the PM supersites 

program in the USA (http://www.epa.gov/ttn/amtic/supersites.html) and the AURN in the 

UK (http://uk-air.defra.gov.uk/networks/network-info?view=aurn). These networks 

continually monitor aerosol properties and report them publically.  

The variability of sample collection has led to the development of various designs of 

samplers, such as dichotomous samplers in the USA which distinguish between fine and 

coarse particles in the samples, and tapered element oscillating microbalance (TEOM) 

instruments in the UK for continuous measurement of PM10. However, relating the various 

particle measurement techniques is not simple and can be dependent on seasonal changes 

and site location (Watt and Hamilton, 2003). 
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Edwards et al (1983) reported that dark smoke is a suitable method for determining the 

concentration of PEC (Particulate Elemental Carbon) in the atmosphere, and can be related 

by PEC (µg.m-3) = 0.13 standard dark smoke (µg.m-3). Kendall, Harrison et al (2000) 

reported that PEC constituted 1-13% of TSP of samples collected in from a central London 

site. In the same work, TOC (Total Organic Carbon) was found to be 7-45% of TSP. 

However, other studies such as Midlander et al. (2012) found no correlation between BC 

and EC in their measurements which used both optical and thermal-optical analysis 

methods. 

Aethalometers (a type of photometer) can be used for continuous on-line measurement of 

BC in the atmosphere, which employ optical analysis of the collected particulates on a reel 

of filter material. Thermal-optical analysis methods have been developed to include light 

reflectance and transmission through samples as part of thermal analyses. In the thermal-

optical analyses, gases evolved from the heating of the sample can be used in the 

identification of BC. In these techniques the sample is heated in both inert and oxygen-

bearing atmospheres at varying temperatures and durations, and the consequent gases 

registered by an instrument. Measurement of carbon in the sample is defined by the 

temperatures and atmosphere at which it evolves during heating steps, along with optical 

detection of BC (Chang et al, 2005). 

The carbon fractions are commonly summed into two components related to light 

absorbing (termed elemental carbon or EC) and non-light-absorbing (termed organic 

carbon or OC) carbon particles. Because definitive standards for OC and EC are lacking, 

these terms are defined by the method or protocol applied rather than as a fundamental 

quantity. The sum of all components is total carbon (TC) (Chow et al., 2001). 

It is reported in literature how variability in thermal-optical measurements between 

different laboratories is evident due to the different protocols and instruments used in the 

analyses. The protocols define the heating intervals used in the analyses and can influence 

the amount of OC and EC registered by the instrument used. Of particular concern is the 

production of pyrolytic carbon (PyC) which can occur during the inert heating phase of 

some protocols and give rise to an altered EC measurement thereafter. The generation of 

PyC occurs where OC becomes charred during heating and therefore can be detected as EC 

in the later stage of the analysis. Cachier et al (1987) discussed the intricacies of carrying 

out the thermal analysis of atmospheric samples, and how the setting of temperatures and 
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durations for each stage of the analysis is critical to the outcome. Several techniques are 

used to compensate for the PyC effect, such as use of laser light to measure transmittance 

and/or reflectance of the sample during heating. The results of the light measurements 

feedback to the EC measurement and therefore correct the result for any PyC effects. 

The effect of charring OC during the heating phase remains a contentious issue however, 

with data revealing there can be large differences in EC quantification between protocols. 

Watson et al (2004) reported that using thermal-optical-transmission (TOT) analysis 

resulted in lower readings of EC when compared to thermal-optical-reflectance (TOR) 

methods. 

It has also been reported in literature that for urban aerosol samples a higher temperature 

inert-gas phase during the heating protocol can reduce the errors obtained in the EC 

measurement by way of reducing the PyC influence. However, the influence of the sample 

composition on the thermal behaviour of carbonaceous species makes it difficult to find a 

universal thermal method for OC/EC separation suitable for aerosol samples collected in 

different environments (Piazzalunga et al., 2011). 

Comparisons between two of the thermo-optical protocols, IMPROVE and NIOSH, have 

shown the primary differences surround the upper limit for inert heating (850oC for 

NIOSH), shorter residence times at temperature set-points, and use of light reflectance or 

transmission for PyC correction. In NIOSH, the carbon at the high temperature inert stage 

is allocated to OC rather than EC and therefore produces a different result to IMPROVE. It 

has been shown that if the carbon from this stage is summed with the EC reading a similar 

result to the IMPROVE protocol can be achieved (Chow et al., 2001). Another comparison 

of the IMPROVE and NIOSH protocols concluded that the presence of mineral oxides in 

the sample can alter the EC reading, as reduction of the oxides during the inert gas phase 

can lead to premature evolution of EC during the analysis (Midlander et al., 2012). 

In recent years there has been work completed in Europe in order to produce a standard 

protocol for thermal-optical analysis, similar to those which exist in the USA (IMPROVE 

and NIOSH). The work presented in Cavalli et al (2010) concluded with a detailed 

protocol called EUSAAR_2 (European Supersites for Atmospheric Aerosol Research). 

Figure 1 shows the temperature steps and subsequent detections for the NIOSH protocol, 

whilst figure 2 shows the same for the EUSAAR_2 protocol (Cavalli et al., 2010). 
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Figure 1 - thermograph from NIOSH-5040 analysis, showing the temperature steps in red 
and the carbon detection in blue, the black line represents the optical transmittance 

(Cavalli et al., 2010). 
 

 
 

Figure 2 – thermograph from EUSAAR_2 analysis, showing the temperature steps in red 
and the carbon detection in blue, the black line represents the optical transmittance 

(Cavalli et al., 2010). 

Thermo-coulometric analysis is a similar technique to thermal-optical, and is used to 

measure carbon collected on glass fibre filters (Cachier et al., 1989). It is based on the 

combustion of sample and in the subsequent analysis by chemical titration of the 

developed CO2. Duration and temperature of combustion are controlled to reduce charring 

of OC as well as the loss of EC. Prior to the analysis filters are exposed to HCl fumes in 

order to eliminate any carbon from carbonates. The filters then are cut into two parts in 

order to separately analyse their TC and the EC contents. One aliquot is directly burned, 

during 3 minutes, at 1200°C under a pure oxygen flow inside a furnace linked to a carbon 

analyser. Carbon contained on the filter is transformed into CO2, which is transported 

toward a solution of Ba per-chlorate with a given pH (9.8). The arrival of CO2 results in a 

change of the pH value, which is successively restored via an electrochemical reaction. 
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The amount of current produced is thus proportional to CO2. Analyses of this first aliquot 

accounts for the TC. The second filter aliquot undergoes to a pre-combustion step in order 

to eliminate the OC. Pre-combustion takes place in a tubular furnace during 2 hours at 

340°C under oxygen flow. The filter is then analysed as described before, thus only EC is 

quantified.       
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3 Relationship between black carbon and other 
properties of particulate matter 
Black carbon is a term used to describe the light absorbing component of PM in our 

atmosphere, however there are several terms which relate to BC in this research area, 

which one is used depends on the measurement method and analysis employed when 

quantifying BC: 

 Char is defined as carbonaceous material obtained by heating organic substances and 

formed directly from pyrolysis, or as an impure form of graphitic carbon obtained as a 

residue when carbonaceous material is partially burned or heated with limited access of 

air (typical of burning vegetation and wood in small residential heaters).  

 Soot is defined as only those carbon particles that form at high temperature via gas-

phase processes (typical of diesel engines).  

 Black carbon (BC) refers to the dark, light-absorbing components of aerosols that 

contain two forms of elemental carbon.  

 Elemental carbon (EC) in atmospheric PM derived from a variety of combustion 

sources contains the two forms “char-EC” (the original graphite-like structure of natural 

carbon partly preserved, brownish colour) and “soot-EC” (the original structure of 

natural carbon not preserved, black colour) with different chemical and physical 

properties and different optical light-absorbing properties. (Salonen, 2012).  

The relationship between BC and particulates in general is not a simple one; atmospheric 

aerosol particles evolve and are formed through a complex sequence of chemical processes 

that require sophisticated measurement and analysis techniques to understand (Peralta et al, 

2007). It is common to find a range of constituents in a given aerosol sample, these 

typically include sulphates, nitrate, chloride, organic carbon, elemental carbon, iron and 

calcium. (Harrison et al, 2004). These components are reported from various studies 

around the world, the proportions of each constituent vary depending on the location of the 

sample. SEM images of particulates collected in Sweden are shown in figure 3 and 

demonstrate the variability of the particles that can be present in one sample. 

Aerosol particulates are composed of three main parts; insoluble minerals or crustal 

material, hygroscopic inorganic salts, and carbonaceous material. Carbonaceous particulate 

matter typically forms between 10 and 50% of the total particulate matter (PM10) mass 
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concentration. The origin of OC can be both of primary – emitted directly into the 

atmosphere – or secondary - condensation of compounds in the atmosphere by photo-

oxidation of volatile organic precursors (Fuzzi et al., 2006). In contrast, EC is exclusively 

of primary origin produced by incomplete combustion of carbon containing fuels used for 

transportation, heating, and power generation. (Karanasiou et al., 2011, and Cavalli et al., 

2010). 

 
Figure 3 - SEM images showing the variation in form of collected PM10 particulate matter 
a) typical surface morphology of micron-sized matter containing iron, carbon and oxygen; 
b), e), f) show typical micron-sized particles; c) shows aggregated nano-sized particles; d) 

shows large fibrous features of unknown origin (Midlander et al, 2012). 

EC is ubiquitous in fine aerosol particles and appears at measurable levels even in the most 

remote locations (Putaud et al., 2004). Ebert (1990) found that fresh EC generated from 

incomplete combustion of diesel fuel was 92% carbon, 6% oxygen, 1% hydrogen, 0.5% 

sulphur, and 0.3% nitrogen by weight. Similar compositions are found for EC produced by 

several different fuels under incomplete combustion conditions (Palmer and Cullis, 1965). 

EC and soot are often characterized as black carbon by light reflectance or transmittance, 

but some forms of EC are blacker than others (Chow et al, 2001). The contribution 

individual particles make to soiling, i.e. size of particle, chemical composition, source of 

particulates, is obviously important to the soiling process. In some cases the relationship 

between these factors has been investigated (Watt, 2008), highlighting the individual 

nature of each test site and deposited materials, but no generic function has been 

formulated successfully as yet. 

In general the constitution of particulate matter is dependent on source, its interactions and 

transformations whilst it resides in the atmosphere, and its transport and removal processes 
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from surfaces. Currently there is a lack of knowledge of particulates in general in terms of 

behaviour and interaction. This can be appreciated when one considers the localised nature 

of previous and on-going studies, as well as the complexities of combining more wide-

ranging studies (Watt and Hamilton, 2003). 

BC although a small percentage of overall particulate matter, has a significant effect on 

health and the environment, causing illness amongst humans and exerting a force on the 

climate associated with global warming. The measurement of particulates is thus focussed 

on defining the BC content in much of the literature and will continue to be an important 

component of atmospheric analysis, and the contribution to soiling.  
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4 Non-transparent materials 
4.1 Soiling models and dose-response functions 

There are various dose-response functions (DRF) that have been established for use with 

soiling of materials by atmospheric contaminants. The functions that are used to define 

corrosion of materials include those for predicting the effects of SO2, NOx, and other 

pollutants that may occur in the atmosphere. Soiling DRF’s however, are characterised by 

incorporating data of particulate matter, as quantified by one of several different methods. 

It is dependent on the type of local pollution as to which parameter one chooses to apply in 

a dose response function, but the dominating methods in the literature are TSP and PEC as 

these were the commonly used methods when most DRF’s were developed. 

Soiling DRF’s are based on either square root or exponential models, as shown in figure 4. 

Their origins are experimental and theoretical respectively, with one of the first square root 

models to have been published by Beloin and Haynie in 1975. Later works have focussed 

on the exponential model due to the requirement to establish a theoretical link to pollution 

levels in the atmosphere for policy making and economic factors. 

Two trains of thought led to the development of the exponential model, one being that the 

loss of reflectance is proportional to the surface area covered by the deposited material. 

The other theory proposed by Lanting (1986) is based on the physical process of a build-up 

of a film and the light attenuation within this film which then leads to a loss of reflectance. 

Examples of both types of model are given below: 

Square root model: R(%) = 100 – k√(Ct) 

Results from soiling experiments are fitted statistically to an equation with reflectance, R, 

proportional to the square root of the dose. The dose is a product of the particulate matter 

concentration C and time of exposure t, where k represents the soiling coefficient. 

Exponential model: R(%) = 100 . exp(-λCt) 

An exponential model derived from theoretical approaches, either by the area covered by 

particles or by the thickness of the particle layer which covers the surface leads to the 

above relationship. Here λ is called the dose-response constant. 
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Figure 4 - Graph showing average reflectance change with time of sheltered wood samples 
exposed to atmospheric soiling with lines of best fits for both square root and exponential 

models. Beloin/Haynie and Beloin/Hamilton are square root models, and 
Lanting/Hamilton is an exponential model. (Pio et al, 1998) 

It has been shown that DRF's may not be appropriate to describe the behaviour of materials 

in unsheltered positions however. Pio et al (1998) found that reflectance of samples of 

painted wood and stone tablets could not be approximated by DRF's as their reflectance 

varied in an erratic manner, indicating that perhaps the effect or rain washing can 

sometimes rearrange particles lying on the surface rather than removing them. 

Hamilton et al. (1993) also mentioned the effect of rainfall on soiling, finding that rainfall 

only leads to an increase in the intensity of soiling by first removing then redistribution of 

the particles into an accumulation. Haynie (1986) described how soiling is not only 

affected by size fraction of particles, but also wind speed, surface orientation and surface 

roughness, and that these factors can affect the overall soiling quite considerably. This is 

due to the soiling being dependent on the flux of particles to the surface, and the flux can 

be defined theoretically as being a function of the ambient particle concentration and 

deposition velocity. Tables 1-2 give a summary of some of the published DRF’s in both 

square root and exponential form. 
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Table 1 - Summary of DRF’s, square root models. 
 
Type Coefficient k 

(m3/µg.year)½ 
Particle 
measure 

Exposure 
material 

Exposure 
conditions 

Time 
period 
(months) 

Location Ref 

Square 
root 

0,067-0,088* TSP Limestone Sheltered 7 or 12** Spain Grossi, 
2001 

Square 
root 

0,05-0,102* TSP Limestone Unsheltered 7 or 12** Spain Grossi, 
2001 

Square 
root 

0,0663 PM10 wood Sheltered  28,3 Portugal Pio, 
1998 

Square 
root 

0,0876 DS wood Sheltered  28,3 Portugal Pio, 
1998 

Square 
root 

0,234 BC wood Sheltered  28,3 Portugal Pio, 
1998 

Square 
root 

0,0838 PM10 Portland 
stone 

Sheltered  28,3 Portugal Pio, 
1998 

Square 
root 

0,111 DS Portland 
stone 

Sheltered  28,3 Portugal Pio, 
1998 

Square 
root 

0,296 BC Portland 
stone 

Sheltered  28,3 Portugal Pio, 
1998 

Square 
root 

0,91 TSP Coated 
yellow 
brick 

Unsheltered - UK Butlin, 
1994 

Square 
root 

1,6 TSP Shingles Unsheltered - UK Butlin, 
1994 

Square 
root 

1,6 TSP Acrylic 
emulsion 
paint 

Unsheltered - UK Butlin, 
1994 

Square 
root 

2,2 TSP Acrylic 
emulsion 
paint 

Sheltered - UK Butlin, 
1994 

Square 
root 

1,1 TSP Tint based 
paint 

Unsheltered - UK Butlin, 
1994 

Square 
root 

1,1 TSP Oil based 
paint 

Unsheltered - UK Butlin, 
1994 

Square 
root 

2,8 TSP White 
painted 
wood 

Unsheltered 3,7 UK Hamilton 
1993 

Square 
root 

4,2 TSP White 
painted 
wood 

Sheltered 3,7 UK Hamilton 
1993 

Square 
root 

1,4 TSP Acrylic 
emulsion 
paint 

Unsheltered 24 USA Beloin & 
Haynie, 
1975 

*value range for data presented in paper. 
**Samples exposed for 7 or 12 months depending on test site. 
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Table 2 - Summary of DRF’s, exponential models. 
 
Type Coefficient 

λ 
(m3/µg.year) 

Particle 
measure 

Exposure 
material 

Exposure 
conditions 

Time 
period 
(months) 

Location Ref 

Exp 0,0015† PM10 Painted steel Sheltered 12  Various Watt 
2008 

Exp 0,0016† PM10 Plastic Sheltered 12  Various Watt 
2008 

Exp 0,0013† PM10 Polycarbonate Sheltered 12  Various Watt 
2008 

Exp Na 
(not 
presented) 

Na PVC roofing 
membrane 

Unsheltered 60-96 
 

USA Levinson 
2005 

Exp 0,0092 TSP White painted 
wood 

Unsheltered 3,7 UK Hamilton 
1993 

Exp 0,062 PEC White painted 
wood 

Sheltered 3,7 UK Hamilton 
1993 

†Value converted from (m3/µg.day) to (m3/µg.year) 
 

A review of the above DRF’s suggests that the coefficient value is dependent on the unit of 

particulates used in the analysis. Between the functions which use similar models and 

particulate units the coefficients are in the same order of magnitude, even between 

difference materials, geographical locations and exposure periods. 

4.2 Tolerable soiling levels and aesthetic thresholds 

Thresholds for soiling of buildings are based on several factors: public perception, 

location, and pattern of soiling. These factors are commonly discussed in the subject of 

soiling of buildings, and are usually the parameters by which studies attempt to describe 

the maintenance strategies in regards to the cleaning of buildings and monuments. 

Some literature describes that a 30% reduction in reflectance is generally seen as the 

threshold at which cleaning should be undertaken (Pio et al., 1998). Lanting (1986) 

proposed that 2% coverage of a surface by soiling would trigger probable complaints from 

the public, whilst 5% coverage would result in these complaints being of a serious nature. 

Watt et al. (2008) reported that a 35% reduction in reflectance triggers a significant 

adverse public reaction. Decisions of when a particular building should have maintenance 

performed to remove soiling can also be based on the subjective judgements of the 

building mangers. When the soiling can result in physical damage to the surface of the 
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building in question, and thus a reduction in integrity of the structure, it is important to 

develop a maintenance strategy to mitigate the damage. 

Research carried out by McRae et al. (1994) indicated that the amount of dust/dirt in the 

atmosphere can be a more meaningful measure of public nuisance (from diesel pollution) 

than measures of carbonyl, hydrocarbons and ozone concentrations. This research was 

based on public surveys carried out in two locations in London, UK, and sought to find out 

what exactly about pollution concerned the local population the most. The results 

presented actually suggest that generally the public were less concerned about soiling of 

buildings than purely the amount of dust/dirt in the atmosphere, although it could be the 

case that one precedes the other. 

Brimblecombe et al. (2005) reported that the perception of soiling is more pronounced in 

less polluted areas, that is to say that soiling is tolerated more in areas of higher pollution 

such as city centres or industrialised areas, see figure 5. This could be linked to the 

hypothesis that people feel there is more value in cleaning a building in a less polluted area 

where it is less likely to be re-soiled. Added to this, soiling is sometimes perceived as a 

positive attribute, in the case of Edinburgh castle in the UK for instance, where public 

perception is that the soiling is part of the building’s character (Webster et al., 1992). 

 
Figure 5 - Soiling of a building in Belfast, NI (Watt et al., 2008) 

Attempts by Brimblecombe et al. (2005) to quantify a EC threshold for soiling are 

presented in the paper “Aesthetic thresholds and blackening of stone buildings“ and 

discussion surrounds the subjective nature of the thresholds selected that are based on their 
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qualitative questionnaires only. Nevertheless, a value of around 30% is reached when 

defining acceptable levels of soiling, and when linked back to atmospheric levels of EC 

2µg.m-3 is suggested as a threshold, although exposure interval to this concentration is not 

covered in the discussion. Other studies have noted that the exposure period is difficult to 

define due to the nature of particulate soiling, whereby an exponential trend is seen rather 

than a continuous and linear relationship between length of exposure and soiling effect 

(Grossi & Brimblecombe, 2007). 

Irwin et al. (2008) presented the following data in table 3 which indicates tolerable levels 

of PM10 (µg/m3) for given maintenance intervals of specific materials. These figures are 

calculated on the basis of background soiling rates and average urban pollution scenarios 

(MULTI-ASSESS, 2007). 

Material 5 years 10 years 20 years 
Painted steel 40 20 10 
White plastic 45 22 11 
Limestone 36 18 9 
Average 40 20 10 

Table 3 – Maintenance period vs atmospheric concentration of PM10 

Tiblad et al (1998) presented maintenance criteria in their paper as per the below 

relationships. These figures are based on the work of Pio et al (1998), but also make 

reference to Hamilton and Mansfield (1993) who obtained a figure some 10 times lower 

for acrylic emulsion paint in sheltered conditions, thus resulting in a lower cleaning 

frequency. It is considered that although the below figures may present a more 

conservative view they are nonetheless more viable due to the quality of the data of which 

they are based upon. 

CTSP.T = 533year.µg/m3 for sheltered painted wood 
CTSP.T = 352year.µg/m3 for sheltered limestone 
Where T = time when maintenance occurs, and CTSP = concentration of particulates 
in the atmosphere. 

Carey (1956) studied the relationship between area covered by dust and perceived 

dustiness. Hancock et al. (1976) extended this work by use of a panel of subjects, who 

characterized objects with 0.7% of surface covered by dust as “unfit for use”. The authors 

note that this estimate is likely to be conservative; they used subjects from a clean area, 

and black dust on a white surface. Thus similar experiments with more typical dust, using 

people from a core city, might well lead to a higher figure. Using a rough model, Hancock 
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et al., (1976) concluded that dust fall less than 1.36 mg.cm-2.month-1 is tolerable for most 

individuals. While all these studies add to our knowledge, it is not clear how to apply them 

to airborne particulate concentrations, especially since most people judge environmental 

dustiness by dust deposition indoors, and the ratio of indoor to outdoor dust fall has been 

barely studied. In addition, the actual relationship between ambient concentration and 

dustfall is not clear.  
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5 Transparent materials 
5.1 Soiling models and dose-response functions 

Dose-response functions for transparent materials, such as glass, are much rarer than for 

non-transparent supports. Indeed only 4 equations are found in the literature. Among those 

2 equations were established for various materials (see section 4.1) and applies also to 

glass (Beloin and Haynie, 1975; and Lanting, 1986). The others were specifically 

developed for glass exposed outdoor in sheltered positions (Lombardo et al., 2010; 

Verney-Carron et al., 2012).  

The relation presented by Beloin and Haynie indicates that the loss in reflectance of the 

material is correlated with the square root of the concentration in TSP. Lanting found that, 

in urban areas, reflectance decreases with the increase in Particulate Elemental Carbon 

(PEC) concentrations, as this latter component is very active in light absorption. Lombardo 

et al., and Verney et al., express glass soiling in term of haze, an optical parameter used in 

the glass industry to assess transparency. The relation in Lombardo et al. (2010) showed 

that the haze depends on the concentration of PM10, but also on gaseous pollutants such as 

SO2 and NO2, in this case the temporal evolution is expressed by a sigmoid function in 

agreement with previous findings (Lombardo et al., 2005a; Ionescu et al., 2006). Finally, 

Verney-Carron et al. (2012) confirmed the implication of SO2 and NO2 and PM10 in the 

optical impairment of glass substrate (expressed as haze). The latter equation was 

established using a neural network approach.  

Looking at these DRF’s, with the exception of Lanting, it is difficult to assess the 

relationship existing between atmospheric BC and glass soiling. Nevertheless, there is no 

doubt that BC contributes to glass optical impairment, as proved by the presence of BC in 

surface deposits exposed mainly in urban environments on both self-cleaning (Chabas et 

al., 2008 and 2010) and standard window glasses (Lombardo et al., 2004; Favez et al., 

2006) (Figure 6).  
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 a  b 

Figure 6 - SEM Micrographs of cluster of clusters of soot particles deposited onto 

standard window glass (a) (from Lombardo et al., 2004) and self-cleaning glass (b) (from 

Chabas et al., 2010). 

Previous research has shown that surface deposits consist in mixtures of insoluble 

(terrigenous debris, metallic-rich fragments and BC) and soluble (S, C, N rich salts, 

organic species POM) fractions and their nature is relatively representative of the airborne 

particles present in the exposure areas. Depending on the environment EC proportions 

account for 4 to 12% of the deposits (Figures 7 and 8). Alfaro et al., (2012) found that, 

surprisingly enough, the proportion of submicron particles, to which EC belongs, in the 

deposit is larger at suburban sites than at the urban background and roadside sites, 

probably because coarse particles are less easily transported by atmospheric movements. In 

addition, this research showed that the chemical composition of the deposit is a key factor 

in controlling the optical impairment of glass surfaces. Indeed, according to their nature 

(size distribution and composition) the first deposited particles could modify the panel 

surface properties in such a way that deposition of the following particles is facilitated or 

hindered.  
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Figure 7 - Mean mass concentrations of EC, POM (Particulate Organic Matter) and ions 

in the air particulate and of deposit present on sheltered glasses. FLA: standard window 

glass, SCG: Selfcleaning glass (From Chabas et al., 2008). 

 

Figure 8 - Chemical apportionment of EC, POM (Particulate Organic Matter), soluble and 

insoluble fraction in the deposit present on sheltered standard window glass exposed in 5 

urban and 1 rural environments (From Favez et al., 2006). 
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Favez et al. found a correlation between light absorption and diffusion, taking place on the 

glass as a consequence of soiling, and black carbon and the soluble species (salts and 

POM) respectively (Figure 9). The correlation of EC to light absorption showed a 

significant scatter, highlighting the different contribution of various types of EC particles 

in relation to the diversity of combustion sources. For instance, EC particles of Krakow 

samples appeared to be more efficient absorbents than EC particles of the other sites 

(Athens, London, Prague, Troyes and Montelibretti), allowing the author to conclude that 

this was due to the large use of coal at this particular site. Indeed, coal combustion derived 

EC particles are considered as more efficient absorbents, on average, than oil derived ones 

(Bond et al., 2006). Favez also found that, for low EC amounts (EC<10 mgC/cm²), light 

absorption seems to be linearly correlated with EC (A0.7745 x EC, r²=0.79, n=28). With 

increasing EC amounts (up to 30 mgC/cm²), a saturation phenomenon occurs. In this case 

the relation is expressed as A = S x EC/(EC + C1/2), where S corresponds to the saturation 

level value, which may be considered as the response for an infinite specie concentrations, 

whereas constant C1/2 is the equivalent specie concentration for response = A/2. Best-fit 

constants obtained for the evolution of light absorption with EC amounts are 16% and 15 

mgC/cm² for S and C1/2, respectively. 

 

Figure 9 - Correlation between glass light absorption and EC concentrations (From Favez 

et al. 2006).   

Finally, as for non-transparent materials, there have been no consistent attempts to model 

the soiling of glass exposed in unsheltered conditions. This is mainly due to the fact that in 

this condition the temporal evolution is quite irregular. In any case, by comparing sheltered 
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and unsheltered exposure, it is shown that rain events are not efficient enough to remove 

the deposit (Figure 10). Actually, results indicate that EC is strongly attached to the glass 

surface and lays undisturbed (Lombardo et al., 2005b). Moreover, because the rain 

enhances the proportion of fine particles in the deposit, Alfaro et al., (2012) concluded that 

its action on unsheltered panels results in a significant increase of the haze-creating 

efficiency of the deposit. 

 

Figure 10 - Estimation of the efficiency of deposit removal (TP/S) with time (From 

Lombardo et al., 2005b). 

5.2 Tolerable soiling levels and aesthetic thresholds 

Most of the studies on tolerable level of soiling are based on the perception of dirtiness on 

either a smooth white surface or calcareous stones for which the contrast between the 

initial and final reflectance will be the highest. Lanting (1986) summarised these 

perception levels and their public responses, in terms of “cleaning action”, according to the 

effective area coverage (EAC) of such surfaces. The threshold level of detection is defined 

as the smallest area coverage with black particles that 50% of the population could 

distinguish.  

No such kind of study yet exists for transparent materials, and extrapolation is very 

difficult, as soiling of these substrates is not only due to absorptive species (such as BC) 

but also to diffusive species (organic matter and salts). For instance, glass manufacturers, 

use the parameter haze (ratio between diffuse and transmitted light) to access the optical 
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properties of their products. A clear glass should have a haze < 1%, value representing the 

minimum impairment felt by human eyes (threshold of detection). Research related in the 

previous section, showed that this level is very commonly obtained after few months of 

exposure in urban environments and in about 1 year in very remote rural sites (e.g. Verney-

Carron et al., 2012).  

To our knowledge the only attempt to evaluate soiling level and its perception was carried 

out during the EU Project “Self-cleaning glass” (Strep Project, contact NMP3-CT-2003-

505952) with the intent to compare self-cleaning and standard glass (reported in Verità et 

al., 2006). During this study panels of 10 non-technical users observed glass parcels (in 

transmission) located outdoor in two sites (Paris, France and Lathom, UK). Observations 

were made monthly during 16 months in total. A rank (OVR overall visual ranking) 

between 1 (very clean) to 5 (unacceptable) was given according to several visual 

parameters (view-through, droplets, dust). Then the same glass parcels were moved into 

the lab and observed again (in reflection mode) and their haze was measured. Results 

showed that glass with haze < 1 % was ranked in class 2-3 (both in reflection and 

transmission mode). The presence of dust was the highest concern. Results also indicate a 

more homogeneous perception in the lab than in the field, highlighting a strong influence 

of the climatic conditions during the observations. Above 1% of haze glass was perceived 

as being very dirty (classes 3 to 4).  

In conclusion, very little is known about the exterior cleaning activities as a function of 

dust coverage or optical impairment, and what frequency is judged acceptable. This might 

also be linked to the fact that commonly windows and small glass façades, especially in 

private houses or in buildings with a high cultural signification are cleaned very regularly. 

For instance, the glass pyramid of the Louvre museum is cleaned each fortnight outdoor 

and once a month indoor, so there is not much concern about long time effects on the 

perception of glass soiling. Another reason for this lack of concern is most likely linked to 

the common (and possibly mistaken) idea that soiling does not intrinsically damage such 

kinds of substrate. However, as modern architecture uses glass in a widespread manner, 

and sometimes the exterior envelope of building is totally constituted by glass, one can 

expect an increasing awareness in the near future.  
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6 Economic estimations of soiling 
The previous ICP report no. 65 discussed the issue of economics in relation to air pollution 

and its effects on buildings. The discussion in the report was concerned with corrosion and 

centred on levels of SO2, NOx, O3 and PM, rather than specifically on PM and soiling. 

Several authors have produced relationships between the effects of soiling and costs, 

however; Tiblad et al (2010) estimated economic damage according to the equation: 

Cf = P · M · (t-1 - tb-1) 
 
where Cf is the cost of corrosion/soiling due to air pollution per year, P is the maintenance 
cost per surface area of material, M is the surface area of material (stock at risk), t is the 
actual maintenance interval (life time) in polluted areas and tb is the maintenance interval 
in clean (background) areas. 

Rabl et al (1999) reported estimated cost savings through the reduction of PM10 emissions 

as being £337m to £177m in the period between 1998 and 2010, thus illustrating the 

importance of PM levels for economic considerations. They presented the following 

relationship based on the costs of cleaning a soiled building: 

Si = a x Pi x ΔTSPi 
(a = 2 x b) 

 
Where Si = Annual soiling damage at receptor i, Pi = number of people at location i, 
ΔTSPi = change in annual average TSP µg/m3, a = WTP (willingness to pay) per person 
per year to avoid soiling damage of 1 µg/m3 particles, and b = cleaning costs per person 
per year from a concentration of 1 µg/m3 of TSP, assumed to be 0.5, based on Parisian 
data. 

Newby et al (1991) presented the concept of typology of soiling costs for buildings, which 

resulted in three classifications; building costs, welfare costs and prevention costs. In their 

study they attempted to quantify the size of the building cleaning industry and the possible 

forces that dictate the growth potential of that market. The study concluded that with 

growth in the building cleaning services market an improvement to environmental 

standards may be seen. The rationale is that with lower emissions and less pollution the 

perceived benefit of cleaning buildings from the effects of soiling will increase. 

Further work has discussed the concept of different types of costs, such as Watt & 

Hamilton (2003) which describes the types of costs as being divided into cleaning costs, 

maintenance costs and welfare costs. It is possible to use a variety of methods to estimate 
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costs associated with soiling also, and these are classified as dose response functions (as 

discussed in previous chapters), physical damage functions (calculating rate of change of 

intervention frequencies), cost functions (calculating the change in maintenance 

frequencies in relation to costs), and economic damage functions (a combination of all the 

above). The above methods are more suited to corrosion damage of materials however, 

where DRF’s and definitions of cleaning/maintenance frequencies are more established. 

Several authors have presented figures relating soiling to costs, Watt & Hamilton (2003) 

reference work by Haynie (1990) which estimates the costs of soiling on exterior 

residential walls in the USA in terms of repainting costs to be between $400-800 million 

per year for 1990. This is quite a simplistic idea, but is helpful nevertheless when 

attempting to correlate aerosol particle concentrations to maintenance costs. Another study 

referenced (McClelland et al, 1991) describes results of a survey which showed households 

would be willing to pay $2.70 per µg/m3 change in particle pollution to avoid soiling 

effects on buildings. This type of data is particularly interesting as it opens the debate on 

the perceived value of soiling for individuals, and thus the social cost to society that 

aerosol particulates pose. Grosclaude & Soguel (1994) carried out a study in Neuchatel, 

Switzerland which concluded for the historic buildings in the town that the social costs due 

to damage caused by road traffic air pollution was $1.2m per year.  

However, Durk & Gamble (1996) described the effect of focussing too heavily on 

atmospheric pollution when considering the economic parameters contributing to 

maintenance of buildings. Their study outlines the possibility of overestimating costs due 

to atmospheric attack by up to 60%. This is on the basis that “other” effects such as frost 

attack on mortar is not accounted for in the typical dose response functions that are used to 

estimate costs. A similar argument could be applied to soiling, whereby other external 

factors such as graffiti, plant growth and animal activity such as bird droppings may also 

affect the reflectance of a material. 

Clearly more work is required to establish the tools required to produce robust economic 

models for damage to materials from soiling. This work could follow the route as laid out 

by the work completed on corrosion-lead damage, and would therefore offer an adequate 

means to establish costs of soiling and also comparison with the costs of corrosion. 
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7 Conclusions and recommendations 
Although BC is a small percentage of overall particulate matter, it has a significant effect 

on health and the environment, causing illness amongst humans and exerting a force on the 

climate associated with global warming. BC is a term that is used to describe the light-

absorbing component of PM, however other authors refer to EC in this respect, and it is 

usually dependent on the measurement method which term is applied.  These methods 

remain a hot topic of discussion within the literature, and offer an insight into the variable 

nature of results obtained. With the increasing focus on environmental and health effects of 

BC it can be expected that the quality and quantity of BC data will increase in the coming 

years.  

Since BC is related directly to the absorption of light, and soiling of materials is measured 

as loss of reflectance, it is more or less self-evident and long since established that BC 

contributes to the soiling of materials.  What is mainly discussed in the report is therefore 

the magnitude of the effect, as quantified by dose-response functions, and the possible 

establishment of aesthetic thresholds. 

There are a number of established soiling DRF’s in existence for non-transparent materials 

such as painted steel, wood and calcareous stone based on square root and exponential 

models. From the comparison of DRF’s it seems the main difference is the measurement 

unit of the particulate matter, which leads to variety in coefficients. The DRF’s are in fairly 

good agreement between those which use similar models and particulate measurement 

units, regardless of the materials exposed and their geographical location.  

DRF’s for transparent materials are less developed than those for non-transparent materials 

and so are fewer in number. However, from the studies completed to date it has been 

established that the soiling of transparent materials is not solely driven by the presence of 

BC/EC, but also SO2 and NOx. For both sets of materials, DRF’s have been found to be 

inaccurate in modelling the behaviour for unsheltered samples exposed to rainfall. 

ICP Materials has earlier established a target for tolerable soiling when the loss in 

reflectance of non-transparent materials compared to unsoiled surfaces exceeds 35%. 

When reviewing the information from a variety of methods, such as questionnaires, it is 

clear that this value should be considered conservative and a more realistic tolerable level 

would lead to more stringent air quality restrictions to protect non-transparent materials 
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from soiling. Transparent materials have not been studied to the same extent, and a 

measurement of haze is usually applied by manufacturers when assessing quality. At 

current stage it is not possible to propose a threshold for transparent materials. 

The economics of soiling are also continuing to be developed, as we seek to establish more 

rounded analyses of the effects of soiling on social welfare, as well as maintenance and 

functionality aspects or materials. However, the most popular relation of soiling to 

economics is still through CBA, and is often based on cleaning and/or maintenance costs 

from past works carried out on particular sites.  



 

29 

8 References 
Alfaro S., A. Chabas, T. Lombardo, A. Verney-Carron, P., Ausset. Predicting the soiling of 

modern glass in urban environments: a new physically-based model. Atmospheric 
Environment 2012, 60, 348-357,  

Beloin N.J., Haynie F.H., 1975, Soiling of building surfaces. Journal of air pollution 
control association. Vol. 25, pp. 393-403. 

Bond T.C., Wehner B., Plewka A., Wiedensohler A., Heintzenberg J., Charlson R.J.,. 
Climate-relevant properties of primary particulate emissions from oil and natural gas 
combustion. Atmospheric Environment 2006, 40, 3574–3587. 

Brimblecombe P., Grossi C. M., 2005. Aesthetic thresholds and blackening of stone 
buildings. Science of the total environment 349 (2005) 175-189. 

Butlin R., Yates T., Murray M., Paul V., Medhurst J., Gameson T., 1994. Effects of 
pollutants on buildings. Building research establishment, Garston, Watford, DOE report 
no. DoE/HMIP/RR/94/030 

Cachier H., Bremond M.P., Buat-Ménard, P. Determination of atmospheric soot carbon 
with a simple thermal method. Tellus 1989, 41B, 379-390.  

Chabas A, Lombardo T, Cachier H, Pertuisot MH, Oilonomou K, Falcone R., Verità M., 
Geotti-Bianchini F. Behaviour of self-cleaning glass in urban atmosphere. Building and 
Environment 2008; 43, 2124-2131. 

Chabas A., Gentaz L., Lombardo T., Falcone R., Verità M.., Cachier H. Wet and dry 
atmospheric deposition on TiO2 coated glasses: results for long term field exposure. 
Environment Pollution 2010, 158, 3507-3512.  

Carey W.F. (1959). Atmospheric deposits in Britain: a study of dinginess. Int. J. Air 
Pollut., 2, 1-26.  

Cavalli F., Viana M., Yttri K. E., Genberg J., Putaud J. –P., 2010. Toward a standardised 
thermal-optical protocol for measuring atmospheric organic and elemental carbon: the 
EUSAAR protocol. Atmos. Meas. Tach, 3, 79-89. 

Chang J.C., Watson J.G., Chen L.-W.A., Paredes-Miranda G., Chang M.-C.O., Trimble D., 
Fung K.K., Zhang H., Zhen Yu J., 2005. Refining temperature measures in 
thermal/optical carbon analysis. Atmos. Chem. Phys., 5, 2961-2982 

Chow J.C., Watson J.G., Crow D., Lowenthal D.H., Merrifield T., 2001. Comparison of 
IMPROVE and NIOSH Carbon Measurements. Aerosol Science and Technology 34: 
23-34.  

Durk S., Gamble J., 1996. A critique of estimates of the cost of damage to building 
materials due to atmospheric attack. Energy Policy, Vol. 24, No. 7, pp, 641-649 

Ebert, 1990 - Is Soot Composed Predominantly of Carbon Clusters? Science 247:1468 –
1471. (ref in Chow et al., 2001) 

Edwards J. D., Ogren J. A., Weiss R. E., Charlson R. J., 1983. Particulate Air Pollutants: A 
Comparison of British “smoke” with Optical Absorption Coefficient and Elemental 
Carbon Concentration. Atmos. Environ. 17(2):2337-2341  



 

30 

Favez O, Cachier H, Chabas A, Ausset P, Lefèvre R, 2006. Crossed optical and chemical 
evaluations of modern glass soiling in various European environments. Atmospheric 
Environment 40, 7192-7204. 

Fuzzi S., Andreae M. O., Huebert B. J., Kulmala M., Bond T. C., Boy M., Doherty S. 
J.,Guenther A., Kanakidou M., Pöschl U., 2006. Critical assessment of the current state 
of scientific knowledge, terminology, and research needs concerning the role of organic 
aerosols in the atmosphere, climate, and global change. Atmos. Chem. Phys., 6, 2017-
2038. (ref in Karanasiou et al., 2011). 

Grosclaude P., Soguel N., 1994.Valuing damage to historic buildings using a contingent 
market: a case study of road traffic externalities. J. Env. Planning Manag. 37, 279-287. 
(ref in effect of air pollution book, ch 10) 

Grossi C.M., Esbert R.M., Diaz-Pache F., Alonso F.J., 2001, Soiling of building stones in 
urban environments. Building and Environment 38 (2003) 147-159. 

Grossi C. M., Brimblecombe P., 2007. Past and future colouring patterns of historic stone 
buildings. Materiales de Constucción Vol. 58, 289-290, 143-160 

Hamilton R.S., Mansfield T.A., 1993, The soiling of materials in the ambient atmosphere. 
Atmospheric environment, Vol. 27A, pp. 1369-1374. 

Hancock R.P., Esmen N.A., Furber C.P., (1976). Visual response to dustiness. J. Air. 
Pollut. Contron Ass., 26, 54-57. 

Harrison R.M., Jones A. M., Lawrence R. G., 2004. Major component composition of 
PM10 and PM2.5 from roadside and urban background sites. Atmospheric Environment 
38 4531-4538. 

Haynie F. H., 1986. Theoretical model of soiling of surfaces by airborne particles. 
Aerosols. pp. 923-932. Lewis Publisher, Chelsea, Michigan, USA. 

Haynie F. H., 1990. Effects of PM10 non-attainment on soiling of painted surfaces.US 
Environmental Protection Agency Research Triangle Park, NC, USA. (ref in effect of 
air pollution book, ch 10) 

Hill A. S. G., 1936. Measurement of the optical densities of smoke stains on filter papers. 
Transactions of the Faraday Society, Vol. 32, pages 1125-1131. 

Ionescu A, Lefèvre R, Chabas A, Lombardo T, Ausset P, Candau Y,  Rosseman L. 
Modelling of soiling based on silica-soda-lime glass exposure at six European sites. The 
Science of the Total Environment 2006; 369: 246-255. 

Karanasiou A., Diapouli E., Cavalli F., Eleftheriadis K., Viana M., Alastuey A., Querol X., 
Reche C. 2011. On the quantification of atmospheric carbonate carbon by 
thermal/optical analysis protocols. Atmos. Meas. Tech., 4, 2409-2419. 

Kendall M., Harrison R. S., Watt J., Williams I.D., 2000. Characterisation of selected 
organic compounds associated with particulate matter in London. Atmos. Environ. 
2001; 35: 2483-95.  

Lanting, R.W., 1986. Black smoke and soiling. In: Lee, S. D., Schneider, T., Grant, L. D., 
Verkerk, P.J., (Eds), Aerosols. pp. 923-932. Lewis Publisher, Chelsea, Michigan, USA. 

 



 

31 

Levinson R., Berdhal P., Berhe A. A., Akbari H., 2005. Effects of soiling and cleaning on 
the reflectance and solar heat gain of a light-coloured roofing membrane. Atmospheric 
environment 39 (2005) 7807-7824 

Lombardo T, Lefèvre RA, Chabas A, Ausset P, Cachier H, Ionescu A. 2004. 
Characterisation of particulate matter deposition inducing soiling of modern glass. In 
Saiz-Jimenez C, editor, Air Pollution and Cultural Heritage. Balkema AA Publisher, 
Leiden, The Netherlands, 209-214. 

Lombardo T., Ionescu A., Lefèvre R.A., Chabas A., Ausset P., Cachier H., 2005a. Soiling 
of silica-soda-lime float glass in urban environment: measurements and modelling, 
Atmospheric Environment 39, 989-997. 

Lombardo T., Chabas A., Lefèvre R.A., Ionescu A., 2005b. Modelling the soiling of float 
glass in a polluted atmosphere, Glass Technology 46(2), 192-196. 

Lombardo T., Ionescu A., Chabas A., Lefèvre R.A., Ausset P., Candau Y. 2010. Dose-
response function for the soiling of silica-soda-lime glass due to dry deposition. Science 
of the Total Environment 408, 976-984. 

McClelland G., Shulze W., Waldman D., Irwin J., Schenk D., Stewart T., Deck L., Thayer 
M., 1991. Valuing Eastern Visibility: A Field Test of the Contingent Valuation Method. 
Draft report to the USEPA, Co-operative agreement no CR-815183-01-3, Washington, 
DC, USA. 

McRae I. S., Williams I. D., 1994. Road traffic pollution and public nuisance. The science 
of the total environment 146/147 (1994) 81-91. 

Midlander K., Elihn k., Wallén A., Belova L., Borg Karlsson A-K., Odnevall Wallinder I., 
2012. Characterisation of nano- and micron-sized airborne and collected subway 
particles, a multi-analytical approach. Science of the total environment, Vol. 427-428, 
2012, pages 391-400. 

Multi-Assess 2007 Model for multi-pollutant impact and assessment of threshold levels for 
cultural heritage. EU 5FD RTD project contract: EVK4-CT-2001-00044. 

Newby P. T., Mansfield T. A., Hamilton R. S., 1991. Sources and economic implications 
of building soiling in urban areas. The science of the total environment, 100 (1991) 347-
365. 

Palmer, H. B. and Cullis, C. F. (1965). Chemistry and Physics of Carbon, Dekker, New 
York. 

Peralta O., Baumgardner D., Raga G. B., 2007. Spectrothermography of carbonaceous 
particles. Atmos. Chem. (2007) 57:153-169. 

Piazzalunga A., Bernardoni V., Fermo P., Valli G., Vecchi R., 2011. On the effect of 
water-soluble compounds removal on EC quantification by TOT analysis in urban 
aerosol samples. Atmos. Chem. Phys., 11, 10193-10203 

Pio C.A., Ramos M.M., Duarte A.C., 1998, Atmospheric aerosol and soiling of external 
surfaces in an urban environment. Atmospheric Environment Vol. 32, No. 11. 

Putaud, J.-P., Raes, F., Van Dingenen, R., Brueggemann, E., Facchini, M. C., Fuzzi, S., 
Gehrig, R., Hansson, H. C., Harrison, R. M., Jones, A., Laj, P., Maenhaut, W., 
Mihalopoulos, N., M¨uller, K., Palmgren, F., Querol, X., Rodriguez, S., Spindler, G., 
Brink, H., Tunved, P., Dingenen, R., Wehner, B., Weingartner, E., Wiedensohler, A., 



 

32 

W˙ahlin, P., and Raes, F., 2004. European aerosol phenomenology – 2: chemical 
characteristics of particulate matter at kerbside, urban, rural and background sites in 
Europe, Atmos. Environ., 38, 2579–2595. 

Rabl A., 1999. Air Pollution and Buildings: An Estimation of Damage Costs in France. 
Environmental Impact Assessment Review 19, 361-385. 

Raimo O Salonen, 2012. Health effects of black carbon, WHO report, ISBN 
8978289002653. 

Tiblad J., Mikhailov A. A., Kucera V., 1998. Dose response functions for soiling. Swedish 
Corrosion Institute. 

Tidblad J., Faller M., Grøntoft T., Kreislova K., Varotsos C., de la Fuente D., Lombardo 
T., Doytchinov S., Brüggerhoff S., Yates T., 2010. Report 65 Economic assessment of 
corrosion and soiling of materials including cultural heritage. International Co-operative 
Programme on Effects on Materials, Including Historic and Cultural Monuments. 

Verità M. Geotti-Bianchini F., Falcone R., Zangiancomi G., Chabas A., Lombardo T., 
Daveau S., Ausset P., Cachier H., Oikonomou K., 2006. Analysis of self-cleaning and 
float glass: a comparative study of pollution on the glass surfaces under real life 
conditions. European Journal of Glass Science and Technology, 48(4), 183-190. 

Verney-Carron A., Dutot A.L., Lombardo T., Chabas A. 2012. Predicting changes of glass 
optical properties in polluted atmospheric environment by a neural network model. 
Atmospheric Environment 54, 141-148.  

Watson J. G., Chow J., C., Chen L., W-A., 2004. Summary of methods and comparison 
studies  for organic and elemental carbon: Implications for visibility and global 
warming. Aerosol and Air Quality Research, Vol. 5, No. 1, pp. 65-102. 

Watt and Hamilton, 2003. Book: The Effects of Air Pollution on the Built Environment, 
Ch 10. Air Pollution Reviews – Vol. 2. ISBN 1-86094-291-1 

Watt J., Tidblad J., Kucera V., Hamilton R., 2008. Book: The effects of air pollution on 
cultural heritage, Ch 4. ISBN 978-0-387-84892-1 

Watt J., Jarrett D., Hamilton R., 2008. Dose-response functions for the soiling of heritage 
materials due to air pollution exposure. Science of the total environment 400 (2008) 
415-424. 


