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Abstract 

Coarse dust, often referred to as fugitive or nuisance dust, has no statutory standard sampling 

methods or limit values and there are no widely used coarse dust dispersion methodologies. The 

current assessment of coarse dust impacts in the UK typically uses a risk-based approach set out in 

established guidance (e.g. IAQM, 2016, 2018) that accounts for site activities, average weather 

conditions and distances and directions to receptor locations. An alternative method uses 

atmospheric dispersion models to predict coarse dust dispersion in a similar method to that frequently 

used for gaseous pollutants such as NO2. However, detailed source inputs are needed for coarse dust 

modelling, which are challenging to accurately predict or to validate using dust monitoring. This thesis 

therefore aims to produce a suitable, simple and repeatable methodology for modelling coarse dust 

dispersion in the UK and adjusting it based on routinely available dust monitoring data. 

A new dust monitoring dataset was acquired from a UK minerals site and existing emission factors 

from the literature were tested and adjusted using monitoring data, demonstrating that published 

emission rates are not suitable for predicting dust dispersion in isolation. The collection of dust 

monitoring data is therefore fundamental to predicting how coarse dust emissions vary at each site, 

so that emission rates can be ‘back calculated’ or adjusted for use in model predictions. An evaluation 

of the efficiency of a dust monitor was therefore undertaken to allow dust measurements to be 

converted for comparison with modelling outputs, providing a fundamental platform that enables all 

future modelling work to be adjusted appropriately, with an average dust catch of 7% suggested for 

use in calculating airborne dust concentrations.  

A third study was undertaken that demonstrates the techniques developed in action, with a significant 

programme of dust monitoring and characterisation undertaken at a UK steelworks used to adjust and 

refine dust modelling emissions. A final study uses a significant existing dataset to establish a 

definitive, flexible protocol for undertaking future dust monitoring and efficiently utilising it for the 

adjustment of dust dispersion modelling predictions. It demonstrates that a variety of dust monitoring 

points, at different distances and in different cardinal directions away from each dust source location 

are the most practical, with best practice suggestions set out. The protocol is designed so that it can 

be used at any dust generating site, and will enable better estimates of dust impacts at additional 

locations where monitoring is not possible. This research is therefore a significant step forward in 

using dust monitoring to adjust coarse dust modelling as a viable technique. Recommendations for 

future improvements of the methodology include the need to analyse how each revised emission rate 

can be related to parameters such site activity, rainfall and temperature, and to understand efficiency 

relationships with other frequently used dust monitors.  
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has been accepted for publication, and one has been prepared for publication. Each chapter, excluding 

the introduction (chapter 1) and concluding statements (chapter 6), is therefore an independent study 
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context and setting out the objectives of the research and how the research papers aim to accomplish 

them.  It also sets out other papers and articles with significance to this work. 

The first paper (Chapter 2) sets out an early investigation into calculating dust emission rates for dust 

modelling using dust monitoring at a minerals site and compares the results against emission rates 

from the existing literature. This paper was initially given at the 5th International Network of 

Environmental Forensics conference and was published as a peer reviewed journal article in the 

Journal of Environmental Protection. 

The second paper (Chapter 3) investigates and measures the collection efficiency of the primary dust 

monitor (the DS100) used in this research, providing a platform for future modelling studies, and was 

published in Atmospheric Environment in 2020. 

The third paper (Chapter 4) further demonstrates the technique of dust emissions modelling at an 

industrial site in Sheffield, with dust monitoring used to characterise and identify fugitive emission 
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Environment, and was published in September 2021. 

The fourth paper (Chapter 5) analyses a large existing dataset from a landfill site and establishes a final 

protocol for dust monitoring that can be used to adjust dust dispersion model results. It has been 

prepared for publication and is ready for submission. 

Chapter 6 provides a summary of the research undertaken against the objectives and Chapter 7 sets 

out the conclusions reached in this research and gives recommendations for further work.
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1. Introduction 

1.1. Background 

1.1.1. Dust 

Dust is conventionally defined as airborne particulate matter <75 µm diameter (British Standards 

Institution, 1994) or a suspension of solid particles >1µm produced by mechanical disintegration of 

material  (Seinfeld and Pandis, 2016). It can be generated from a broad range of sources, both natural 

and anthropogenic, and is therefore a widespread environmental occurrence. Anthropogenic sources 

of dust tend to occur due to mechanical action on materials (e.g. through industry) or through the 

resuspension of existing particulate matter (e.g. through transport). Natural sources of dust include 

sea spray and dust generated from exposed surfaces or desert areas (e.g. Saharan dust).  

This work focuses on coarse dust, which in the UK is often referred to as fugitive or nuisance dust, 

primarily from industrial sources for which there are no statutory standard sampling methods or limit 

values and few standardised dust dispersion methodologies. Coarse dust is typically defined as 

particles larger than 2.5 µm, with fine particulate matter smaller than 2.5 µm (European Environment 

Agency, 1996). Negative impacts from coarse dust typically relate to the long-term soiling of surfaces 

and the visual effect of short-lived dust clouds, which can be caused by large dust emissions from a 

variety of processes including minerals workings, heavy industry and agriculture. Results from well 

implemented coarse dust monitoring schemes can therefore be used to investigate dust sources and 

pathways and assess the subsequent risks of ‘disamenity’ at receptor locations. Coarse dust is 

generally monitored using passive sampling equipment. 

Passive dust sampling uses unpowered instruments to collect dust samples and is carried out using 

two main methods; directional and depositional dust monitoring. Directional dust monitoring samples 

dust in flux and moving past a point, usually driven by wind, and is frequently measured using sticky 

pads, which are subsequently analysed optically for dust soiling (as Effective Area Coverage, EAC%) 

and dust coverage (as Absolute Area Coverage, AAC%). Depositional dust monitoring typically 

measures the mass and/or soiling and coverage of dust deposited onto an area and may be sampled 

using sticky pads (and optical analysis) or using Frisbee-type dust monitors that only give results in 

mass per unit area per day (e.g. mg/m2/day).  

The assessment of coarse dust impacts in the UK, often for planning developments such as new 

construction or mineral sites, typically uses a risk-based approach set out in established guidance (e.g. 

IAQM, 2016, 2018) that accounts for site activities, average weather conditions and distances and 
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directions to receptor locations. For mineral sites, pre-determined risk matrices are used to calculate 

the ‘pathway effectiveness’ from source to receptor, based on distance and average wind conditions. 

This is combined with an estimate of the ‘residual source emissions’ of each activity, which are 

estimates of the emission size after mitigation (small, medium or large) and are largely based on 

‘professional judgement’. These are combined with receptor sensitivity to give an overall estimated 

risk of impact (low, medium or high) and magnitude of adverse effects (negligible, slight, moderate or 

substantial) for each identified dust source area.  

It is also possible to use atmospheric dispersion models to predict coarse dust dispersion in a method 

analogous to that used for gaseous pollutants. Software including Atmospheric Dispersion Modelling 

System (ADMS) by CERC (Cambridge Environmental Research Consultants (CERC), 2015) is very widely 

used both in the UK and beyond to assess air quality emissions and utilises Gaussian dispersion to 

simulate the movement of gases and particulate matter within plumes of air. Model outputs are 

customisable and possible as both short term (e.g. hourly or daily) or long term (e.g. yearly) 

concentrations for comparison against national objective values.  

However, detailed source inputs are required for any software dust modelling. This includes hourly 

meteorological data (including cloud cover) for the entire monitoring period, and very detailed site 

activity data to assist with calculating dust source emissions. 

Emission rates for site-specific dust sources are often impossible or impractical to obtain, so generic 

rates derived from existing published Emission Factor (EF) calculation are often modified and used 

instead with heavy caveats. 

Current guidance, such as that issued by the Institute of Air Quality Management for assessing 

minerals sites (IAQM, 2016), therefore recommends that detailed dust dispersion modelling “is not 

generally recommended by the IAQM given the lack of accurate UK emissions data for this sector”. 

1.1.2. Air quality and dust modelling emissions 

Dispersion modelling of air quality pollutants is widely undertaken in the UK by both academics and 

consultants, with detailed and accurate databases of emission factors available for many pollutants. 

The Emissions Factor Toolkit (Bureau Veritas, 2019), for example, is a freely accessible tool developed 

for Defra and the Devolved Administrations to enable its user to calculate precise emission rates of 

NOx, PM10, PM2.5 and CO2 for any road link in the UK, simply by inputting traffic flow and vehicle fleet 

data (also widely available, e.g. Department for Transport, 2020). This enables dispersion modelling 

of vehicle emissions (including tailpipe emissions, brake wear, tyre wear and road abrasion) to be 

undertaken regularly and effectively both in planning and in research, in turn enabling both the 
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construction and operational stages of any development to be easily assessed with regard to its 

potential air quality impacts. Although these dispersion models require thorough validation against 

air quality monitoring data to ensure their accuracy, monitoring data is widely available, especially in 

areas of most concern where existing air quality is poor, and techniques for model validation are 

established in guidance (Defra, 2016a) and well understood. 

However, such detailed databases for coarse dust emission rates are not currently available. The most 

widely used source of coarse dust emission rates is that established by the United States 

Environmental Protection Agency (EPA) and is known as AP-42 (EPA, 2006a). Whilst AP-42 provides 

historic empirical measurements of coarse dust emission rates for some dust generating processes, it 

also states that “the principal pollutant of interest is PM-10” because it represents the particle size 

range of the “greatest regulatory interest”. This can be demonstrated when further investigating how 

these measurements are taken; many emissions measurements are taken using high-volume (‘hi-vol’) 

samplers, which have an effective cut off point of 30µm aerodynamic diameter (EPA, 2006b), and are 

used for their high efficiency in collecting PM10 (typically defined as inhalable particles with a diameter 

<10 µm (European Environment Agency, 1996)). Coarse emissions can therefore be somewhat of an 

afterthought; for many processes, including potentially key sources such as emissions from dust 

resuspended on Paved Roads (13.2.1) or Unpaved Roads (13.2.2), or Aggregate Handling and Storage 

Piles (13.2.4), coarse emissions are given after using a “Particle Size Multiplier”, whereby the emission 

rate for PM10 is calculated and adjusted linearly to give an emission rate for PM30. Whilst this emission 

rate is often considered to be representative of “Total Suspended Particulates” (abbreviated TSP and 

defined as particles up to 100µm collected by a “high-vol” sampler (European Environment Agency, 

1996)) in such guidance, larger particles that are more likely to be associated with dust nuisance near 

to a dust source, such as those from 30µm to 100µm, are therefore not measured or considered in 

this framework.  

A similar emissions database is also prepared by the European Environment Agency; the EMEP/EEA 

air pollutant emission inventory guidebook (European Environment Agency, 2013). However, most of 

the proposed emission rates in this guidance are adapted from AP-42 and therefore share the same 

limitations. Furthermore, for example, in discussing data quality in Chapter 2.A.5.b regarding 

emissions from construction and demolition (European Environment Agency, 2019), the guidance 

notes a number of limitations. These include: 

• That emissions are a 1st-order measurement; 
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• Even where conditions are the same in which supporting measurements are the same (i.e. 

equivalent to average US size construction projects, semi-arid conditions, moderate silt 

content), estimated emissions are highly uncertain; 

• Although factors dependant on soil moisture and silt content should make the methodology 

adaptable, correction methods are simple and as corrections get larger, results become even 

more uncertain; 

• Building practices in the USA can be structurally different to those in Europe; 

• There is considerable uncertainty in the main activity parameter, the total affected area; 

o This is the result of uncertainties of various estimation components, the building 

footprint and the multiplier to go to from footprint area to affected area being major 

sources of uncertainty. 

• Each individual parameter also has its own uncertainty, for example: 

o Duration of the construction period; 

o Efficiency of any applied emission reduction measures;  

o Thornthwaite precipitation-evaporation index and the soil silt content. 

It is therefore very challenging to calculate how these uncertainties compound, to assess the overall 

uncertainty of each emission calculation. For the above example, the stated lower and upper limits of 

the whole methodology are estimated at 5 – 10% and 300 – 500% of the best estimate respectively; a 

very large range (European Environment Agency, 2019). Clearly such limitations can equally be applied 

to emission rates calculations in other areas. 

In the UK, Defra publish The National Atmospheric Emissions Inventory (Taylor, Pearson and Moniz, 

2021), which is reviewed and updated annually; the only coarse dust emission estimates included are 

those from the quarrying and mining of minerals and from construction and demolition (as above), 

both of which directly refer to the EMEP/EEA Guidebook. 

It can therefore be seen that any estimates of coarse dust model emissions need very careful 

validation against suitable dust monitoring data, as with other pollutants. Where initial dust emission 

predictions are not available, this may also be thought of as ‘back calculating’ emissions based on dust 

monitoring data, where a nominal fixed emission rate from an initial model simulation is adjusted 

compared to contemporaneous monitoring results for the model dispersion area. This new approach 

therefore forms the heart of this research. 

1.1.3. Dust monitoring 
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Environmental dust monitoring in the UK is widely undertaken and can be considered in two broad 

categories which are commonly split by size fraction; coarser dust monitoring associated primarily 

with amenity or visual impacts, and monitoring of finer particulate matter (primarily PM10 and PM2.5) 

associated with negative health impacts (Air Quality Expert Group, 2005). 

Monitoring of finer particulate matter in the UK is very well defined and is regulated through the Air 

Quality Objectives (AQO) and the overriding National Air Quality Strategy (NAQS) (Defra, 2007). 

Monitoring equipment for PM10 and PM2.5 is also often validated and certificated to standards set by 

the Environment Agency (e.g. the EA’s Monitoring Certification Scheme (MCERTS), (Environment 

Agency, 2016, 2017). Monitoring of coarse particulate matter, however, which is typically perceived 

with ‘disamenity’ or ‘nuisance’ effects (IAQM, 2012), is not subject to any official standards, with non-

statutory guidance such as that provided by the IAQM (IAQM, 2016) often used to assess potential 

and ongoing impacts.  

Coarse dust monitoring can also be considered in several subcategories. Many air quality monitors use 

light-scatter detectors (laser nephelometers) to provide real-time measurements for “Total 

Suspended Particulates”, providing hourly readings (or even second by second) for comparison with 

hourly meteorological data. However, as set out above, and somewhat in contradiction of the 

definition of TSP (i.e. particles up to 100µm), these monitors have published detection efficiencies 

approaching zero for particles larger than 20µm (TSI Ltd, 2021; Turnkey Instruments Ltd, 2021) and, 

most significantly, are expensive (£5000+ each), require a mains power supply (or equally expensive 

and complex solar/wind powered setup) and therefore a secure location for each monitor. They also 

do not physically collect the dust they are sampling, so no further analysis or dust characterisation can 

be undertaken. Whilst a large array of these monitors would undoubtably provide a very useful 

dataset, for budgetary and logistical reasons they were not considered for this work. 

By comparison, passive dust monitors are cost-effective (typically £130 - £400 each), easy to site and 

install, and have simple analytical processes (Datson, Hall and Birch, 2012). A large array of passive 

dust monitors can therefore be located around virtually any site on a reasonable budget to help 

measure and analyse dust dispersion and dust deposition patterns. A physical sample of dust is also 

provided, ensuring that characterisation of the dust composition is possible. What may be considered 

the main drawback of passive dust sampling is the long sampling intervals, which vary from a few days 

to up to a month for some monitors (e.g. Frisbee type monitors, Stockholm Environment Institute at 

York (SEI-Y), 1995). However, hourly measurements of dust nuisance would not be especially useful, 

as these monitors are typically used to ascertain long term trends, with the disamenity impacts of 

coarse dust deposition normally considered over long periods of time. The main limitation with passive 
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monitors with regard to adjusting model emissions is therefore that results need to be converted from 

dust catch - typically in mg/m2 collected on a flat surface, or a measure of discolouration (i.e. AAC and 

EAC%) – into dust concentration (in mg/m3) for comparison with dispersion modelling results.  

This research focuses on directional dust monitors rather than deposited monitors as they collect dust 

‘in flux’ and can therefore be directly compared to airborne concentrations of dust, which, as above, 

is primarily how gases and particulate matter are measured and regulated. Without precise particle 

size data1 it is not possible to estimate the relationship between dust deposition and ambient dust 

concentrations (Hall, 1999). 

Of the available passive directional dust monitors, the DustScan DS100 is generally the easiest to 

install, operate and exchange and most commercially available (Williams, 2014). Other monitors, such 

as the directional frisbee sampler (Lin et al., 2011) have protracted sample retrieval procedures and 

are not conducive to large scale deployments (Williams, 2014), or in the case of the British Standard 

directional dust monitor (BS 1747 Part 5) are no longer in use and have demonstrated directional 

inefficiencies (Datson, 2010). 

Consequently, an evaluation of the dust collection efficiency of the DS100 directional sticky pad 

monitor was identified as a necessary first step to allow measurements of dust caught using the 

sampler to be converted to mass per unit volume (mg/m3). 

1.2. Aims 

This research aims to produce a suitable, simple and repeatable methodology for modelling dust 

dispersion in the UK and adjusting it based on routinely available dust monitoring data, enabling the 

ability to numerically and accurately assess potential dust impacts at receptors near localised dust 

sources. Despite coarse dust emissions being a widespread environmental issue in the UK, there is a 

clear research gap and dust monitoring programmes are almost never designed with dust modelling 

in mind, and this research aims to improve that by providing a protocol for such work. 

Four separate studies are presented, each with their own objectives, from within three different sites 

in the UK of differing types and with unique dust monitoring datasets for each distinct site and paper. 

Firstly, a new dust monitoring dataset is acquired from a UK minerals site and existing emission factors 

from the literature are tested and adjusted. The objective of this paper was therefore to test existing 

 

 

1 And wind speed data, but this is generally available 
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emission predictions and demonstrate the possibility of this novel technique as a proof of concept 

study.  

Next, a fundamental evaluation of the efficiency of the main dust monitor is undertaken. The objective 

of this study was to allow dust measurements to be converted adequately for comparison with 

modelling outputs, providing an important platform that enables all future modelling work to be 

adjusted using this dust monitoring equipment.  

The third study has the objective to demonstrate the techniques developed in action, with a significant 

programme of dust monitoring and characterisation undertaken at a UK steelworks used to adjust and 

refine dust modelling emissions.  

The last study takes a significant final step with the objective of using a large existing dataset from a 

UK waste site to develop a strong, flexible protocol for undertaking dust monitoring and efficiently 

utilising it for the adjustment of dust dispersion modelling predictions.  

1.3. Research background 

This research was first initiated during a research project between DustScan Ltd and the University of 

Portsmouth as part of a Knowledge Transfer Partnership (KTP), where I acted as the KTP Associate 

responsible for leading and managing the work. The objective of this KTP project was to research and 

develop dust dispersion modelling expertise within DustScan, with help from the expertise of staff at 

the University of Portsmouth. This thesis therefore builds on the outcomes of this project and aims to 

take significant further steps to both improve initially developed techniques and disseminate and 

publish them in peer reviewed journals. 

Sample data from sites is primarily collected using DustScan’s directional and depositional monitoring 

and will incorporate both basic sticky pad analysis (AAC%, EAC%) and more extensive laboratory 

analysis. 

1.4. Contribution of research 

This research aims to improve existing modelling of dust dispersion in the UK via adjustment using 

routinely available dust monitoring data. Coarse dust modelling is very rarely undertaken in the UK 

and is currently viewed as unfeasible by professional bodies. To address this, novel work has been 

undertaken that is fundamental to help grow and improve the use of this technique. 

I am the first author on all manuscripts and I have undertaken the sample collection and preparation, 

except where stated and where an existing dataset was used. I have solely undertaken all data 

analysis, modelling and interpretation and my supervisory team and co-authors have overseen the 
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undertaking of some of this work, and have primarily contributed via critical revision in preparation of 

each of the manuscripts. 

1.5. Conference proceedings papers and articles 

1.5.1. Empirical modelling of directional dust from industrial sites (Appendix A) 

Abstract 

This paper describes a preliminary investigation into relationships between sticky pad dust data and 

meteorological factors at two industrial sites. Site A is a construction site near the coast of the Caspian 

Sea where dust problems are anticipated due to strong winds from the north. Site B is a small sand 

and gravel quarry in central England, where dust movements towards the north east are monitored 

due to the proximity of a sensitive receptor. It was chosen due to the flexibility available for dust 

monitoring and for contrast with site A. At both sites dust samples were collected on an array of sticky-

pad directional dust monitors. Samples were sealed and scanned for dust coverage (AAC%) and dust 

soiling (EAC %). Each site also had a weather station, such that results could be examined in relation 

to rainfall, wind conditions and temperature. For this exercise, samples were selected on the basis of 

their exposure to background dust, in order to reduce influence from anthropogenic dust sources 

workings but allow for further work once basic principles are determined. Models were developed via   

correlation matrix between all weather measurements and the relevant temporal dust level. The 

strongest correlations were established, and linear regression was used to explore potential 

coefficients. Rainfall parameters included daily & weekly rainfall, as well as factored rainfall based on 

immediacy. Temperature measurements were averaged over the dust monitoring periods and 

compared with monthly dust trends. Increases in dust were observed at site A when temperatures 

remained high, so a constant was created which reflected this. A unique ‘wind-risk’ constant was 

established with relation to wind direction, strength and frequency. Both site models rely heavily on 

wind speeds from the appropriate direction, but site A also had strong seasonal fluctuations based on 

temperature. The final models were made using linear regression to incorporate all relevant 

parameters to form an effective representation of the dusting patterns observed. Improvements 

being considered include refining dust predictions to include site activities and adaptation to 

additional sites. 

Summary 

This paper was presented at the 1st International Conference on Atmospheric Dust (DUST 2014) and 

was subsequently published in ProScience: Conference Proceedings of ScientEvents - Conference 

Proceedings: 1st International Conference on Atmospheric Dust (DUST 2014). 
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The paper describes preliminary investigations into relationships between sticky pad dust monitoring 

results and meteorological factors at two sites; a minerals site in the UK, and an oil and gas terminal 

in south eastern Europe. It provides an introduction to empirical dust modelling. 

1.5.2. Characterisation and Modelling of dust in a Semi-Arid Construction Environment 

(Appendix B) 

Abstract 

This paper describes an investigation into fugitive dust patterns and characteristics at a 200 hectare 

oil and gas terminal in the Middle East. Dust monitoring took place as part of an environmental and 

socio-economic impact assessment (ESIA) for proposed construction work, with initial monitoring over 

three months as part of a baseline study. Once the new phase of construction had started, passive 

dust monitoring was undertaken for 18 months using an extensive array of sticky pad dust collectors, 

with samples of dust in directional flux and deposited dust obtained. Dust monitors were placed 

upwind and downwind of the construction site, near building activities, and adjacent to nearby 

receptors. Collected dust samples were subjected to basic analysis for dust coverage (AAC %) and dust 

soiling (EAC %) with further samples later chosen for additional elemental, mineralogical and particle 

size analysis. Dust was removed from the sticky pads so that elemental analysis could be undertaken 

using ICP-MS and mineralogical analysis could be completed using SEM-EDX. Particle size analysis was 

accomplished using laser granulometry. Dust composition was compared with reference to 

background dust and soils. Results showed that collected dusts, both from the baseline study and 

construction phase and from background samples and receptors, were comprised of similar major 

minerals (r2 values > 0.78) to the calcareous sandy silts and clays that make up the majority of local 

soils. Similar results (r2 > 0.79) were also found for proportions of major elements in background dusts, 

receptor-collected dusts, and soils. One notable exception to the findings of dust homogeneity was 

the increased presence of calcite (and thus Ca) in samples near to roads: this is thought to originate 

from road traffic spillages of limestone which is quarried nearby. Particle size distributions for dust 

samples were also similar across samples at individual monitoring periods, but seemed to vary 

temporally in response to differing weather conditions. Weather data from an onsite monitoring 

station were also collected throughout the study and temporal dust levels were investigated in 

relation to individual weather factors. High dust levels originating from north of the site were recorded 

throughout the study period, and were observed to correlate with respective high winds from the 

north. Dust levels were also significantly increased during summer months and after periods of low 

rainfall. A predictive model for background dust propagation was therefore developed midway 

through the study, using wind strength and frequency from the north, temperature, and antecedent 
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rainfall. Background dusts were defined as those arriving from north of the site (330° - 30°) and 

collected at dust monitors unaffected by construction workings. Linear regression was used to 

incorporate the different weather parameters into individual weather factors which combined to 

create a prediction of background dust levels. The resulting model, based on the first year of data, was 

subsequently tested against recorded levels over the next six months with high levels of accuracy 

observed (r2 > 0.78). The model was also tested against data collected during the baseline study with 

further positive results (r2 > 0.67). 

Summary 

This paper was presented at the International Network of Environmental Forensics conference in 2014 

and was subsequently published in the book Environmental Forensics: Proceedings of the 2014 INEF 

Conference. 

This more detailed paper explains the successful empirical modelling process undertaken at the oil 

and gas terminal and the model that was designed. 

1.5.3. Fugitive Dust – Bespoke modelling of fugitive dust propagation from industrial sites 

(Appendix C) 

Summary 

This article was published in the magazine AWE International in 2015 and describes the approach to 

bespoke dust modelling – presenting both empirical models and initial results using ADMS. 

1.5.4. Aspects of empirical dust modelling associated with quarries (Appendix D) 

Abstract 

An empirical technique to model dust dispersion beyond the quarry boundary of a sand and gravel 

working is described starting with the use of linear source-to-receptor dust monitoring.  Base-line 

monitoring shows how dust levels vary between monitors and provides one element of the basic data 

used in this method of predicting off-site dust.  Meteorological data is the other element and this data 

is best collected using on-site weather stations which are now readily available.  Using wind speed, 

rainfall and temperature (key constraints in dust dispersion) and the recorded levels of dust for the 

same periods, linear regression methods can be used to establish relevant factors for site specific 

modelling and for the prediction of dusting based on future weather conditions.  Good correlations 

were achieved between predicted and measured dust levels at the site boundary resulting from a 

range of quarry activities. Dust levels at a receptor beyond the quarry boundary could also be 

estimated. 
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The key sources of quarry dust are listed, the need to determine dust emission factors for specific dust 

sources is noted and first steps in the estimation of source emission factors are outlined. 

Summary 

This paper was presented at the Extractive Industry Conference for the minerals community in 2015 

and explains the progress made towards dust dispersion modelling at quarries. It was subsequently 

published in the journal Proceedings of the 18th Extractive Industry Geology Conference 2014 and 

technical meeting 2015.  
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2. Modelling dust emissions from a source using dust monitoring 

and meteorological data 

John Bruce, Jim Smith, Hugh Datson and Mike Fowler 

Bruce, J. et al. (2016) ‘Modelling Dust Emissions from a Source Using Dust Monitoring and 

Meteorological Data’, Journal of Environmental Protection, 7, pp. 467–472. doi: 

10.4236/jep.2016.73040. 

Dataset available on Mendeley data (Bruce, 2021b): 

http://dx.doi.org/10.17632/6mssh79w9n.1 

2.1. Foreword 

This paper sets out an initial proof of concept study for the methodology and is the first example of 

initial modelling of coarse dust using ADMS and the testing of emission factors from the existing 

literature. It also sets out that a new process is required in the UK for dust modelling.  

All of the dust monitoring, visualisation, analysis and modelling in this study was undertaken by me, 

with conceptualisation, critical revision and support from my supervisors Mike Fowler and Jim Smith 

at the University of Portsmouth and Hugh Datson at DustScan. 
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2.2. Abstract 

This paper describes a study into the development of more robust dust emission factors by means of 

dust and meteorological monitoring. Emission factors for nuisance dusts in the literature are scarce, 

with estimates of dust output given for many processes in mass per unit area per year. Temporal 

variations and the extent and conditions in which maximum concentrations occur can therefore be 

impossible to predict with any accuracy. This investigation aims to improve predictions by ‘back 

calculating’ emission levels based on dust monitoring around known dust sources. 

Nuisance dust and meteorological monitoring has been undertaken at a sand and gravel quarry in the 

UK for a consecutive period of two years. Sticky pad directional dust monitors were used to collect 

dust at eight locations at and around the site with meteorological data collected at an electronic 

weather station within the site.  

Air quality modelling software (ADMS) was used to test emission factors from the European 

Environment Agency (EEA) and the US Environmental Protection Agency (EPA) for emissions from 

mineral workings. Predictions were compared with the dust monitoring data to assess accuracy, with 

results showing limited poor correspondence (r2 < 0.3). Trends showed that emission predictions were 

poorest in winter; this is likely because most emission calculations are not weather dependent and 

seasonal fluctuations will occur. Dust emission rate calculations were altered with respect to the dust 

monitoring data for one monitoring location on the mineral site boundary and the model was run 

again. Results were then tested at two different locations up to 200m from the site boundary, with 

very positive correlations (r2 > 0.89) and similar maximum concentrations (<5% difference). This study 

has therefore shown that accurate site-specific emission rates can be produced in combination with 

site boundary sticky pad dust monitoring in order to accurately derive estimations elsewhere. 

2.3. Introduction 

‘Dust’ as defined in the UK (British Standards Institution, 1994) is described as particulate matter 

<75µm in diameter. It can also be differentiated into two size fractions: coarse particles (>10µm) 

associated with annoyance risks and finer particles linked with risks to human health via inhalation. 

Coarse particles are undefined and are often referred to as ‘nuisance dust’ or ‘fugitive dust’ and can 

be chronic, whereby surfaces are soiled from dust settlement, or acute, where problems such as dust 

clouds cause nuisance. The assessment of nuisance dust in the UK is achieved through criteria 

developed by the Institute of Air Quality Management (IAQM, 2012), National Planning Policy 

Framework (Department for Communities and Local Government, 2012) and the Mineral Industry 

Research Organisation (Lingard and Gibson, 2011). 
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Nuisance dust from industrial processes and areas of natural dust propagation may have the capacity 

to cause environmental concern. Dust emissions may be generated by many processes and each must 

be understood with reference to the volume, content, size and general appearance of the dust. 

Nuisance dust modelling is therefore a complex and relatively untested field, compounded by the fact 

that there are effectively ‘unlimited’ sources and influences. In air quality modelling, for instance, most 

activities and processes that emit pollutants can be strictly defined and measured to help understand 

sources and emission rates. For dust emissions however, any process that can cause the entrainment 

of dust may be deemed an emission. This may include attrition by wind of bare ground or stockpiles, 

site vehicle movements, or mechanical processes. Individual emission sources are therefore rarely 

measured, and emission factors in the literature often exist as simple estimates based on site size or 

materials moved (CERC, 2015). This paper explains a new technique where dust emissions are 

modelled with commercial modelling software using existing emission rates from the guidance which 

are subsequently modified based on dust monitoring data. This will demonstrate that accurate 

estimations of dust emissions at other sites can be determined from site boundary dust monitoring 

and that the impact on other, more sensitive, locations can therefore be derived. 

2.3.1. Current methods of dust modelling 

Current dust prediction techniques can be split into two broad sub-categories; software modelling and 

general risk prediction. Risk prediction uses an established method of assessing risk through 

understanding site characteristics and applying pre-determined risk matrices to give an overall risk 

value for a site or source. Software modelling uses commercial software based on air dispersion 

modelling and therefore needs similar inputs. These normally include meteorological data, site data 

and most importantly emission rate data for each pollutant, from each source. Measured emission 

rates for individual dust sources however are mostly unavailable and therefore more generalised data 

are often used which include the estimation of dust emissions on a site-wide basis. Consequently this 

does not accommodate seasonal fluctuations, site variability or activity and should only be used as an 

estimate. It may therefore be possible to improve predictions based on comparisons of original 

emission rates and site-specific measurements. This study will therefore look to examine the potential 

use of dispersion modelling software in dust impact assessments by generating emission rates based 

on site specific monitoring data.  

2.4. Case study 

For this investigation, commercial air dispersion modelling software was used to test the emission 

factors available in the literature. Emission factors from the European Environment Agency (EEA) and 
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the US Environmental Protection Agency (EPA) were used to generate dust emission rates for the 

study site which were used in the dispersion model to predict airborne concentrations for comparison 

with monitored dust levels. 

2.4.1. Study site 

The study site is a small mineral stockyard and quarry in southern England, operating in an area of 

approximately 3.5 hectares and stockpiling a mixture of aggregates primarily including sands and 

gravel. An array of eight directional sticky pad dust monitors were located at the site including one 

upwind of the predominant wind direction, two on the site boundary and a further five downwind to 

the north and east. Sticky pad samples were collected over consecutive periods of seven to fourteen 

days; this allowed dust emissions to be monitored in relation to the meteorological patterns and site 

activities during that period. Dust was continuously monitored for two years and an electronic 

weather station was established on-site for localised meteorological readings. Site operational data 

were also provided by the site management. 

2.4.2. Model setup 

ADMS modelling software (CERC, 2015) was used which requires a number of inputs, including but not 

limited to meteorological data, terrain and location data (optional), and precise source and emissions 

data. The software is primarily used for air dispersion modelling, but can also output particle 

dispersion and deposition. Source data for dust must include particle size grading and density, 

together with hourly estimations of the emission rate from each individual source. 

2.4.3. Site modelling 

Emission factors in the literature can be used to predict dust emissions from sources relevant to 

mineral workings and stockpile operations. The EEA emissions guidebook (European Environment 

Agency, 2013) states that a mineral site’s dust emissions will be directly proportional to the size of the 

site (16.4 tonnes of total suspended particles (TSP) per hectare per year). The EPA emissions inventory 

(Environmental Protection Agency, 2006) states that a proportion of all material transfers (e.g. 

material taken from or added to stockpiles) will be emitted as dust. Other emission factors can be 

calculated based on stockpile size and shape; however because the case study site had stockpiles that 

were constantly excavated, replenished and relocated, these were not used and a different approach 

was chosen. 

Based on observations from visiting the site it was suspected that due to the relatively low activity 

most of the on-site dust emissions were wind-blown dusts from both the quarry floor and stockpiles, 



Page | 16 
 

with other dust emissions occurring during the stockpile movements. It was therefore decided that all 

dust emissions from the site would be modelled as a single area source which covered the floor of the 

quarry and all of the stockpiles. This prevented the stockpile changes from influencing the results and 

simplified the modelling process by removing the need for any individual stockpile modelling. Emission 

factors were used for the site as a whole and for stockpile transfers. Meteorological data input was 

taken from the on-site weather station. 

2.4.4. Software modelling 

An initial problem with comparing the model output with the results from the sticky pad monitors was 

that the model output was in mg m-3, with sticky pad measurements in mg m-2 from a cylindrical 

surface. An additional dust monitor was therefore used to help measure the efficiency of the sticky 

pad monitors in comparison with dust concentrations in the air passing the monitor. A Wilson and 

Cook (WAC) dust catcher (Goossens and Offer, 2000) was installed adjacent to a sticky pad monitor 

and results were compared with reference to the wind velocities during the collection period. WAC 

samplers have been shown to have consistently high collection efficiencies relative to different wind 

velocities (90% efficiency up to 5 m s-1) (Goossens and Offer, 2000) with sticky pad monitors previously 

shown to have up to 35% efficiency (Datson, 2010).  Twelve weeks of results were collected that 

showed that during higher wind velocities the collection efficiency of the sticky pad monitor would 

drop considerably compared to the WAC sampler, which was assumed to have remained consistent. 

A model was therefore created that could predict the efficiency of the sticky pad monitor over a given 

period of time, based on the hourly wind velocities during that interval and the modelled efficiency 

for each hour. 

 

Figure 2.1: Modelling results vs. dust monitoring results for the study period using published emission factors.
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2.5. Results 

2.5.1. First results 

Results from the dust monitoring were converted into mass per unit volume (mg m-3) using the sticky 

pad efficiency model and compared with the results from the modelling scenario. Directional dust 

monitoring results were compared from three key points; one dust monitor at the boundary, Monitor 

1 (100m beyond the boundary) and Monitor 2 (200m from the boundary). Results only from the arc 

facing the minerals site were used to limit background dust interference with the trends. Modelling 

outputs were generated for each monitoring point for direct comparison with dust results; in addition, 

an interpolated gridded output was produced for plotting and to aid the overall understanding of the 

predicted dust concentrations and spatial variability. 

Modelled results showed limited temporal similarities (r2 < 0.3) with the dust monitoring data, 

although they were generally of the right order; the predicted average concentration at the boundary 

was 0.093 mg m-3 whilst the measured result was 0.054 mg m-3. The overall trend of the modelled 

results showed consistent dust levels; this may be because most dust emission calculations do not 

take into account weather variables other than wind velocity. Large seasonal changes will occur in 

dust emissions due to temperature and rainfall changes that will not be accounted for using basic 

emission factors (Bruce et al., 2015). The modelled data did accurately predict the highest period of 

dust dispersion; this was during the time with the strongest and most consistent high wind velocities. 

One other positive was that estimations of the drop-off from the boundary monitor to the monitor 

furthest away were accurate. This suggested that the model was predicting the dispersion 

characteristics well but that the source data was not sufficiently accurate. 

By re-evaluating the emission rates over the study period in comparison with the dust monitoring 

results it is possible to adjust the emission rates to equalise results from a single dust monitoring point. 

The model can then be re-run, with the new ‘site-specific emission factors’ tested against 

measurements from other dust monitoring locations. 
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Figure 2.2: Modelling results vs. dust monitoring results for the study period using ‘back calculated’ emission 
rates                          

2.5.2. New results 

Changes in dust emissions rates in the model result in proportional changes in the predicted output. 

For instance, if emissions over one hourly period were modified to be two times higher, and all other 

variables remained the same, all model outputs such as the predicted concentration or deposition 

rate would also be twice as high. Because dust emissions were calculated hourly, and averaged per 

week to compare with the dust monitoring results, each dust monitoring period’s emissions were 

varied by multiplying by the ratio for which they were different. For example, when a dust monitoring 

period showed values three times as high as those modelled, each individual hourly emission rate 

during that monitoring period would be multiplied by three. A different correction factor was 

therefore applied for each dust monitoring period. 

The dust monitoring location on the boundary was chosen for ‘back calculating’ as it was thought to 

have the least influence from other dust sources. New emission rates were therefore calculated for 

the whole study period and the dispersion model inputs were updated. These new emission rates can 

therefore be taken as representative for the site as a whole and can be understood by comparison 

with regard to site operations and meteorological conditions.  

The model was run with the new emission rates and predicted concentrations were compared to 

measured data at two dust monitoring locations in increasing distances from the site boundary. Model 

results compared very well to dust monitoring results with an r2 value of 0.98 at Monitor 1 (100m from 

the site boundary) and an r2 of 0.89 at Monitor 2 (200m from the site boundary). Most importantly 

the highest predicted dust concentration was predicted accurately with a modelled concentration of 



Page | 19 
 

0.24mg m-3 and a measured concentration of 0.23mg m-3. The one monitoring period where the model 

appeared to under-predict the measured dust levels may be due to other dust sources in the area; 

there was a recorded increase in farming activity over this time. 

2.6. Summary 

This study has shown the method of calculating dust emissions from one small site as a single source. 

An aspect therefore not examined in this study, but with which work is ongoing, is the source 

apportionment of dusts being predicted from several separate dust sources. This would allow for the 

attribution of dusts from specific sources and processes and may help assess the importance of 

different dust components.  

The improvement in model comparisons after the back calculation of emission rates indicates that 

when emissions are accurately entered into models, subsequent dust dispersion may be predicted 

with much greater accuracy. This can be achieved using a boundary dust monitor to derive emission 

rates and with other, more sensitive, locations extrapolated via modelling. The key to using air 

dispersion models to their full capacity for dust dispersion is therefore the creation and measurement 

of a more thorough and adjustable emission factor database for specific dust sources. This should 

include variables with major influences such as temperature and rainfall that currently are not 

accommodated in many of the EEA or EPA emissions factors. This would ultimately allow sites in the 

planning stages, or those without dust monitoring, to be more accurately modelled instead of 

estimating emissions based on general characteristics. This method also demonstrates that emissions 

for existing sites can be understood by calculating ‘bespoke’ dust emission rates based and tested on 

site specific dust monitoring. Recommendations for future improvements of the methodology include 

the understanding of specific dust sources through characterisation, and the need to analyse how the 

new emission rates can be related to parameters such as rainfall and temperature. Further work 

currently underway also includes trials at other site types such as construction and demolition. 

Overall this study has shown that published emission rates may not be suitable for predicting weekly 

variations or maximum concentrations of dust emissions at mineral sites where several activities may 

take place concurrently. The collection of dust monitoring data is key to understanding why and how 

emissions will vary and new emission rates can be easily ‘back calculated’ for use in air dispersion 

models. Ultimately this would allow for a new database to be developed to include emission rates for 

multiple site types, including but not limited to; construction and demolition sites, waste and recycling 

sites, and general industrial sites.  



Page | 20 
 

3. Relative efficiency of passive dust samplers: progress towards 

coarse dust dispersion modelling 

John Bruce, Jim Smith and Mike Fowler 

Bruce, J., Smith, J. and Fowler, M. (2021) ‘Relative efficiency of passive dust samplers: Progress 

towards coarse dust dispersion modelling’, Atmospheric Environment. Elsevier Ltd, 244, p. 117872. 

doi: 10.1016/j.atmosenv.2020.117872. 

Dataset available on Mendeley data (Bruce, 2020): 

http://dx.doi.org/10.17632/8mwwdp4kpm.1 

3.1. Foreword 

This paper is fundamental to this work and demonstrates how airborne dust mass concentrations can 

be calculated from the directional sticky pad dust monitoring used in each paper in this study. 

All of the dust monitoring, analysis, visualisation and model development in this study was undertaken 

by me, with conceptualisation, critical revision and support from my supervisors Jim Smith and Mike 

Fowler at the University of Portsmouth. 
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3.2. Abstract 

The collection efficiency of the DustScan DS100 directional sticky pad dust gauge has been analysed 

in order to estimate airborne dust concentrations for use in atmospheric dispersion models. A DS100 

directional sticky pad dust monitor was tested for 10 months at a quarry boundary with respect to a 

Wilson and Cook (WAC) sampler, with comparisons primarily made with regard to directional wind 

speeds over the relevant monitoring periods, as recorded by an on-site meteorological station. The 

mass of dust collected using the DS100 monitor fluctuated between 3.1% and 21.3% of that caught by 

the WAC sampler over each period. Variations in collection efficiency were modelled using the count 

of wind speeds per half hour period and two distinct periods were observed. The main trend showed 

that higher wind speeds decreased relative DS100 efficiency, with low wind speed (< 3 m/s) and high 

wind speed (> 5 m/s) periods showing modelled efficiency above 10% and below 5% respectively in 

comparison to the WAC sampler. However, a central period of 9 weeks during the monitoring study 

showed a reverse of this pattern, with significant wind speeds over 5 m/s correlating with higher 

DS100 efficiency. Although dust catch on each sampler varied significantly over the study period, an 

average DS100 efficiency of approximately 7% in comparison to the WAC is suggested for use in 

estimating airborne dust concentrations for use in atmospheric dispersion models. 

3.3. Introduction 

Dust is conventionally defined as airborne particulate matter <75 µm diameter (British Standards 

Institution, 1994) and is most commonly categorised by size fraction. Coarse particles (>10 µm) are 

typically perceived with ‘disamenity’ or ‘nuisance’ (IAQM, 2012) effects and are not subject to any 

official standards, with non-statutory guidance such as that provided by the IAQM (IAQM, 2016) used 

to assess potential and ongoing impacts. Fine particulate matter essentially refers to particles with an 

aerodynamic diameter less than 10 µm (PM10) or 2.5 µm (PM2.5) and is clearly defined and regulated 

through Air Quality Objectives (AQO) and the overriding National Air Quality Strategy (NAQS). 

Dust can be generated from a broad range of sources, both natural and anthropogenic, and is 

therefore a widespread environmental occurrence. Anthropogenic sources of dust tend to occur due 

to mechanical action on materials (e.g. through industry) or the resuspension of existing particulate 

matter (e.g. through transport). Natural sources of dust include sea spray and dust generated from 

exposed surfaces or desert areas (e.g. Saharan dust).  

This study focuses on coarse dust for which there are no statutory standard sampling methods or limit 

values and no standardised dust dispersion methodologies. Negative impacts from coarse dust usually 

relate to the visual effect of short-lived dust clouds and the long-term soiling of surfaces, which can 
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be caused by large dust emissions from a variety of processes including heavy industry, agriculture 

and minerals workings. Results from well-designed dust monitoring schemes can therefore be used to 

measure dust sources and pathways in an area and the subsequent risks of disamenity at receptor 

locations. Coarse dust is typically monitored using passive sampling. 

Passive dust sampling uses non-powered instruments to collect dust samples and is consequently 

inexpensive compared to electronic ‘real-time’ monitoring. A further advantage is that sample 

material is collected and can be later analysed for particle size and composition (Goossens and Buck, 

2011). Passive samples are typically collected over long monitoring periods (e.g. weekly or monthly) 

and collection efficiencies can be difficult to quantify precisely. Passive sampling of dust is carried out 

using two methods; directional and depositional dust monitoring. Directional dust monitoring samples 

dust in flux and moving past a point, usually driven by wind, and is often measured using sticky pads 

which are subsequently analysed optically for dust soiling and dust coverage. Depositional dust 

monitoring measures the mass or soiling of dust deposited onto an area and may be sampled using 

sticky pads (and optical analysis) or using Frisbee-type dust monitors that give results in mass per unit 

area per day (e.g. mg/m2/day).  

The assessment of coarse dust impacts for planning developments ordinarily uses a risk-based 

approach taken from established guidance (e.g. IAQM, 2016) that accounts for site activities, average 

weather conditions and distances and directions to receptor locations. For mineral sites, pre-

determined risk matrices are used to calculate the ‘pathway effectiveness’ from source to receptor, 

based on distance and average wind conditions. This is combined with an estimate of the ‘residual 

source emissions’ of each activity, which are estimates of the emission size after mitigation (small, 

medium or large) and are largely based on ‘professional judgement’. These are combined with 

receptor sensitivity to give an overall estimated risk of impact (low, medium or high) and magnitude 

of adverse effects (negligible, slight, moderate or substantial) for each identified dust source area.  

An alternative, very rarely used method that is commonly applied for fine particles utilises 

atmospheric dispersion models to predict coarse dust dispersion in a similar method to that frequently 

used for gaseous pollutants such as NO2. Software such as the Atmospheric Dispersion Modelling 

System (ADMS) by CERC (Cambridge Environmental Research Consultants (CERC), 2015) uses Gaussian 

plume air dispersion modelling to simulate the movement of pollutants in the atmosphere and allows 

concentrations to be predicted downwind of pollutant sources. Detailed source inputs are needed for 

coarse dust modelling including hourly meteorological and site activity data, and hourly emission 

factors (EFs) for dust are also needed which are challenging to predict accurately or obtain. Emission 

factors are needed to quantify the release of a pollutant in relation to an activity associated with the 
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release of that pollutant. Published EFs for individual dust sources are mostly unavailable due to the 

complexity in accurately measuring them, and so generalised emission rates are often used. Those can 

be based simply on the size of the site (European Environment Agency, 2016) or the quantity of 

materials being moved (Environmental Protection Agency, 2006). Examples of emission factor 

calculations are shown in Table 3.1, which demonstrates both the large quantity of data required for 

complex emission calculations such as emissions from unpaved roads and the broad estimations of 

emissions using the EEA inventory. Current guidance therefore recommends that detailed dust 

dispersion modelling is not undertaken for mineral planning due to the lack of available dust emission 

data (IAQM, 2016). 

Table 3.1 – Examples of existing emission factors 

Dust source Emission factor 
source 

Data required Calculation for TSP emissions 

Storage, 
handling and 
transport of 
mineral 
products 
(uncontrolled or 
controlled) 

European 
Environment 
Agency EMEP/EEA 
air pollutant 
emission inventory 
guidebook 2016 – 
2.A.5.c 

Size of site 
Level of dust controls in 
place 

16.4 tonnes per hectare per 
year (uncontrolled) 
1.64 tonnes per hectare per 
year (controlled) 

Travel on 
unpaved roads 
at industrial 
sites 

United States 
Environmental 
Protection Agency 
AP42: Compilation 
of Air Emissions 
Factors – 13.2.2 

Surface material silt 
content 
Vehicle weights 
Surface material 
moisture content  
Vehicle speeds 
Vehicle routes and 
miles travelled 

lb TSP per vehicle mile travelled 

= 𝑘 (
𝑠

12
)

𝑎
(

𝑊

3
)

𝑏
 

Where: 
𝑘, 𝑎 & 𝑏 are constants based on 
particle size. 
𝑘 = 4.9  
𝑎 = 0.7 
𝑏 = 0.45 
𝑠 = surface material silt 
content (%) 
𝑊 = mean vehicle weight 
(tons) 

Aggregate 
handling and 
storage piles 

United States 
Environmental 
Protection Agency 
AP42: Compilation 
of Air Emissions 
Factors – 13.2.4 

Wind speed 
Material moisture 
content 
Quantity of material 
handled  

kg of TSP per tonne of material 

transferred = 𝑘(0.0016)
𝑈

2.2

1.3

𝑀

2

1.4  

Where: 
𝑘 = 0.74 (constant based on 
particle size) 
𝑈 = mean wind speed (m/s) 
𝑀 = material moisture content 
(%) 
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Clearly, therefore, it would be beneficial to develop a method that could circumvent the problems and 

allow the powerful modelling software currently available to be applied to coarse industrial dusts. 

One method of obtaining dust emission factors for dispersion modelling is ‘back calculating’ emissions 

based on dust monitoring results. This is undertaken by modelling dust dispersion and adjusting 

emission factors based on dust monitoring results for the dispersion area.  Passive sticky pad dust 

monitoring is ideal for this purpose due its cost-effectiveness, ease of installation and simple analytical 

processes (Datson, Hall and Birch, 2012) in comparison with more complex real-time dust monitors. 

Numerous passive dust monitors can be placed around a site with sample results used to test dust 

dispersion predictions. A drawback, however, is that directional dust results collected on a cylindrical 

two dimensional surface (in mg/m2) need to be converted to airborne dust concentrations (in mg/m3) 

for use in dispersion models. Estimates are therefore needed of the volume of air that has been driven 

past the monitor and, most importantly, sampler efficiency. Hourly wind data from a local weather 

station can be used to give an adequate estimate of temporal wind conditions but efficiency estimates 

for sticky pad dust monitors are mostly lacking. A previous study has measured total collection 

efficiencies for the DustScan DS100 of 8 – 35% in wind tunnel trials at 2, 4, 7 and 10 m/s against a 

Wilson and Cook (WAC) dust catcher (Datson, 2010), although this was in a controlled environment 

with a known dust source. To the authors’ knowledge, no other significant testing has been 

undertaken. Consequently, further evaluation of the efficiency of directional sticky pad monitors is 

needed in site-specific studies to allow measurements of dust caught using the sampler to be 

converted to mass per unit volume (mg/m3), for development of coarse dust dispersion modelling. 

The principal aim of this study was therefore to measure the efficiency of the directional sticky pad 

dust monitor to produce a method for calculating airborne dust concentrations for use in atmospheric 

dispersion models and the development of coarse dust dispersion modelling techniques.  

3.4. Materials and methods 

Real time light-scatter dust monitors were considered for use in the evaluation and would also give 

hourly concentration results for direct comparison. However, they are expensive, require a secure 

area and constant power source and, most significantly, are known to have low detection efficiencies 

for particles larger than 20 µm (e.g. Turnkey Osiris, Topas and Dustmate particulate monitors (Turnkey 

Instruments Ltd, 2021), TSI Dusttrak DRX Model 8533 and 8534 (TSI Ltd, 2021). A passive sampler was 

therefore chosen for comparison with the sticky pad monitor and the most widely used and studied 

are the Big Spring Number Eight (Fryrear, 1986) and the WAC sampler (Wilson and Cooke, 1980; 

Kuntze, Beinhauer and Tetzlaff, 1990) which are both frequently used for wind erosion studies (Zobeck 

et al., 2003). Previous studies have shown variable efficiency curves for both samplers dependant on 



Page | 25 
 

particle size, wind speeds and material properties (Goossens and Offer, 2000; Goossens, Offer and 

London, 2000; Youssef et al., 2008; Mendez, Funk and Buschiazzo, 2011, 2016). Table 3.2 sets out 

previous efficiency measurements for the WAC sampler. This study therefore used the WAC sampler 

as a baseline for efficiency evaluation of directional sticky pad monitors based on its existing published 

efficiency data, shown in Table 3.2, and its availability and ease of use, with the most appropriate 

previous study showing sampler efficiency over 90%. Studies have also shown that the efficiency of 

the WAC is constant when particle size and wind speed increases, compared to other monitors 

(Goossens and Offer, 2000).  
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Table 3.2 – Examples of WAC efficiency 

Paper Particle size range 
Wind 
speed 

Efficiency Comment 

Goosens and 
Offer, 2000 

Median 30 µm  
 
95% silt (2 – 63 µm) 
5% clay (< 2 µm) 

2 – 5 m/s > 90% Most appropriate particle 
size range and wind speeds 
for this study 1 m/s 75% 

Goosens, Offer 
and London, 
2000 

Median 132 µm 
6.5 – 14 
m/s 

90 – 100%  
Demonstrates high 
efficiency at high wind 
speeds for large particles. 

Median 194 µm 100 – 120% 

Median 287 µm 100 – 120% 

Youssef et al., 
2007 

< 75 µm 

13.4 m/s 

< 0.5% 

High wind speed makes 
results unsuitable for this 
study. 

50–75 µm 14.5% 

200–400 µm 37.8% 

400–500 µm 24.8% 

Mendez et al., 
2011 

Mean grain 
diameter 121µm 

9.2 m/s 
Up to 
120%* 

*Focus of study was 
comparisons against BSNE 
sampler and not absolute 
efficiency. 

Mendez et al., 
2016 

PM10 

3 m/s 

0.6% 

Results presented from 
suspension zone only. 
Focused on PM10 and below 
and showed that the 
monitor is poor at collecting 
fine particulate matter. 

PM2.5 0% 

PM1 2.1% 

PM10 

6 m/s 

9.3% 

PM2.5 0% 

PM1 0% 

3.4.1. Sampler descriptions 

The DustScan DS100 directional sticky pad sampler uses an A4 size sticky pad mounted on a north-

aligned vertical cylinder, itself mounted on a post of approximately 1.8 m height to sample dust in flux 

from 360°. A photograph of the sampler at the study site is shown in Figure 3.1, and includes the 

depositional component (the ‘DustDisc’) which slots in above the directional sampling head. Samples 

are generally taken over weekly or fortnightly intervals and once complete are exchanged for a new 

sampling head (with fresh sticky pad) and returned to DustScan for processing. Samples are 

subsequently sealed using a transparent film and scanned using a flatbed scanner for analysis (Datson 

and Birch, 2007). 
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Figure 3.1: DS100-D directional and depositional dust monitor at the study site 

The analysis protocol behind the monitor was originally devised at the University of Leeds Department 

of Mining and Mineral Engineering for monitoring dust levels at opencast coal sites and quarries 

(Farnfield and Birch, 1997). The advance in technique used computer scanning of sealed dust samples 

and bespoke software to automate the analysis of samples for dust coverage, and a new unit of 

measurement was devised, known as Absolute Area Coverage (AAC), which was reported as a 

percentage of the total surface content covered with dust. Prior to this, sticky pads were commonly 

used for dust monitoring but were analysed using techniques such as a smoke stain reflectometer 

(Beaman and Kingsbury, 1981, 1984) or shade card (Farnfield and Birch, 1997). Samples were reported 

with reference to their loss of reflectance, either in Effective Area Coverage (EAC) or soiling units (s.u.) 

(The Quality of Urban Air Review Group, 1996), and were compared against potential nuisance criteria 

based on surveys of public perception (Environment Agency, 2013). The DustScan software has since 

developed over time (Datson and Birch, 2007) and now combines automated directional AAC and EAC 

measurements at 15 degree intervals and masking of non-dust materials (Datson, 2010; Datson, Hall 
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and Birch, 2012). Dust may also be removed from the sticky pad for gravimetric analysis and reporting 

in mg/m2 and subsequent geochemical analyses (Fowler, Datson and Newberry, 2010). 

The WAC sampler was originally developed by S.J. Wilson and R.U. Cooke in 1980 (Wilson and Cooke, 

1980) and was later modified  by Kuntze, Beinhauer and Tetzlaff in 1990. The sampler is comprised of 

a plastic bottle, an inlet tube and an outlet tube, with the inlet oriented towards the wind, the bottle 

acting as a settling chamber and the outlet discharging clean air. Dust entering the settling chamber 

is deposited due to the pressure drop resulting from the difference in diameter between the inlet and 

outlet tubes and the bottle. A photograph and schematic of the sampler can be seen in Goossens and 

Offer, 2000. 

The sampler has historically been used as a sediment sampler for field studies of saltation. Kuntze et 

al modified the bottle attachments from vertical in the original design to horizontal and also added a 

wind vane so that the inlet tube would always be facing the prevailing wind. This modified design, 

known as Modified Wilson and Cook sampler (MWAC), was not used in this study so that dust from a 

specific direction could be sampled.  

3.4.2. Sampling site 

This study was undertaken at a small mineral stockyard and quarry in southern England of 

approximately 3.5 ha. The site is in a rural area, surrounded by agricultural fields, and stockpiles a 

mixture of aggregates including locally extracted sand and gravel and has mineral extraction campaign 

periods of two to four weeks each summer. The terrain is generally flat and prevailing winds are 

typically from the south west. Activity at the site for most of the year is limited to material screening, 

sales and transport of stockpiled aggregates and associated site vehicle movements around the 

weighbridge and main working area. A schematic site map is shown in Figure 3.2. 
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Figure 3.2: Site plan showing main working areas, weather station and location of co-located dust monitor. 
The terrain is generally flat with the main working area approximately 15m below the surrounding agricultural 
fields to the north and east. 

Directional and depositional sticky pad dust monitoring prior to this study had been undertaken at the 

site for 18 months at 8 monitoring locations. A WAC sampler assembly comprising 3 horizontal bottles 

mounted onto a post was installed immediately adjacent to an existing directional dust monitor 

(approximately 40 cm away) on the north eastern boundary of the main working area. This location 

was chosen as it was downwind of the main site area and sheltered from the fields to the north and 

east. The WAC sample inlet tubes were positioned facing the main working areas of the quarry to the 

south west and therefore collected dust from this direction only. Dust may also enter through the 
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outlet tube, which faced north east, although this side of the monitor was well screened by foliage 

approximately 3 m distance away, and directional measurements from the sticky pad gauge could be 

used to correct for any dust moving in this direction by assigning a representative proportion of dust 

contributed from each direction. 

Both monitors operated simultaneously for 37 weeks with samples collected and exchanged every 7 

to 20 days, with longer monitoring periods in winter during less dusty conditions. An electronic 

weather station was used to collect half hourly local meteorological data and was located 

approximately 100 m south east of the monitors on the boundary of the site. 

3.4.3. Sample treatment 

WAC sample bottles were processed gravimetrically by filtering the contents of each sample bottle 

onto a pre-weighed and pre-conditioned 47mm mixed cellulose ester (MCE) filter paper before 

conditioning (to ensure stable humidity and temperature) and post-weighing (Stockholm Environment 

Institute at York (SEI-Y), 1995). The mass on the filter paper and area of the inlet tube (132.7 mm2) 

were used to calculate dust concentrations in mg/m2/day. Directional sticky pad samples were 

measured for dust soiling (EAC%) and coverage (AAC%) (Datson and Birch, 2007) and dust was 

removed from the sticky pad by soaking overnight in an organic solvent before gravimetric filtration 

(Datson, Fowler and Williams, 2012) from the two 15° arcs facing towards the site (south west, 200 - 

230°) to calculate mg/m2/day. 

3.5. Calculation 

Empirical models were developed to measure the influence of environmental variability on sample 

efficiency of the DS100.  The application of the models would allow for changes in DS100 efficiency to 

be accounted for during different environmental conditions so that an appropriate monitor efficiency 

value could be used for individual future coarse dust dispersion modelling studies. Each model was 

designed so that it predicted efficiency of the sticky pad gauge based on the proportion of wind speeds 

in 1 m/s bins (e.g. 0-1 m/s, 1-2 m/s and so forth) from the direction of the site only (180° - 270°), as 

the most significant dust source in the area. This allowed for collection efficiency variation to be 

modelled based on the number of wind speeds in each bin during the sampling period.  

Collection efficiency (η) was modelled using Equation 1 for each half hourly wind speed and averaged 

across the sampling week to give an estimated efficiency of the DS100 throughout the monitoring 

period. Values for 𝑥 and 𝑧 were calculated using the generalised reduced gradient (GRG) nonlinear 

method to set an objective value (sum of squares for measured and modelled efficiency) by changing 

a given number of variables. 
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1: 𝜂 (ds100) =
∑ (𝑐𝑤𝑥)

𝑛𝑤!
𝑛𝑤=1

𝑐𝑜𝑢𝑛𝑡(𝑛𝑤)𝑧
 where 𝑤𝑥 = 𝑤𝑏𝑥  

Where wb is the median value of the wind speed bin, c is a count of half-hourly wind speeds per bin 

(e.g. 0.5 for 1-2 m/s), nw is the wind speed bins for that sampling period, wx is a coefficient of 

decreasing efficiency for that wind speed bin using x which is calculated using the GRG method and z 

is a coefficient also calculated using the GRG method.  

3.5.1. Further testing and other variables 

The above method assumes that wind speed is the main significant influence on variations in collection 

efficiency. Further testing of model parameters was therefore undertaken, including: 

• Modelling wind speeds during site working hours only (Mon – Fri and Sat morning), when dust 

emissions were assumed to be highest. 

• Assessment of any impact from rainfall, humidity or temperature. 

• Modelling wind speeds from a narrower arc (191.25° - 258.75°). 

• Modelling wind speeds from a broader arc (146.25° - 303.75°). 

• Assessment of wind speeds from all directions on monitor efficiencies, on the assumption that 

high wind speeds from alternative directions could cause localised turbulence; and 

• Adjusting 𝑥 to increase the impact of higher winds speeds on the model, on the assumption 

that they would be associated with higher dust emissions and therefore higher dust 

concentrations at the monitoring locations. 

The model tests were compared against monitoring results to see if model accuracy was improved. 

3.6. Results 

3.6.1. Direct comparisons 

Table 3.3 and Figure 3.3 show the variation in sample measurements between the WAC and DS100 

and the relative efficiency throughout the study period. Results between the two monitors varied 

considerably, with the DS100 collecting between 3.1% and 21.3% of the total mass of the WAC sampler 

for each monitoring period after accounting for the sample collection area, with an average relative 

efficiency of 6.7% and standard deviation of 5.3%.   
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Table 3.3: Comparison of dust catch on the WAC and DS100 samplers 

Start date End date 
WAC 
mg/m2 

DS100  
mg/m2 

DS100 relative 
efficiency 

Proportion of 
winds from SW  
> 3 m/s 

29-Apr-14 06-May-14 9,769 1,647 16.9% 9.9% 

06-May-14 13-May-14 657,288 26,835 4.1% 84.0% 

13-May-14 20-May-14 8,991 1,134 12.6% 13.7% 

20-May-14 27-May-14 6,253 724 11.6% 15.2% 

24-Jun-14 01-Jul-14 5,299 689 13.0% 22.1% 

01-Jul-14 08-Jul-14 151,282 7,328 4.8% 33.2% 

08-Jul-14 16-Jul-14 23,933 1,134 4.7% 32.0% 

16-Jul-14 23-Jul-14 7,961 710 8.9% 19.0% 

23-Jul-14 30-Jul-14 7,785 488 6.3% 0.0% 

30-Jul-14 07-Aug-14 29,709 1,120 3.8% 29.6% 

07-Aug-14 14-Aug-14 95,254 20,266 21.3% 65.1% 

14-Aug-14 21-Aug-14 30,161 6,092 20.2% N/A* 

21-Aug-14 28-Aug-14 13,436 578 4.3%  

28-Aug-14 04-Sep-14 62,632 6,446 10.3% 54.5% 
04-Sep-14 11-Sep-14 3,014 BDL N/A N/A 

11-Sep-14 18-Sep-14 3,441 BDL N/A N/A 

18-Sep-14 25-Sep-14 24,586 765 3.1% 31.7% 

25-Sep-14 02-Oct-14 9,066 425 4.7% 45.0% 

02-Oct-14 22-Oct-14 162,206 12,446 7.7% 48.6% 

22-Oct-14 05-Nov-14 9,493 627 6.6% 57.4% 

05-Nov-14 24-Nov-14 3,993 397 10.0% 0.0% 

24-Nov-14 11-Dec-14 6,153 BDL N/A N/A 

09-Jan-15 26-Jan-15 71,422 3,349 4.7% 77.9% 

26-Jan-15 09-Feb-15 9,518 571 6.0% 67.8% 

Average (excluding BDLs) 66,668 4,465 6.7%  

Standard deviation 139,690 6,972 
  

*BDL – Below Detection Limit for DS100 

*N/A – Local meteorological data not available for this full period 
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Figure 3.3: Comparison of dust catch on the WAC and DS100 samplers 

3.6.2. Efficiency investigations 

Weekly variations between the two monitors were compared against wind conditions to investigate 

the cause of the variations in collection efficiency and therefore to understand dust catch efficiency 

on the DS100 in mg/m2. The collection efficiency of the DS100 relative to the WAC sampler varied 

throughout the year, with two distinct patterns emerging over the study period. The first 8 weeks and 

last 5 weeks of the monitoring period showed that higher wind speeds (> 3 m/s) had a strong 

correlation with decreases in DS100 relative collection efficiency (r2 0.58, p < 0.01). The middle 7 weeks 

of the monitoring study however conversely showed that higher wind speeds had a strong correlation 

with increases in relative DS100 collection efficiency (r2 0.78, p < 0.05). 

3.6.3. Model results 

Model results are presented in Table 3.5 and in Figure 3.4 for the first 9 and last 5 weeks of monitoring 

and show a strong correlation between modelled and actual efficiency (r2 = 0.75, p < 0.05). Table 3.4 

gives an example of the model calculation for the period 29 April – 06 May 2014.  
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Table 3.4: Model calculation for the period 29 April – 06 May 2014, where x = -1,58 and z = 353. 

Wind speed bin 0-1 m/s 1-2 m/s 2-3 m/s 3-4 m/s 4-5 m/s 

Wind speed bin median (wb) 0.5 1.5 2.5 3.5 4.5 

Wind speed bin coefficient (wbx) 2.98 0.53 0.24 0.14 0.09 

Count of half-hour wind speeds (c) 68 38 39 9 7 

cWx 202.75 20.06 9.20 1.25 0.65 

Sum of bin coefficients 233.91 
    

Predicted efficiency 13.3% 
    

Due to the change in observed efficiency, with higher wind speeds resulting in higher DS100 efficiency, 

a separate model value for x was used for the 6 weeks of data from 30 July to 02 October 2014 (x = 

3.24). Results for this period are also presented in Table 3.5 and Figure 3.5 and also show an excellent 

correlation (r2 = 0.95, p < 0.01). 

Table 3.5: Measured versus modelled efficiency of DS100 

Start date End date 
Relative DS100 efficiency 

Model 1 Model 2 Measured 

29-Apr-14 06-May-14 13.3%  16.9% 

06-May-14 13-May-14 1.2%  4.1% 

13-May-14 20-May-14 11.6%  12.6% 

20-May-14 27-May-14 9.8%  11.6% 

24-Jun-14 01-Jul-14 7.7%  13.0% 

01-Jul-14 08-Jul-14 5.7%  4.8% 

08-Jul-14 16-Jul-14 5.4%  4.7% 

16-Jul-14 23-Jul-14 7.3%  8.9% 

23-Jul-14 30-Jul-14 4.0%  6.3% 

30-Jul-14 07-Aug-14  5.0% 3.8% 

07-Aug-14 14-Aug-14  15.4% 21.3% 

21-Aug-14 28-Aug-14  3.3% 4.3% 

28-Aug-14 04-Sep-14  8.5% 10.3% 

18-Sep-14 25-Sep-14  1.3% 3.1% 

25-Sep-14 02-Oct-14  5.2% 4.7% 

02-Oct-14 22-Oct-14 11.3%  7.7% 

22-Oct-14 05-Nov-14 7.8%  6.6% 

05-Nov-14 24-Nov-14 10.1%  10.0% 

09-Jan-15 26-Jan-15 3.3%  4.7% 

26-Jan-15 09-Feb-15 1.9%  6.0% 
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Figure 3.4: Measured versus modelled efficiency of DS100, 29 April 2014 – 06 May 2014 and 02 October 2014 
– 09 February 2015 only, with trend line and equation. 

 

Figure 3.5: Measured versus modelled efficiency of DS100, 30 July 2014 – 02 October 2014, with trend line 
and equation. 
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3.6.4. Further testing 

Although the model shows strong promise in predicting changes in DS100 efficiency, the variation 

between the two distinct periods was investigated and further testing of the model was undertaken 

to investigate if changes to model parameters significantly altered model results. 

Sensitivity testing included options shown in Table 3.6, with no significant improvement to model 

results. Meteorological data collected from the on-site weather station is shown in Table 3.7, with 

reference to the measured efficiency during each period and the model that was used. Relative 

humidity was consistent throughout the study period at an average of 83%, and average temperatures 

varied according to seasonality. Rainfall was consistent throughout the study period, and although 

both the driest (28 August – 2 October) and one of the wettest periods (30 July – 28 August) coincided 

with results from Model 2, there were no significant patterns with the efficiency data. 

Table 3.6 – Sensitivity testing results 

Sensitivity test Result 

Modelling wind speeds during site working hours only No significant improvement 

Assessment of rainfall, humidity or temperature No significant improvement 

Modelling wind speeds from a narrower arc No significant improvement 

Modelling wind speeds from a broader arc No significant improvement 

Assessment of wind speeds from other directions No significant improvement 

Adjusting 𝑥 to increase the impact of higher winds speeds No significant improvement 

 

Table 3.7: Other meteorological parameters during the modelling period 

Start date End date 
Total 

rainfall 
(mm) 

Average 
temperature 

(°C) 

Relative 
humidity 

(%) 

Measured 
efficiency 

Model 
used 

29-Apr-14 06-May-14 20.0 10.0 81.9 16.9% 1 

06-May-14 13-May-14 10.6 11.0 82.3 4.1% 1 

13-May-14 20-May-14 0.4 14.9 73.4 12.6% 1 

20-May-14 27-May-14 45.8 11.7 86.9 11.6% 1 

24-Jun-14 01-Jul-14 10.6 14.3 81.5 13.0% 1 

01-Jul-14 08-Jul-14 10.6 15.8 78.9 4.8% 1 

08-Jul-14 16-Jul-14 5.2 16.7 77.8 4.7% 1 

16-Jul-14 23-Jul-14 12.0 19.8 79.9 8.9% 1 

23-Jul-14 30-Jul-14 0.0 19.3 71.3 6.3% 1 

30-Jul-14 07-Aug-14 25.8 16.9 80.9 3.8% 2 
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07-Aug-14 14-Aug-14 34.0 15.4 80.9 21.3% 2 

21-Aug-14 28-Aug-14 30.6 13.4 83.7 4.3% 2 

28-Aug-14 04-Sep-14 1.2 15.4 83.4 10.3% 2 

18-Sep-14 25-Sep-14 2.4 13.8 84.0 3.1% 2 

25-Sep-14 02-Oct-14 0.2 15.7 83.8 4.7% 2 

02-Oct-14 22-Oct-14 59.2 11.6 88.3 7.7% 1 

22-Oct-14 05-Nov-14 23.0 11.4 89.6 6.6% 1 

05-Nov-14 24-Nov-14 17.2 7.3 93.8 10.0% 1 

09-Jan-15 26-Jan-15 25.2 3.7 89.4 4.7% 1 

26-Jan-15 09-Feb-15 4.4 2.1 86.6 6.0% 1 

 

Sensitivity testing of the model therefore suggested that only wind speed had a significant consistent 

impact on the collection efficiency variation between the two monitors and reinforced that the 

methodology that was used was appropriate for this study. 

Uncertainty analysis of the sampling methods was also undertaken by comparing the standard 

deviation between dust mass measurements between the three WAC bottle samples, which were 

vertically positioned 120 mm apart. SD was on average 10.9% between the bottles and up to 31.3% in 

individual monitoring periods, with mass differences between adjacent sampler bottles of up to 206%. 

3.7. Discussion 

The model results demonstrate that wind speed is the primary influencing factor on efficiency of the 

DS100 monitor and show that with careful consideration it is possible to predict the efficiency of the 

monitor over extended periods of time. However, the variations in efficiency results throughout the 

study, and difference between model parameter x between the two distinct periods, demonstrates 

the difficulty of field-testing efficiency calculations and the number of possible influencing factors. 

Calculating an average efficiency over a weekly period will not reflect the fact that dust concentrations 

over the monitoring interval will fluctuate due to wind speed and site activities, and other factors such 

as particle sizing and particle composition variations. Averaging efficiency calculations over the total 

study period gives a mean dust catch of 7% for the DS100 compared to the WAC, which can be 

compared positively to the lower limits of previous indoor wind tunnel studies (i.e. 9% at 2 m/s 

(Datson, 2010)) and is therefore suggested for use in future modelling studies to enable site specific 

modelling studies of coarse dust to be completed. 

Significantly shorter sampling periods (e.g. 24 hours) could potentially alleviate issues of diverse 

weather conditions during individual sample periods and provide greater clarity to wind speed-based 

efficiencies, but also pose new issues including dust concentrations below sample detection limits. 
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Although the two monitors were less than 0.5 m apart, micro-conditions may also have had a large 

influence on results, and this was shown in the uncertainty analysis of the sampling methods. When 

compared with wind tunnel studies that were conducted in controlled environments with consistent 

wind speeds and defined particle sizes (e.g. Datson, 2010; Mendez, Funk and Buschiazzo, 2011), the 

variance between samplers in this study is not surprising and demonstrates that high uncertainty is 

possible for both the DS100 and WAC monitors using field rather than laboratory measurements. This 

demonstrates that micro-conditions between monitors were often highly variable and can explain 

some of the larger variances between the two samplers. 

It was established that activities on site such as sales of material and vehicle movements decreased 

during the winter period, but no links could be found that would suggest any change in materials on 

site. Long sampling periods mean that attributing reliable efficiency calculations to different 

conditions is difficult, although reducing sampling lengths would also increase the potential influence 

of short term, unidentified influencers. Factors such as higher dust emissions during different wind 

speeds can have large influences on the model that are difficult to account for, and boundary layer 

conditions can be extremely variable from night to day and over the monitoring intervals. The close 

distance to the potential dust emission sources may also mean that dust is not evenly dispersed into 

the surrounding areas. 

Further work is therefore required to investigate dust impacts using a time and risk-based averaging 

approach of dispersion patterns, rather than solely focusing on predicting weekly concentrations with 

high accuracy. Using air quality modelling as an example, predictions are typically undertaken using 

up to 5 years of meteorological data and verified using at least one year of monitoring data (Defra, 

2016a), with average yearly concentrations used to verify results. 

3.8. Conclusions 

The aim of this study was to estimate the efficiency of the DS100 directional sticky pad gauge for use 

in dust prediction studies utilising atmospheric dispersion models. Results showed that the variation 

in dust catch over time between the two gauges was modelled accurately, with wind speed the 

primary influencing factor. However, two distinct periods of monitoring were observed, with 

contrasting results which could not be consistently linked to any known factors. Although no definitive 

model could therefore be produced that consistently predicted the efficiency of the DS100 monitor in 

comparison to the WAC over short monitoring periods (i.e. 2 weeks or less), an average dust catch of 

7% is suggested for use in calculating airborne dust concentrations over longer periods. Using this 

value will allow DS100 monitors to be utilised in dust modelling studies for testing dust emission 

factors and for use in coarse ‘nuisance’ dust model adjustment and verification. 
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Further research is needed to understand monitor efficiency with comparison to real time light-scatter 

dust monitors, and future efforts are also planned using a time and risk based approach to assessing 

dust dispersion patterns. 
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4. Identifying and modelling fugitive nickel dust emissions from a 

steelworks site in Sheffield, UK 

John Bruce, Andrew Green, Mike Fowler, Jim Smith 

Bruce, J., Green, A., Fowler, M, Smith, J. (2021) ‘Identifying and modelling fugitive nickel dust 

emissions from a steelworks site in Sheffield, UK’, Atmospheric Environment. Elsevier Ltd, 260, p. 

118414. https://doi.org/10.1016/j.atmosenv.2021.118414 

Dataset available on Mendeley data (Bruce, 2021a): 

http://dx.doi.org/10.17632/3rgk37grsg.1 

4.1. Foreword 

This paper further demonstrates the technique of dust emissions modelling at an industrial site, with 

dust monitoring used to characterise and identify fugitive emission sources of nickel for subsequent 

dispersion modelling.  

The dust monitoring and characterisation programme for this study was designed collaboratively by 

me and colleagues at DustScan with this dust modelling study in mind, with the project managed by 

my colleague Andrew Green.  All of the dust modelling in this study, including conceptualisation, 

visualisation, analysis and development, was undertaken by me, with critical revision and support 

from my supervisors Jim Smith and Mike Fowler at the University of Portsmouth and from colleagues 

at DustScan. 
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4.2. Abstract 

Ni in PM10 can contribute to health problems such as cardiovascular mortality at low ambient 

concentrations, and in the UK is measured through the Heavy Metals Network. Localised 

concentrations of nickel in PM10 have resulted in a Sheffield air quality monitoring station exceeding 

the EU target value of 20 ng/m3. Two localised sources of nickel have been identified; one relating to 

point source emissions, and one relating to fugitive dust emissions. Fugitive dust emissions from a 

Sheffield steelworks have therefore been assessed using a novel approach, with six months of sticky 

pad and PM10 dust monitoring, and subsequent elemental characterisation of dust and control 

samples using ICP-OES and ICP-MS used to inform dust dispersion modelling. Three new fugitive dust 

source areas on-site were identified from the dust monitoring and characterisation results. Emission 

rates of Ni were estimated from each source, with adjustments made based on the dust monitoring 

and characterisation results. Dispersion modelling was undertaken using the new and existing Ni dust 

sources and results compared favourably to the previous study. Source apportionment of measured 

concentrations was investigated with regard to the modelling and characterisation results and showed 

that on-site fugitive dust sources were not significantly different to a fugitive nickel source identified 

in previous research. However, both source apportionment results and dust monitoring results show 

that Ni concentrations at the local monitoring station were not increased when fugitive emissions 

from the study site were highest, or when the winds from the south were most frequent, indicating 

that fugitive dust emissions that caused increased concentrations throughout this study period were 

derived from sources in the area other than the study site.  

Keywords 

Dust; PM10; Nickel; Dust monitoring; Dust modelling; Fugitive emissions 

4.3. Introduction 

Particulate matter (PM) is measured to agreed standards and in the UK forms part of the national Air 

Quality Objectives (AQO) and the overriding National Air Quality Strategy (NAQS) (Defra, 2007). The 

PM10 fraction of dust is measured in accordance with the PM10 ‘convention’, being particulate matter 

that passes through a size-selective inlet with 50% efficiency at 10 µm, and is frequently used as an 

indicator for air quality (EU Directive, 2004) (CEC, 2008) as it is commonly associated with health 

problems such as cardiovascular disease and COPD (Caiazzo et al., 2013).  

The toxicity and adverse health effects associated with the PM10 fraction of dust can vary significantly 

based on the chemical composition of the particles present (e.g. Pintér et al., 2017; Romano et al., 

2020). Ni is a toxic metallic element that can be present in PM10 and is associated with industrial 
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processes including steelworks and metal processes (Suh et al., 2019) and coal combustion (Moreno 

et al., 2019). The main source of emissions to air of Ni in the UK are combustion of heavy fuel oil and 

solid fuels derived from petroleum (Defra, 2018). Ni compounds can cause irritation to the thoracic 

system and allergic responses can damage the sense of smell. Some evidence suggests long-term 

exposure could be linked to respiratory diseases and cancers (WHO, 2000); Ni has been found to 

contribute to cardiovascular mortality at low ambient concentrations (Lippmann et al., 2006) and 

communities with higher PM2.5 Ni concentrations have been found to have a higher risk of 

hospitalisation associated with short-term PM2.5 exposure (Bell et al., 2009).  

Whilst there are currently no objectives for Ni emissions or concentration limit values for public 

exposure to Ni in PM10, the European Environment Agency (EEA) set a target value (TV) annual mean 

of 20 ng/m3 in its 2004 4th Daughter Directive (EU Directive, 2004). Assessment of Ni levels in PM10 in 

the UK has therefore been undertaken by the UK Department for Environment, Food and Rural Affairs 

(Defra) since 2004 through the Heavy Metals Network, comprised of 24 monitoring sites measuring 

weekly average PM10 concentration of As, Cd, Cr, Co, Cu, Fe, Mn, Ni, Pb, Se, V and Zn using Partisol 

2000 and 2025 samplers and subsequent Inductively Coupled Plasma Optical Emissions Spectrometry 

(ICP-OES) analysis (Defra, 2020). In 2014, three zones were reported to have exceeded the TV for Ni 

in the UK; the Sheffield Urban Area, Swansea Urban Area and South Wales (Defra, 2016c). A study by 

Brookes and Rose (Brookes and Rose, 2016) on concentrations in Sheffield found that the TV for Ni 

was exceeded at the Sheffield Tinsley Heavy Metals Network monitoring station in 2004 and 2014 

(Grid reference 440238, 390588). Subsequent modelling studies undertaken by Defra (Defra, 2016b) 

and the National Physical Laboratory (Butterfield and Goddard, 2016) indicated that the most 

significant industrial source of Ni in the area was a steelworks approximately 1 km south of the Tinsley 

monitoring station, which included known point source Ni emissions and potential fugitive dust 

sources which require further study. 

A joint investigation undertaken by King’s College London and Defra (King’s College London 

Environmental Research Group, 2017) in 2017 also modelled known Ni sources around the Tinsley 

monitoring station and suggested that 47% of the total measured concentration of Ni in PM10 at 

Tinsley could be attributed to emissions from the steelworks, equating to an annual average 

contribution of 11 ng/m3 at the monitoring study location. Two distinct sources of Ni were identified: 

one related to known point sources (i.e. stack emissions), and one estimated to be from local fugitive 

dust sources such as vehicle movements, material handling and stockpiles. Other notable industrial 

sources of Ni near the Tinsley monitoring station are set out in the previous modelling by Defra and 

Kings College London and in modelling by Defra (2018) and include a steel strip mill north of Tinsley, a 

producer of Ni shot and other smaller industrial operations regulated by the local authority. This paper 
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therefore describes an investigation using dust monitoring and characterisation to assess fugitive dust 

emissions from the steelworks site, enabling modelling of fugitive dust sources in addition to known 

point sources. This will fill the shortfall between the known point source contributions from the 

steelworks at the Tinsley monitoring station and the estimated total contribution from the site. This 

technique of modelling metallic point source and fugitive emissions has also been used successfully in 

other studies, such as by Otero-Pregigueiro and Fernández-Olmo (2018) and Carter et al. (2015) in 

modelling Mn emissions from ferromanganese alloy plants. A six-month dust and PM10 monitoring 

programme, subsequent characterisation analysis of the Ni content of dust samples using ICP-OES, 

and dispersion modelling was therefore used to assess the primary sources of fugitive dust emissions 

from the site and investigate the proportion and characteristics of fugitive emissions migrating off site. 

This enables the site operator and the relevant regulators to have a better understanding of the source 

contributions to the measured exceedances of the Ni TV at Tinsley. This study also aims to 

demonstrate the novel technique of assessing dust levels using passive sticky pad dust monitoring for 

use in dust dispersion modelling. 

4.3.1. Site setting and operations 

The study site is located within the Europa Link industrial estate in Sheffield, UK and is bounded by 

several other industrial units (Figure 4.1). There is a railway siding to the north of the site which allows 

transportation of materials to and from site and an asphalt storage facility approximately 130 m north 

of the site.  

Operations at the site produce a variety of semi-finished stainless steel products for export, and with 

the use of Ni and Cr additives, products typically have a high Cr and Ni content, ranging from 0.5% to 

26% Cr and 0.25% to 42% Ni. Raw materials in the form of scrap metal and ferro-alloys are transported 

to site via road or rail networks where they are stored prior to being charged to an electric arc furnace. 

The resultant molten metal is refined and cast into slabs, blooms and billets, which are stored on-site 

before being dispatched to customers.  

Many of the operations on-site have the potential to generate dust and particulate matter emissions. 

These are controlled by the employment of Best Available Techniques (BAT) and are set out in the 

site’s environmental permit. There are a number of area sources around the site that are set out below 

and could also give rise to emissions to air through wind-whip and scouring, or by resuspension caused 

by the movement of heavy goods vehicles (HGVs) and other site vehicles. The site areas are shown in 

more detail in Figure 4.2. 

4.4. Methods 
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4.4.1. Dust monitoring 

A dust monitoring programme was designed to investigate the dispersion of PM10 and dust from area 

sources at the study site. A site inspection was undertaken to observe and investigate potential 

sources of fugitive dust on site and areas were reviewed after discussions with site workers. Locations 

were subsequently chosen around the site to monitor the largest potential suspected sources of 

fugitive dust, including at the landfill area to the south where steel slag was deposited, near the main 

working areas at the centre, north and north-east of the site, and 200 m to the north of the site. 

Monitoring was used to investigate dust emissions from: 

• HGV movements and resuspended road dust 

• Material storage stockpiles 

• The landfill area 

• Off-site sources 

Monitoring was also undertaken off-site to the north to measure any emissions that could potentially 

be migrating from the study site towards the Tinsley monitoring station.  

 

Figure 4.1: Site location, location of Tinsley monitoring station and dust monitoring locations 
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DustScan DS100-D combined directional and depositional sticky pad dust monitoring gauges were 

installed at the four on-site locations (a photograph of the monitor can be seen in Bruce, Smith and 

Fowler, 2021). The directional unit is cylindrical and collects dust in flux from 360° around the sampling 

head, whilst the depositional component (the ‘DustDisc’) slots in above the directional sampling head. 

Directional results are reported in discrete 15° intervals (i.e. 0 – 15°, 15 – 30° and so on) and the 

depositional unit collects dust that deposits from the air onto a horizonal surface. Samples are taken 

over weekly intervals and are returned to DustScan for processing where they are sealed using a 

transparent film and scanned using a flatbed scanner for analysis (Datson and Birch, 2007). Depending 

on dust levels in the monitoring area, these monitors can collect up to 100 mg of dust in heavily soiled 

samples that can be removed for further analysis. 

DustScan DS500X-D combined PM10, directional and depositional dust monitors were installed at two 

off-site locations. The equipment used combines all the aspects of a DS100-D monitor with a 

gravimetric PM10 filter reference sampler. DS500X samplers utilise a certified size-selective inlet jet 

impactor system to sample and collect PM10 from ambient air and retain it on a filter paper for 

subsequent quantification. The device is typically used over seven-day intervals and, as a filter 

reference sampler, collects a physical sample of dust for analysis using geochemical techniques.  

The equipment was installed in April 2018 and samples were collected for six months on a weekly 

basis. Following completion of the monitoring, characterisation analysis was carried out on selected 

dust and PM10 samples to determine the composition relative to those at Tinsley and the potential 

sources of dust. Dispersion modelling was carried out to map the potential pathway of dust sources 

from site and to investigate the impact of other dust emission sources that have not been considered 

in earlier work. 

4.4.2. Control samples 

Three control samples from suspected dust sources on site were collected for subsequent analysis and 

comparison with PM10 and dust samples. Two samples were taken from the landfill area to the south 

of the site (“Steelmaking Slag” and “Filter Cake”) and one road sweeping was taken from the surface 

of the main working area where HGVs movements were highest and near large stockpiles of scrap 

metals (“Primary Dust”). Samples from the landfill site were from the Filter Cake, the product of an 

acid neutralisation process undertaken at a nearby site mixed with waste refractory materials, and 

from the Steelmaking Slag, a by-product produced on site during steelmaking from separation of the 

molten steel from impurities in the furnace.  
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Figure 4.2: Locations of control samples, dust monitoring locations and areas of the site 

4.4.3. Analysis 

Directional and depositional sticky pad samples were measured for dust soiling (EAC%) and coverage 

(AAC%) (Datson and Birch, 2007). The quantity of dust and potential risk of annoyance through 

directional dust and dust settlement at each sampling location was also assessed in accordance with 

a ‘risk’ matrix such as that used in guidance by the UK Institute of Air Quality Management (IAQM, 

2018) and a report for the Mineral Industry Research Organisation (Lingard and Gibson, 2011). 

Gravimetric PM10 samples were collected over seven-day intervals at two locations over the 

monitoring period, although the monitor at DMP6 was relocated to DMP7 (approximately 100 m 

distance) during the study period for logistical reasons.  

4.4.4. Other Data 

Data provided by the site operator and the EA were also used in this study, including those from a 

real-time PM10 monitor owned by the study site, co-located at DMP5. The EA provided weekly Ni 

average concentrations recorded at the Tinsley Monitoring Site for the duration of the project. It 

should be noted that, for logistical reasons beyond this studies control, Ni concentrations measured 

at Tinsley had 7-day monitoring periods that were typically different by up to 24 hours compared to 
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the 7-day monitoring periods used for dust monitoring in this study. Concentrations between monitors 

can therefore be compared carefully with reference to this on the understanding that any emissions 

towards the end of each 7-day period may fall within the next monitoring period; however, general 

trends are still very likely to be consistent between monitors. 

Weather data from Doncaster Sheffield Airport, approximately 27 km north east of the site, were used 

in the dispersion model. Due to the flat terrain surrounding the site, detailed terrain data was not 

included, and a uniform surface roughness of 0.5 m was used, as appropriate for open suburbia. A 

minimum Mono-Obukhov Length of 30 m was used for the dispersion site, appropriate for mixed 

urban/industrial areas. 

4.4.5. Dust Characterisation 

Dust characterisation was undertaken to determine the composition of on-site dust sources both from 

dust monitoring and control samples, and to determine potential sources of dust deposited at off-site 

receptor locations. 

Selected directional dust and PM10 samples were analysed to quantify elemental composition using 

ICP-OES and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Samples were filtered onto 

mixed cellulose ester filter papers and underwent a total digestion using nitric, hydrochloric and 

hydrofluoric acids (8:3:2ml) in sealed vessels within a CEM Mars 5 microwave digestion system. 

Resultant solutions were gradually evaporated to near dryness before being taken up in 10 ml of 50% 

v/v nitric acid and made to a final volume of 50 ml. Quantification of elemental abundance was 

undertaken using a combination of a Thermo Scientific iCAP 6500 ICP-OES (for major elements) and a 

Thermo Scientific X Series 2 ICP-MS operated in KED mode (for minor elements). Calibration was 

achieved via multi-element, matrix matched, ICP grade single element; calibration lines have a best fit 

regression line of >0.996. Instrumental precision by repeat measurement was better than 2% for ICP-

OES measurements and better than 5% for ICP-MS measurements and accuracy for this method has 

been validated using certified reference materials by Fowler et al (2010). 

4.4.6. Sample Selection 

Samples were selected for further analysis and characterisation based on dust and PM10 monitoring 

data from the site and Ni monitoring data from Tinsley. Two monitoring periods were chosen to focus 

on; when concentrations for Ni at Tinsley were highest during the study period (10 – 17 May) and 

winds were mixed, and when Ni concentrations at Tinsley and PM10 concentrations at the study site 

were average for the study period but during the peak summer period and when winds were most 

frequent from the south (26 July – 2 August), as shown in Figure 4.3.  
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Figure 4.3: Wind roses for selected monitoring periods; 10 – 17 May (left) and 26 July – 2 August (right) 

Selected directional dust arcs from towards the site were analysed as shown in Figure 4.4 and set out 

in Table 4.1 to investigate the proportion of material that could potentially be associated with the site 

and the concentration of key elements, including Ni. 

 

Figure 4.4: Site map with directional dust monitoring arcs chosen for further analysis (with DMP6 inset) 
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Table 4.1: Directional dust samples chosen for characterisation analysis and suspected dust sources in the 
chosen direction 

Period Location Direction Suspected dust source(s) 

Week 3  
(10 - 17 May) 

DMP 2 300° - 360° 
Product and dispatch area 
Haul roads 

DMP 3 180° - 240° 
Stockyard 
Haul roads 

DMP 4 120° - 180° 
Delivery area 
Haul roads 

DMP 5 105° - 165° 
Stockyard 
Haul roads 

DMP 6 120° - 180° Off-site dust for comparison 

Week 14 
(26 July - 2 
August) 

DMP 1 135° - 195° Landfill area 

DMP 2 165° - 225° Haul roads 

DMP 3 135° - 195° 
Stockyard 
Haul roads 

DMP 4 165° - 225° 
Delivery area 
Haul roads 

DMP 5 120° - 180° 
Stockyard 
Haul roads 

DMP 7 120° - 180° Off-site dust for comparison 

 

4.4.7. Dispersion modelling 

Dispersion modelling was undertaken using commercial software ADMS 5, a new generation gaussian 

plume model frequently used for detailed assessments of industrial emissions and for environmental 

regulatory purposes (CERC, 2020).  

ADMS 5 uses line, area, point, volume and jet source input types to model specified pollutant 

dispersion from domestic and industrial sources; calculation of these parameters is set out below. 

Hourly sequential meteorological data for 2018 was used from Doncaster Sheffield airport (the 

nearest suitable measurement station) and model results were output in a 4 x 4 km grid at a 40 m 

resolution surrounding the study site. 

Point source emission rates from stack emissions on-site were supplied by the site operator and used 

in the model and are shown in Table 4.2. The location and dimension of buildings input into the model 

are shown in Table 4.3. 
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All Ni emissions were modelled as PM10 using the ADMS default parameters with the exception of 

density, estimated at 8500 kg/m3. Dry and wet deposition of particles were not considered in this 

assessment, in line with Defra modelling studies in this area. 

4.4.8. Calculation of dispersion modelling parameters 

Dust monitoring and characterisation data were used to attribute new dust emissions sources from 

other areas around the study site. Site observations, the technical knowledge of on-site staff, vehicle 

traffic and product movements and, primarily, directional dust monitoring results were used to inform 

new area emissions sources for input into the model. Four main areas of the site were identified that 

had a combination of high traffic movements, leading to increased potential for resuspended dust by 

HGVs and other on-site vehicles, and material handling and storage of potentially dusty materials. 

Directional dust monitoring results were evaluated to investigate the significance of these sources of 

dust across the site. 

 

Figure 4.5: Area and point source locations and buildings used in the model 

 

 

Table 4.2: Point source emission locations and model variables used in the model 
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Grid reference 
Height 

(m) 
Temperature 

(°C) 
Diameter 

(m) 

Flow 
rate 

(m³/s) 

Emissions 
(g/s) 

Building 

440408 389259 27 60 21.4 450 4.95E-02 E 

440383 389296 46 80 1.6 12.3 2.09E-05 E 

440472 389224 21 25 0.8 6.7 5.52E-04 C 

440499 389287 21 25 0.8 8.3 5.52E-04 C 

440523 389301 21 25 0.8 8.9 5.52E-04 C 

440511 389370 21 25 0.32 0.4 5.52E-04 C 

440412 389128 43 40 17.2 350 9.22E-03 E 

440265 389210 43 40 11.7 129 3.26E-03 E 

440376 389286 18.5 40 2.2 4.4 1.31E-04 E 

440508 389169 37 30 1.32 12.3 3.93E-03 AB 

440550 389351 22 25 0.6 3.4 2.67E-04 C 

440241 389176 40 30 1.33 20.4 3.67E-05 E 

440249 389171 40 30 1.33 13.4 4.69E-05 E 

440388 389270 18.5 20 0.1 0.14 3.08E-06 E 

 

Table 4.3: Location and dimensions of buildings in the model  

Location of 
centre point of building Height 

(m) 
Length 

(m) 
Width 

(m) 
Angle from 

north (°) 
Building 

reference 
x (m) y (m) 

440331 389173 42 306 76 302 E 

440479 389279 20 250 35 212 C 

440467 389166 18 61.47 51.48 302 AB 

440404 389251 23 38 32 300 D 

 

4.5. Source apportionment of Ni in PM10 

4.5.1. Meteorological data 

Meteorological data were used to assign a proportion of the measured Ni concentration at Tinsley 

each week to emissions from the south and towards the study site. Hourly wind speeds were binned 



Page | 52 
 

based on direction and those > 1 m/s were split into south (170° – 190°), west (200° – 310°) and east 

(320 – 160°) to replicate previous source apportionment wind directions (King’s College London 

Environmental Research Group, 2017). Samples were weighted using Equation 1 to account for the Ni 

concentrations assigned from each direction; for example, to allow for the fact that 11.6% of winds, 

but 46.9% of Ni emissions, were from the south. Weightings use the values in Table 4.4 and are 

consistent with the scaling factor previously used by Defra (2018). Table 4.4 shows that wind speeds 

during this study period were consistent with those during the Defra source apportionment period; 

therefore, the weighting adjustment based on that period has been used. 

The estimated weekly measurement of Ni at Tinsley that could potentially be attributed to the south, 

and therefore the study site, was produced for the study period by calculating the approximate 

southern, western and eastern apportionment per monitoring period. An example calculation is 

shown in Table 4.5. 

Equation 1: weighting adjustment (𝑐) =
1

𝑎
× 𝑏 

Table 4.4 : Weighting by wind direction and adjustment calculations 

Wind direction 
South 

(170° - 190°) 
West 

(200° - 310°) 
East 

(320° - 160°) 

Proportion of winds speeds 
during this study period (for 
reference) 

11.0% 44.4% 44.6% 

Proportion of wind speeds during 
the Defra source apportionment 
period (a) 

11.6% 40.7% 47.6% 

Defra source apportionment 
from each direction (b) 

46.9% 13.6% 39.6% 

Weighting adjustment (c) 4.03 0.34 0.83 

 

Table 4.5: Example calculation of south apportionment at Tinsley 

Week 
Tinsley Ni 
(ng/m3) 

Southern 
winds 

(southw) 

Adjusted 
southern 

proportion 
(southw x cs) 

Weekly correction1 
𝟏

𝚺 𝒔𝒐𝒖𝒕𝒉𝒘 𝒆𝒂𝒔𝒕𝒘 𝒘𝒆𝒔𝒕 𝒘
 

Tinsley - South 
(ng/m3) 

1 21.90 10.7% 43.2% 1.003 9.50 

2 18.49 21.4% 86.4% 0.784 12.54 

3 26.88 4.8% 19.2% 1.259 6.50 

4 19.31 6.6% 26.7% 0.978 5.05 

5 17.26 0.0% 0.0% 1.203 0.00 
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6 8.64 2.4% 9.7% 1.209 1.01 

7 13.69 3.6% 14.5% 1.113 2.21 

8 6.02 16.1% 64.8% 1.060 4.14 

9 18.43 1.8% 7.2% 1.585 2.10 

10 10.34 0.6% 2.4% 1.180 0.29 

11 11.34 2.4% 9.7% 1.217 1.34 

12 9.16 7.2% 29.2% 1.219 3.26 

13 10.32 7.1% 28.8% 1.456 4.33 

14 11.89 27.5% 111.1% 0.643 8.49 

Footnote: 1 To ensure the sum of the estimated south, west and east apportionments match the Tinsley concentration. 

4.5.2. Binary mixing model 

King’s College London (2017) used Positive Matrix Factorisation (PMF) to identify two distinct sources 

of Ni at Tinsley; one related to point source dust emissions in the area and characterised by high 

concentrations of Ni and Mo (hereafter “Source 1”), and one estimated to be from local fugitive dust 

sources and characterised by high concentrations of Cr and Mn (hereafter “Source 2”). The use of PMF 

allowed the study to identify and characterise potential significant sources of Ni without any prior 

information regarding source composition. Source 1 and Source 2 were estimated to account for 

76.6% and 23.4% of Ni concentrations at Tinsley, respectively. The study site was estimated to account 

for 46.9% of Ni concentrations at Tinsley, and this was estimated to be comprised of 31.4% of Source 

1 emissions (i.e. stack emissions) and 15.5% of Source 2 emissions (i.e. fugitive emissions). 

A binary mixing model has therefore been designed to investigate the proportions of Source 1 and 

Source 2 material from the study site using the ICP-OES data. Binary mixing models allow the 

contribution of two proportions of a sample from two different sources (‘end members’) with distinct 

chemical compositions to be assessed, and have been used in previous dust source apportionment 

studies (e.g. Datson and Fowler, 2007; Fowler, Datson and Newberry, 2010). Firstly, key elements 

consistently above detection limits were identified that distinguished between the two previously 

identified Ni sources. Fe was chosen as the elemental marker for the Ni Mo source, as Mo data was 

not available from the ICP-OES data, and Ni could not be used as it was prominent in both sources. 

Mn and Cr were chosen as markers for the alternative Ni source as these were identified as the main 

components aside from Ni. Differences were plotted using the ratios of Fe/Cr and Fe/Mn.  

4.6. Results 

4.6.1. Directional Dust Monitoring 
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Directional dust monitoring results are visually summarised in Figure 4.6, with full data tables available 

in supplementary materials (Bruce, 2021a). The figures show the directional dust rose plots on an 

annotated diagram of the site to show the dust direction and ‘risk’ count.  

The most significant directional dust results occurred at DMP3 with ‘High’ dust levels measured from 

the south and southwest, approximately from the direction of the main stockyard and material 

storage area. Dust levels at DMP2 were also primarily from towards the dispatch area to the 

southwest, west and northwest. In addition, DMP4 regularly showed ‘High’ levels of dust emissions 

from the delivery area towards the south. 

By comparison, directional dust readings recorded at other monitoring locations were significantly 

lower. Dust levels were mostly ‘Very Low’ at DMP1, indicating that dust emissions from the landfill 

area were not significant in comparison to other nearby areas.  

At DMP5 and DMP7, most dust levels were ‘Very Low’, indicating minimal dust flux in their respective 

locations, and at DMP6 directional levels were also ‘Very Low’ apart from towards the north east 

towards a nearby motorway.  

In summary, the delivery, dispatch and stockyard areas were therefore identified as the most 

significant fugitive dust sources on the site for the modelling to consider. The landfill area was also 

included as a less significant source. 
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Figure 4.6: Summary of directional dust results 

Emissions from the three new fugitive dust area sources were added to the model in addition to the 

existing point sources (Table 4.2) and the stockyards area source (Table 4.7).  

PM10 emission estimations for each new source area were calculated according to US EPA AP42 (EPA, 

2006a) emission factors for Paved Roads (section 13.2.1), Unpaved Roads (13.2.2) and Aggregate 

Handling and Storage Piles (13.2.4), using vehicle traffic numbers from the site operator, with the 

method of calculation for each source shown in Table 4.7. Paved Road emission calculations are based 

on the average quantity of particulate emissions from resuspension of loose material on the road 

surface, and calculations used an average road surface silt loading of 9.7g/m2, suggested by the 

guidance as typical for iron and steel production sites. 

Area source emission rates were corrected for Ni content using dust monitoring and control sample 

characterisation results (available in the supplementary material as a Mendeley dataset), as shown in 

Table 4.6, and are presented in Table 7. As a conservative measure, the proportion of Ni in emissions 

from the Delivery and Dispatch sources was taken from the control sample material (Primary Dust), 

which had a significantly higher proportion of Ni (3%) than nearby dust samples (0.2 – 1.5%). It is 

considered that dust samples will have diluted proportions of Ni due to other dust sources in the area 

with lower proportions of Ni. 
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As emission calculations from aggregate handling and storage piles depend on mean wind speeds per 

hour, emissions for the Landfill area source were initially entered in the model as hourly time varying 

emissions rates for the study period. However, model sensitivity testing revealed that emissions from 

aggregate handling were so low they essentially had no impact on results. To avoid unnecessary model 

computation, an average emission rate for the study period was therefore used instead. 

Table 4.6: Ni proportions in dust 

Area source 
Estimated Ni content of 
PM10 emissions 

Based on proportion from 

Landfill 0.05% DMP5, Landfill samples 

Delivery 3.00% Primary Dust sample 

Dispatch 3.00% Primary Dust sample 

 

Table 4.7: Area source emission rates and calculation methods 

Source 
AP42 

methodology 

Height 

(m) a 

Temperature 

(°C) b 

Flow rate 

(m3/s) 

Ni PM10 

emissions 

(g/m2/s) 

Stockyard n/a c 0 15 0 2.20E-07 

Landfill 

Unpaved 
Roads 
Aggregate 
Handling and 
Storage Piles 

0 15 0 2.24E-10 

Delivery Paved Roads 0 15 0 4.13E-07 

Dispatch Paved Roads 0 15 0 8.63E-08 

Footnotes 
a Area source heights of 0.5m were tested but had no impact on model results. 
b Area source ambient temperature was also tested but had no impact on model results. 
c This emissions area source was provided by the site operator from an internal report. 

4.6.2. Temporal variation 

Results at DMP3, the highest on-site, were also used to assess fugitive dust emission temporal 

variations during the study period from the site towards the north. A plot showing weekly dust levels 

at DMP3 from the south, and therefore towards Tinsley, is shown below in Figure 4.7, and shows three 

periods when fugitive emissions were measured to be highest (> 2.5% EAC per day); weeks 7 and 8 (7 

– 14 and 14 – 21 June), week 16 and 17 (9 – 16 and 17 – 23 August) and week 21 (13 – 20 September). 

These monitoring periods were considered with regard to source apportionment results. 
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Figure 4.7: DMP3, average %EAC per day, south arcs only (165 - 195°)  
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4.6.3. Dust and control sample composition 

The ICP-OES results for directional dust, PM10 and control samples are set in the supplementary 

material. Results show that the Primary Dust sample contained a high proportion of Cr (86,056 ppm), 

a key marker for Source 2 material. The directional dust samples from the main on-site locations 

(DMP2 - 4) contained a higher proportion of both Cr and Mn than those off-site (DMP5 – 7) or near 

the landfill area (DMP1), indicating that the main site area was a significant emission source of fugitive 

Cr and Mn emissions. Directional dust samples from towards the stockyard (DMP3), product and 

dispatch area (DMP4) and delivery area (DMP2) from 26 July to 02 August contained the highest 

concentrations of both Cr and Mn across all dust samples.  

4.6.4. Binary mixing model 

As precise elemental compositions of source materials were not available from the Kings College 

London study (2017), control and dust samples collected from the site were used to assess potential 

end members in the mixing model. Figure 4.8 shows samples for all monitoring periods from 25 April  

- 02 May (week 1) to 19 - 26 September (week 22) at Tinsley on a binary mixing model, in addition to 

the directional dust and PM10 samples analysed from weeks 3 (10 – 17 May) and 14 (26 July – 2 

August). Mixing lines using three different end members for fugitive dust composition (Source 2) are 

shown; using average site dust composition (from DMP1, 2, 3 and 4), using PM10 composition at DMP5 

(the nearest PM10 sample to the site), and using Primary Dust composition from the control samples. 

End member composition for Source 1 material has been estimated from the Kings College London 

PMF model as relatively abundant in Fe and deficient in Cr and Mn in comparison with Source 2 

material.  
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Figure 4.8: Binary mixing model with potential Source 2 end members and potential mixing lines from each 
source material (average site dust, primary dust and PM10 from DMP5) 

PM10 composition at DMP5 and average site dust composition were chosen as upper and lower 

bounds for the mixing model and between them create a mixing field. Figure 4.9 shows the final mixing 

model with increments at 10% intervals between Source 1 and Source 2 composition. The model 

therefore indicates which source each sample is compositionally closest to. 
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Figure 4.9: Final binary mixing model including selected control samples, upper and lower mixing lines and 
indicative percentages of Source 2 composition 

4.6.5. Source apportionment 

The model indicates that samples closer to the bottom left have a composition closer to Source 1 

material (i.e. relatively enriched in Fe and deficient in Mn and Cr) and samples closer to the top right 

have a composition closer to Source 2 material (i.e. relatively enriched in Mn and Cr and deficient in 

Fe). The filter cake sample from the site is also plotted in Figure 4.9 to show its composition relative 

to other samples. The ratio of Source 1 to Source 2 material for each Tinsley monitoring period has 

been derived from the model and is shown in Table 8. 

The mixing model and subsequent derived proportion of Source 1 material in Table 4.8 shows that the 

monitoring periods with composition potentially closest to the Source 2 material were week 1 (25 

April - 02 May) and week 3 (09 – 16 May), which also coincide with the two highest weeks of Ni 

concentrations monitored during this study period (21.9 and 26.9 ng/m3 for weeks 1 and 3, 

respectively). Similarly, the two monitoring periods at Tinsley with the lowest Ni concentrations during 

the study period (3.1 ng/m3 during week 15 [01 – 08 August] and 5.2 ng/m3 during week 18 [22 – 29 

August]) coincide with the highest proportion of samples with a similar composition to Source 1 

material.   
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The analysis of directional dust samples and PM10 samples from the study site therefore had a stronger 

relationship with Source 2 elements than Source 1. Both Filter Cake and Primary Dust samples 

collected on-site also had an elemental composition similar to dust samples collected on-site and to 

the end member material. The binary mixing model therefore shows that whilst the elemental 

composition of dust at Tinsley varied throughout the study period, monitoring periods when Ni 

concentrations were highest had an elemental composition closer to Source 2 and therefore closer to 

the study sites fugitive dust composition. 

Table 4.8 shows the results for the source apportionment of Tinsley data using Equations 1 and 2 

above and Figure 4.10 presents a scatter plot of the southern apportionment against the Ni 

concentration at Tinsley. Results show a very weak negative correlation, indicating that Ni 

concentrations at Tinsley were not significantly affected or were slightly decreased when 

apportionment from the south was highest during this study period.  

Table 4.8: Tinsley data with weekly source apportionment 

Week Start End Tinsley ng/m3 
South apportionment  Proportion Source 2 

from mixing model ng/m3 Proportion 

1 25/04/2018 02/05/2018 21.90 9.50 43% 33% 

2 02/05/2018 09/05/2018 18.49 12.54 68% 19% 

3 09/05/2018 16/05/2018 26.88 6.50 24% 26% 

4 16/05/2018 23/05/2018 19.31 5.05 26% 9% 

5 23/05/2018 30/05/2018 17.26 0.00 0% 15% 

6 30/05/2018 06/06/2018 8.64 1.01 12% 9% 

7 06/06/2018 13/06/2018 13.69 2.21 16% 15% 

8 13/06/2018 20/06/2018 6.02 4.14 69% 6% 

9 20/06/2018 27/06/2018 18.43 2.10 11% 10% 

10 27/06/2018 04/07/2018 10.34 0.29 3% 12% 

11 04/07/2018 11/07/2018 11.34 1.34 12% 13% 

12 11/07/2018 18/07/2018 9.16 3.26 36% 7% 

13 18/07/2018 25/07/2018 10.32 4.33 42% 9% 

14 25/07/2018 01/08/2018 11.89 8.49 71% 9% 

15 01/08/2018 08/08/2018 3.05 1.82 60% 1% 

16 08/08/2018 15/08/2018 6.25 4.55 73% 4% 

17 15/08/2018 22/08/2018 7.30 4.36 60% 7% 

18 22/08/2018 29/08/2018 5.24 3.12 60% 5% 
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Footnote 

a 12% as an average of each monitoring period; however, accounting for the concentration during each period gives an 
average Source 2 estimation of 1.89 ng/m3, or 15% of the study period average. 

 

Figure 4.10: Tinsley Ni concentration compared to south apportionment, with trendline and equation 

4.6.6. Dispersion modelling 

Summaries of the modelling results are presented in Table 4.9 and Table 4.10 and results for the Ni 

dispersion model for all sources are shown in Figure 4.11 before adjustment. The tables show a good 

fit with predicted long-term source-apportioned concentrations at Tinsley after emission rates were 

adjusted.  

Total modelled emissions from the site were at similar levels to those found in previous studies (King’s 

College London Environmental Research Group, 2017). A long-term adjustment factor for average Ni 

emissions from the site of 0.46 was applied to give an average source contribution of 4.89 ng/m3 at 

Tinsley for the study period. Adjustment factors are frequently used in the verification process for 

dispersion modelling studies to ensure that model predictions are representative of monitoring data 

(Derwent et al., 2010). Calculation of adjustment factors is explained in Defra guidance TG16 (Defra, 
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2016a) and is typically undertaken by graphing modelling and monitoring results, deriving a trend line 

for the data (y=mx) and checking for systematic under or over prediction. Where either is present, 

modelling results are corrected using the regression correction factor (m); this technique was used in 

this study.  

Short-term adjustment factors were also used to facilitate short-term emission rate model 

adjustments for the two characterisation monitoring periods to assess short-term dispersion 

predictions and are presented in Table 4.9. Although these limited results show that the model 

requires significant adjustment in short-term emission rates for results to be accurate in comparison 

to short-term monitoring, they also demonstrate that, after emissions are adjusted, dispersion 

towards Tinsley is accurately predicted. This indicates that the model and emission source location 

setup are suitable, but that the dust source emission rates require refinement to be useful in short-

term comparisons. Comparing long-term predictions, however, it can be seen that the modelled 

emissions are more accurate as a whole, with a long-term adjustment factor of 0.46, indicating that 

the model is over-predicting emissions from the site. The new area sources added in this study 

revealed that the delivery and dispatch areas had similar predicted concentrations of Ni PM10 

emissions. Emissions from the dispatch area were reduced in comparison, and emissions from the 

landfill area had a negligible impact on concentrations. This is also reflected in the dust monitoring 

results, with very low fugitive emissions measured from towards the landfill area. 
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Figure 4.11: Dispersion of Ni from all modelled sources before adjustment, presented as an average for the 
study period 

Table 4.9: Source apportionment on short-term and long-term averages at the Tinsley monitoring station 

 

 Source contribution 

Ni concentration at Tinsley (ng/m3) 

Long-term Short-term 

Study period Week 3 Week 14 

Modelled total before 
adjustment 

10.66 4.84 30.39 

Model adjustment 
factor 

0.46 2.30 0.11 

Delivery area 0.69 (14%) 1.05 0.29 

Dispatch area 0.21 (4.2%) 0.30 0.14 

Landfill area 0.00 0.00 0.00 

Stockyard area 0.75 (15.4%) 0.99 0.47 

Point sources 3.25 (66%) 8.80 2.45 

Total 4.89 11.14 3.34 
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Table 4.10 shows the measured and modelled dispersion of Ni from the study site for the two 

monitoring periods with Ni PM10 data from DMP5 and DMP6/7, and demonstrates that modelled 

dispersion patterns from the site were good after emission rates were amended using the short-term 

adjustment factors, with model results showing a significant drop-off of Ni levels away from the 

steelworks site, consistent with the dust monitoring data. 

Table 4.10: Measured vs. adjusted modelled Ni concentrations at DMP5, DMP6 and Tinsley for selected 
monitoring periods. Measured concentrations at Tinsley are shown with the estimated source apportioned 
concentration from the south shown in parentheses. 

a Below Detection Limit 

4.6.7. Sensitivity testing 

Model sensitivity testing was undertaken on several factors (some of which are set out in Table 4.7), 

including the impact of variable source emission rates on model results. Variable emission rates for 

both the existing point sources and for area sources were explored, with emissions limited to the main 

site delivery hours.  

Sensitivity testing results for modelling with and without constant emission rates from all sources are 

presented in Figure 4.12 after adjustment and show that temporal variations in constant source 

emissions were much more accurate when compared to measured concentrations (r2 0.76 and 0.47 

respectively). Modelling results were therefore significantly improved with continuous emission rates, 

with time varying emissions also decreasing modelled off-site concentrations by approximately 89%, 

despite a decrease in total emissions of approximately 63%. Although this general decrease in average 

emissions could be accounted for by increasing model emission rates, the poorer temporal 

relationship with monitored values indicates that a constant release better captured the monitoring 

data.  

Monitoring period Location 
Ni concentration (ng/m3) 

Measured Modelled 

Week 3 

DMP5 109.62 108.74 

DMP6 10.48 12.97 

Tinsley  
(south apportionment) 

26.88 
(6.5) 

11.14 

Week 14 

DMP5 21.24 24.73 

DMP7 BDL a 10.66 

Tinsley  
(south apportionment) 

11.89 
(8.49) 

3.34 



Page | 66 
 

 

Figure 4.12: Tinsley measured (after source apportionment applied) and adjusted modelled concentrations 
for constant source emissions compared to time varying emissions from all sources 

4.7. Discussion 

Dust monitoring results were successfully used to assess emissions from area sources of fugitive dust 

on-site and to help input emission rates into the model. Good comparisons of model results against 

existing studies also validate this novel method of assessing and modelling dust emissions. The model 

results show that of the four main area sources that were studied (the stockyard, landfill, delivery and 

dispatch areas), the stockyard and delivery areas had the highest proportion of potential fugitive PM10 

emissions. Emissions from these areas are likely to have come from a combination of vehicle 

movements and wind-blown dust from stockpiles and exposed surfaces, including Primary Dust 

resuspended from haul routes. 

Source apportionment results indicate that dust samples collected at ground levels near the site are 

more similar in elemental composition to Source 2 (Ni/Cr) than Source 1 (Ni/Mo) material. This 

suggests that fugitive dust from the study site may be a source of Source 2 type Ni emissions, as 

indicated by previous studies. Average source apportionment at Tinsley matches well with previous 

studies; the study site was previously estimated to contribute an average of 46.9% to Ni 

concentrations ((King’s College London Environmental Research Group, 2017), and this study presents 
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a weekly average contribution of 45%. The binary mixing model also suggested an average 

contribution of 15% Source 2 emissions for the study period, comparing favourably to the previous 

estimates of 15.5% from the study sites Source 2 emissions or 23.4% from all Source 2 type emissions. 

The binary mixing model also indicates that, during this study period, Ni concentrations measured at 

Tinsley were highest when Source 2 emissions were elevated in comparison to Source 1 emissions. 

However, there was a very weak negative correlation between Ni concentrations at Tinsley and source 

apportionment from the south, indicating that the Source 2 emissions responsible for these increased 

concentrations were derived from emissions in the area other than the study site during this 

monitoring period. This can also be seen in week 5 when there were no southerly winds, but source 

apportionment shows that Source 2 type Ni was present at Tinsley, indicating an impact from other 

sources with a similar composition. It is also possible that dust from the site or other similar sources 

was deposited near the monitor during a previous period and was resuspended near the monitor by 

strong winds or road traffic. 

Concentrations at Tinsley and Ni source apportionment results can also be compared to fugitive dust 

emissions measured from the site. DMP3 recorded three distinct periods when potential fugitive 

emissions were highest from the site towards Tinsley; weeks 7 and 8 (7 – 14 and 14 – 21 June), week 

16 and 17 (9 – 16 and 17 – 23 August) and week 21 (13 – 20 September). The average Ni concentration 

at Tinsley for these periods combined (9.59 ng/m3) is below the average for the whole study period 

(12.57 ng/m3), indicating that despite higher fugitive dust emissions from the site during these periods, 

concentrations at Tinsley were not significantly affected. This can be emphasised further by 

summarising the month of August, where Ni concentrations at Tinsley were consistently at their 

lowest (5.46 ng/m3 from 1 – 29 August) despite winds occurring more often from the south (15% 

southerly winds from 1 – 29 August compared to an 11% average for the study period) and during the 

peak of summer when fugitive dust emissions were measured to be amongst the highest towards the 

north at monitoring point DMP3 (Figure 4.7). 

Although the average contribution from the study site and the average proportion of Source 2 type Ni 

was similar in this study to previous work, this result suggests that fugitive dust emissions from the 

study site did not have a significant impact during this study period on the TV for Ni at Tinsley. 

Additional work is therefore required to understand other potential local fugitive dust sources, or 

other sources of the Source 2 (Ni/Cr) material. 

Model sensitivity testing demonstrated that constant source emissions have better comparisons with 

monitoring results than variable emission rates, suggesting that emissions from the site are consistent 
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throughout the day due to some site operations taking place 24 hours a day. Further work is needed 

in this area to understand how site emissions may fluctuate per day. 

4.8. Conclusion 

This study has successfully demonstrated that fugitive dust levels on an industrial site can be assessed 

using passive sticky pad dust monitoring and monitored emissions can be modelled using dust 

dispersion modelling. Monitoring results suggest that dust on-site largely comprised materials that 

could be associated with the steelworks. Dust generated from the on-site vehicle traffic appeared to 

also have an influence on disamenity dust.  

Modelling and monitoring results suggest that the stockyard and delivery areas had the highest 

potential fugitive dust and PM10 emissions. Emissions from these areas may be due to vehicle 

movements and wind-blow of stockpiles and exposed surfaces, including Primary Dust resuspended 

from haul routes.   

Source apportionment results suggest that fugitive dust collected at ground levels from close to and 

on the study site had an elemental composition that was potentially similar to the Source 2 (Ni/Cr) 

type dust emissions measured at Tinsley and indicated by a previous study (King’s College London 

Environmental Research Group, 2017). However, both source apportionment results and dust 

monitoring results show that Ni concentrations at Tinsley were not increased when fugitive emissions 

from the study site were highest, or when the winds from the south were most frequent, indicating 

that the Source 2 dust emissions that caused increased concentrations at Tinsley during this study 

period were likely to be derived from sources in the area other than the study site. 

Further work is recommended to understand temporal variations in Ni emissions in the Tinsley area 

and from the study site and to explore other fugitive dust sources or sources of Ni/Cr emissions in the 

local area.  
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5. A new protocol of monitoring refinement for dust dispersion 

modelling: a case study at a hazardous waste landfill 

John Bruce, Ben Williams, Mike Fowler, Jim Smith 

Paper ready for submission. 

Data from Williams, B. (2014) Source Apportionment and Dispersion Mapping of Fugitive Dust using 

Directional Passive Monitors (unpublished doctoral thesis). 

5.1. Foreword 

This final paper analyses a very large existing dust monitoring and characterisation dataset from a 

landfill site and aims to establish a final protocol for dust monitoring that can be used to adjust dust 

dispersion model results.  

The dust monitoring and characterisation work in this study is taken from an existing dataset, collected 

and analysed by Ben Williams as part of his doctorate. All of the dust modelling, conceptualisation and 

visualisation in this study was undertaken by me, with critical revision and support from my 

supervisors Jim Smith and Mike Fowler at the University of Portsmouth. 
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5.2. Abstract 

A significant existing dust monitoring dataset has been analysed to establish and refine a protocol for 

adjusting coarse dust dispersion modelling results using dust monitoring data. Results from one year 

of monitoring and characterisation analysis on an array of 19 dust directional sticky pad monitors were 

compared against dispersion model predictions of Air Pollution Control (APC) residue dust emissions 

from two waste cells at a UK landfill site. Existing dust monitoring data were converted from 

measurements of dust soiling and estimates of the proportion of APC into absolute dust 

concentrations for comparison with model results, using the relationship between dust soiling (as 

EAC%) and dust mass (mg/m2) plus monitor efficiency and wind speed data. Long-term results 

compared favourably with monitoring data after emission factor adjustment, but short-term 

fortnightly results required further short-term adjustment factors. Model adjustments were 

calculated from monitoring data using a linear least squares regression with the intercept forced to 0 

and the slope used as the regression correction factor. Adjusted model results improved most when 

using a combination of monitors closest to each cell and in different cardinal directions, with 

diminishing returns after using the best two to three monitors. Therefore, a protocol of several dust 

monitors, at different distances and in different cardinal directions and for as long as is practical is 

suggested for dust monitoring adjustment of dust dispersion modelling. This allows flexibility in dust 

monitoring programmes and will enable considerably better estimates of dust impacts at 

unmonitored locations. 

5.3. Introduction 

The assessment and monitoring of coarse dust emissions in the UK is typically limited to generic risk-

based assessments from established guidance (e.g. IAQM, 2016) and site boundary fugitive dust 

monitoring (Bruce, Smith and Fowler, 2021). Where a more detailed assessment is required, 

dispersion modelling can be undertaken, requiring the use of dust emission rate estimates to quantify 

the release of dust from each activity. These emission rates are fundamental to the predictions each 

model gives, and yet emission values for individual dust source activities are largely unavailable 

because of the difficulty and resources required to accurately measure them. This results in more 

general values being used, such as total emissions calculated across the whole of a minerals site per 

hectare per year (European Environment Agency, 2016) or construction dust emissions based largely 

on the site size in m2 per year (European Environment Agency, 2019). Where these emission rates are 

used, model adjustment is also difficult, with the necessary dust monitoring to adjust predictions often 

unavailable or difficult to utilise appropriately. Clearly, therefore, there is a significant research gap 

and an opportunity to establish a method for improving predicted coarse dust emissions through 
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careful comparisons and adjustments of emissions using data from an appropriate dust monitoring 

strategy. This study therefore aims to use a significant existing dust monitoring dataset to establish 

and refine a protocol for adjusting coarse dust dispersion modelling results using existing dust 

monitoring data. 

Emission rates for dust from total landfill operations are not available from existing databases, 

although US EPA AP42 Draft Section 2.4 for emissions from Municipal Solid Waste Landfills (EPA, 

2006c) states that particulate matter emissions for landfill sites should be generated from estimates 

of HGV emissions on paved and unpaved roads. However, it is considered that total emissions will also 

need to consider other significant fugitive dust sources from landfill cells such as emissions from 

material handling and compaction and from exposed surfaces.  

5.3.1. APC, site setting and operations 

Sustainable management of waste is a critical and growing issue throughout the world and waste 

incineration is therefore a widely undertaken method of both reducing the quantity of material sent 

to landfill and in the production of energy (Jeswani and Azapagic, 2016). The quantity of waste 

incinerated in the UK has increased from 3.7 Mt in 2009 to more than 12 Mt in 2018 (Eurostat, 2020) 

and during incineration, air pollution control residue (APC) is used to remove pollutants from flue 

gases. Waste incinerator flue gases typically contain heavy metals and persistent organic pollutants 

(POPs) such as dioxins and furans (Meneses, Schuhmacher and Domingo, 2004; Yuan et al., 2005). Raw 

APC, also known as fly ash, is formed of calcium hydroxide (Ca(OH)2), which neutralizes acidic gases, 

and activated carbon, which acts as an adsorbent (Hyks, Astrup and Christensen, 2009). APC is 

removed from flue stacks for disposal and elemental concentrations within APC will vary between 

incinerators and over time, dependent on the waste that is burnt (e.g. Macleod et al., 2006; Sokka, 

Antikainen and Kauppi, 2007; De Boom and Degrez, 2012). As a hazardous material, APC is controlled 

by Article 1(4) of the European Council Directive 91/689/EEC (Annex I and Annex II) and its disposal 

must be controlled and monitored. It is typically disposed of to licensed hazardous waste landfill sites, 

although it has also previously been stored in disused salt mines (Hjelmar, 1996).  

APC can be harmful to human populations through inhalation, ingestion of absorption through the 

skin and, due to its alkalinity, can cause burns through contact with the skin, eyes or through inhalation 

(Narayanan, Josty and Dickson, 2000). Dioxins and furans present in APC can bioaccumulate in fatty 

animal tissues (Geyer et al., 2002) and are carcinogenic (Kanan and Samara, 2018), and exposure to 

heavy metals present in APC such as Cd and Pb can cause renal dysfunction and reduce cognitive 

capacity (e.g. Bernard, 2008; Bierkens et al., 2012). 
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Wingmoor Farm is a waste site located approximately 500 m to the west of Bishops Cleeve, a town 

within the Severn Basin in North Gloucestershire in western England. It is part of a larger area known 

as the Wingmoor Farm Waste Sites (WFWS) which includes eight operational sites divided in half by a 

railway line running north to south. The four sites to the east of the railway line are operated by 

Grundon Waste Management Ltd (GWML) and are composed of a hazardous waste landfill site 

(Wingmoor Farm West, WFW1), an APC treatment plant, a municipal waste landfill site (Wingmoor 

Quarry), and a Materials Recycling Facility (MRF) and clinical waste storage facility. Sites to the west 

of the railway line are managed by other operators and include an additional municipal waste landfill 

site, a composting and storage site, and two recycling centers. Receptors near to the site include 

businesses and private residences, such as Pussy Willows Cattery which is within 20 m of the site 

boundary. 

APC is imported into Wingmoor Farm in sealed aluminum vacuum tankers directly from waste 

incineration sites. During this study period APC originated from five sources, consisting of three 

municipal waste incinerators, a wood and sawmill waste incinerator and a waste paper and pulp 

incinerator. APC is unloaded on site using an archimedes screw and vacuum system into one of four 

short term storage silos. It is then mixed with waste liquids and landfill leachate for conditioning, which 

produces a more stable material to help minimize dust, before being discharged into dumper trucks 

and tipped into the active waste cell and compacted by a bulldozer (Grundon Waste Management Ltd, 

2009). Both municipal and hazardous wastes are disposed of at Wingmoor Farm into designated areas 

excavated in the underlying Lias clay known as waste cells. Each cell undergoes a five-stage process 

over its lifetime; topsoil removal, sand and gravel extraction, Lias clay excavation, waste disposal and 

cell capping. This study therefore focuses on potential APC dust emissions from the active hazardous 

waste landfill operations. 

Previous assessments of APC impacts at Wingmoor Farm include a report by the Gloucestershire NHS 

Trust in 2010 (NHS Gloucestershire, 2010) that found no statistical difference between incidences of 

cancer and heart disease in the area within 3 km of Wingmoor Farm compared to the wider local 

authority area. A study by the Health Protection Agency in 2010 (Health Protection Agency, 2010) 

measured concentrations of dioxins, furans, polychlorinated biphenyls (PCBs) and heavy metals at the 

APC treatment plant and found levels of potential exposure were below WHO standards, UK Air 

Quality Objectives (AQO), or for most heavy metals, were not at concentrations detrimental to human 

health, although hexavalent chromium (Cr(VI)), was found on site in concentrations likely to generate 

a risk of developing cancer in 1: 100,000 to 1: 1,000,000 following a lifetime of exposure. A study by 

Macleod et al. in 2006 used dispersion modelling to estimate the worst-case scenario impacts of APC 

dust emissions on local communities in the UK, including at Wingmoor Farm. An assessment was 
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undertaken of airborne and deposited concentrations of dioxins and furans, PM10, As, Pb, Cd and Cr, 

and found that emissions were unlikely to cause harm to local residents.  

Work by Fowler, Datson and Newberry in 2010 and later Williams (2014) used sticky pad dust 

monitoring in conjunction with characterisation analysis to investigate the dispersion of dust, heavy 

metals and APC from Wingmoor Farm. Dust monitoring was undertaken at 19 locations for one year 

with samples undergoing subsequent ICP-MS analysis. The proportion of dust that was APC per sample 

was determined using binary mixing models and dust samples off site were found to be comprised of 

an average of approximately 30% APC. Williams suggests that “evaluation of dust dispersion using 

theoretical models on active sites should be fine-tuned using assessments such as the one presented 

in this current study”. The substantial programme of monitoring and characterisation undertaken at 

the study site over many years also further demonstrates the need for more efficient monitoring 

protocols and verifiable desk-based modelling assessments.  

5.3.2. Aims and overview 

This study therefore uses the dust monitoring and characterisation data acquired during Williams’ 

work to address the research gap and build on this existing research, with the aim to demonstrate, 

refine and establish a protocol for the new technique of adjusting dust dispersion modelling results 

using sticky pad dust monitoring data. At present, coarse dust dispersion modelling is rarely 

undertaken or recommended in the UK (IAQM, 2016) because of the difficulties noted above; this 

work therefore sets out to offer a major advance in this field and enable considerably better estimates 

of dust impacts at unmonitored locations.  

Results from one year of monitoring are first converted from measurements of dust soiling into 

absolute dust concentrations for comparison with model results. Model adjustments are calculated 

from each individual dust monitor and analysed to investigate which monitoring positions provide the 

most accurate adjustments, allowing a protocol to be suggested for the most efficient use of future 

monitoring programmes. 

5.4. Methods 

This study uses monitoring data collected by Williams (2014) from a network of 19 passive sticky pad 

dust monitors installed at Wingmoor Farm. Dust samples were collected using DustScan DS100 

directional dust monitors, a widely used method of assessment potential dust nuisance in the UK. 

These use a sticky pad mounted onto a vertical north-aligned cylinder, itself located on a post of 

approximately 1.8 m height. Dust is therefore collected in flux from all directions, with results reported 

in discrete 15° intervals (i.e. 0 – 15°, 15 – 30° and so on). Individual samples are usually taken over 1 – 
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2 week intervals after which they are exchanged for fresh sticky pads to enable continuous monitoring. 

Samples are then sealed using a transparent film and scanned using a flatbed scanner for analysis 

using proprietary software (Datson and Birch, 2007). Results are reported in two measurements across 

each 15° arc; absolute area coverage (AAC%), and effective area coverage (EAC%), which represent 

dust coverage regardless of colour, and total dust soiling (or discolouration), respectively. Dust can 

also be removed from the sticky pad for gravimetric and other geochemical analyses (Datson and 

Fowler, 2007). 

Monitors were set up in a network around the Wingmoor Farm site and in arrays towards the north, 

east and northeast. This enabled assessment of concentrations on site, in the direction of the 

prevailing wind (to the north east) and towards the nearest sensitive receptors (to the east). Figure 1 

shows the location of each monitoring point and the active and restored areas on site at Wingmoor 

Farm during the study period. 

 

Figure 5.1: Location of the dust monitors (green dots) around Wingmoor Farm and with respect to the town 
of Bishops Cleeve to the east. Within the site, areas that were being excavated for later infilling are hatched 
blue, areas previously excavated, filled and now restored are shaded green and the active APC treatment 
plant (red dot) and deposition cells are shaded green (Cell 4D) and blue (Cell 5A). The site haul routes are also 
shown in blue, the active landfill cell (for non-hazardous waste) is shown hatched in pink and a small mineral 
processing area in the centre is hatched in red.   
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Monitoring by Williams (2014) was undertaken for 12 months from October 2007 to October 2008 

and was followed by characterisation of dust samples. Directional dust samples were analysed by first 

selecting ‘arcs of interest’, where, for each individual sample, the highest 15° segment from towards 

an APC area (i.e. Cell 4D, Cell 5A and the APC Treatment Plant) was sub sampled for analysis using ICP-

MS following total digestion using a mixture of HF and HNO3.  Two local soil samples from clay and soil 

stockpiles on site and unconditioned APC samples from each source were also characterised to 

compare against the element composition of material in each sample via a series of binary mixing 

models. Through this process, an estimation of the total APC collected at each monitoring point was 

acquired.  

Applying techniques recently developed in Bruce, Smith and Fowler (2021), dispersion modelling of 

potential APC emissions from the site and back calculating emission rates of APC from each cell using 

these monitoring data have now been undertaken, as follows. 

5.4.1. Dispersion modelling 

Dispersion modelling used ADMS 5, a commercial gaussian plume model commonly employed to 

model air quality impacts and originally developed for regulatory authorities in the UK (CERC, 2020).  

It uses area, line, point, volume and jet source input types to model the dispersion of specified 

emission sources. Hourly sequential meteorological data are required, which were taken from the 

nearest suitable measurement station in Pershore for this study, approximately 22 km north of the 

site, which was considered representative of the local meteorology. Model results were output in a 1 

x 1 km grid at 10m resolution surrounding the study site and at the dust monitoring locations for direct 

comparison. 

APC was modelled as a new pollutant with a density of 750kg/m3 (Environment Agency, 2004) and a 

nominal particle sizing of 10µm - 50µm was used for APC, with an evenly distributed mass fraction (i.e. 

20% 10µm, 20% 20µm and so on). However, as accurate particle sizing data for APC emissions was not 

available, dry and wet deposition of particles was not included in initial model scenarios. Therefore, 

particle sizing and density data has no impact on model dispersion, as the model only simulates the 

dispersion of particles, and, in any case, no dust deposition data was available for comparison. 

Sensitivity testing was therefore undertaken on further model scenario runs to see the impact of 

including deposition on model dispersion and emissions. Detailed terrain data was not included due 

to the flat terrain surrounding the site, and a uniform surface roughness of 0.3 m was used, as 

appropriate for agricultural areas. The model default minimum Monin-Obukhov Length of 1 m was 

used for the dispersion site, appropriate for a rural area. 
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5.4.2. Monitoring data conversion 

Dust monitoring data were converted from measurements of dust coverage (AAC%) and soiling 

(EAC%) and APC% measurements into estimates of absolute APC concentrations in mg/m3 using wind 

run data, estimated efficiency of the DS100 (Bruce, Smith and Fowler, 2021), estimates of dust mass 

on the sticky pad (in mg/m2) and estimates of the proportion of APC in each dust sample from the 

existing binary mixing model (Williams, 2014). 

Wind run was calculated for each sample by determining the total sum of wind speeds for each distinct 

sample monitoring period. Dust could not be readily removed from the sealed sticky pad samples used 

in this study (a later improvement now allows this), and the total mass of dust collected is typically 

very low compared to the mass of the plastic substrates (Fowler, Datson and Newberry, 2010) 

(preventing measurement through weighing the mass of blank versus exposed samples), so an 

alternative approach was developed for this study.   

Firstly, AAC% and EAC% measurements across the whole study period for each sub-sample were 

compared for consistency. Where dust coverage as AAC% correlates strongly with dust soiling as 

EAC%, this indicates that the colour and visual arrangement of sampled dusts is consistent across all 

of the monitoring locations and throughout the study period. As AAC% reaches saturation at 100% 

and EAC% continues to increase this effect diminishes, so comparisons are made up to 90% AAC.    

Analysis was also undertaken on the relationship between measured EAC% and dust mass (as mg/m2) 

on 11,000 dust samples from the DustScan database to estimate an average EAC% to mass conversion 

rate. A maximum cut off of 30% EAC was used, as samples above this skewed the ratio higher towards 

mass, as EAC% became saturated. This conversion rate was then used to estimate dust concentration 

on the sticky pad (in mg/m2), and in combination with wind run measurements, gives a total dust mass 

in mg/m3. Combining with the proportion of APC on the sticky pad and the DS100 monitoring efficiency 

enabled the concentration of APC for each monitor and for each monitoring period to be estimated 

for comparison with modelling results. Due to the number of assumptions used to estimate this mass, 

an error of ± 50% is suggested for confidence in the results. 

5.4.3. Emission factor adjustment 

Dispersion modelling was first undertaken using a nominal constant emission rate of 0.1 mg/m2/s for 

APC cells 4D and 5E during the active period for each cell, on the basis that this rate would later be 

adjusted using the monitoring results. Long term (i.e. the whole study period) and short term (i.e. per 

monitoring period) modelling results were then compared against measured concentrations at all 19 

monitoring stations. 
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Short term emission rate adjustment factors were calculated using a linear least squares regression 

with the intercept (c) forced to 0 and the slope (m) used as the regression correction factor. This 

ensures that the adjustment factor is positive and that no negative model values are predicted for 

concentrations near zero. 

This method has been adapted from UK guidance for validating and adjusting air quality model results, 

where adjustment factors are used in the verification process for dispersion modelling studies to 

ensure that modelling predictions are representative of monitoring data (Derwent et al., 2010). 

Calculation of adjustment factors is explained in Defra guidance TG16 (Defra, 2016a) and is very 

similar; modelling and monitoring results are graphed, and a trend line is derived for the data (y = mx 

with intercept at 0). Results are then checked for systematic under or over prediction, and where 

either is present, modelling results are corrected using the regression correction factor (m). For short-

term emission rate adjustments, this therefore involved modifying the hourly emission rate within 

each individual fortnight and for each emission source (i.e. each APC cell) by the relevant short-term 

adjustment factor. For long-term adjustments, all hourly emission rates within the model are modified 

by one adjustment value. 

First, model adjustment factors were generated using monitoring and modelling data from each 

individual monitoring location for each of the 26 monitoring periods.  These emissions adjustments 

factors were then applied individually to each result (for every monitoring point and every individual 

monitoring period - 494 observations), and a new model simulation was produced using data from 

each individual monitoring points (i.e. 19 new model simulations, one for each monitoring point). 

Model results for each of the new simulations were then compared against short-term monitoring 

results from each of the other 18 monitors (i.e. 468 observations) to assess the overall improvement 

of the model using each individual monitor for all short-term values.  Each monitor’s model 

performance was then assessed with regard to that monitors distance from the active APC cell and 

whether the monitor was upwind and downwind, to assess the impact of monitor location on 

improving model predictions.  

Monitoring points with adjusted emissions that fitted well with the monitoring data were then studied 

further by testing combinations of up to 4 different monitoring points using the same least squares 

regression technique.  The variation in adjusted model results for each combination was then 

compared against the monitored values to understand the number of dust monitoring points required 

to adequately modify dust emission rates and the best combination of monitoring points possible.  
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5.5. Results 

5.5.1. Monitoring data conversion 

A scatter plot for AAC% compared to EAC% measurements for each sub sample during the whole study 

period is shown in Figure 5.2, and shows a very strong correlation between AAC% and EAC% (r2 0.87, 

p < 0.001), with a slight upward curvature in EAC after AAC reaches 60% and begins to saturate. This 

indicates that sub samples of dust were visually consistent across all of the monitoring locations and 

throughout the study period. 

 

Figure 5.2: Scatter plot to show relationship between AAC% and EAC% for dust samples in this study, with 
trendline. The plot shows a strong relationship (r2 0.87, p < 0.001) between the two measurements. 

Analysis of the relationship between EAC% and dust mass (as mg/m2), shown in Figure 5.3, gives an 

average estimate of approximately 200 mg/m2 per 1% EAC (r2 0.59, p < 0.001) when EAC is below 30%. 

The maximum EAC for a subsample in this study was 21.3%, so this value was used in this study as a 

mass conversion rate. Table 5.1 provides an example of the calculation process and data required for 

each subsample for one monitoring point (DM1) and for each of the 26 monitoring periods throughout 

the study period. The relationship between EAC% and dust mass will vary according to the soiling 

potential (i.e. darkness) and density of the dust composition at each site; caution is therefore advised 

in applying any precise value at other industrial sites. However, where a site-specific value is not 

possible, this value is proposed as an estimate for conversion into airborne dust concentrations. 
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Figure 5.3: Plot to show average relationship between EAC% and dust mass (mg/m2) in sticky pad dust 
samples, with trendline. The plot shows a moderately strong relationship between the two measurements (r2 
0.59, p < 0.001) although this is a large dataset (n=11,087). 

Table 5.1: Example of adjustment of existing monitoring values into airborne concentration for DM1 only 

Monitoring 
period 

DM1 Arc 
DM1 Arc 
EAC% 

Mass a 
mg/m2  

Wind run 
(m) 

Total dust b 
µg/m3 

Dust 
APC% 

APC 
µg/m3 

1 255° - 270° 6.22 1244 3,530,880 5.033 100% 5.03 

2 210° - 225° 0.01 2 3,807,720 0.008 0% 0.00 

3 225° - 240° 0.08 16 5,539,320 0.041 80% 0.03 

4 240° - 255° 0 0 3,746,520 0.000 0% 0.00 

5 195° - 210° 0.11 22 4,283,640 0.073 50% 0.04 

6 195° - 210° 1.8 360 6,820,920 0.754 55% 0.41 

7 210° - 225° 2.01 402 5,173,560 1.110 85% 0.94 

8 180° - 195° 0.01 2 3,975,120 0.007 0% 0.00 

9 210° - 225° 2.55 510 3,540,240 2.058 65% 1.34 

10 210° - 225° 12.02 2404 7,212,240 4.762 100% 4.76 

11 285° - 300° 2.55 510 5,458,320 1.335 50% 0.67 

12 210° - 225° 7.24 1448 4,485,960 4.611 30% 1.38 

13 195° - 210° 3.94 788 4,857,840 2.317 30% 0.70 

14 195° - 210° 5.01 1002 3,613,680 3.961 45% 1.78 

15 180° - 195° 0.38 76 3,025,080 0.359 0% 0.00 

16 210° - 225° 9.37 1874 3,254,040 8.227 0% 0.00 
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17 180° - 195° 1.31 262 3,142,440 1.191 10% 0.12 

18 210° - 225° 14.57 2914 4,952,160 8.406 5% 0.42 

19 210° - 225° 7.12 1424 4,907,160 4.146 20% 0.83 

20 180° - 195° 10.2 2040 3,787,920 7.694 30% 2.31 

21 195° - 210° 10.43 2086 4,439,520 6.712 10% 0.67 

22 210° - 225° 6.33 1266 4,794,120 3.772 0% 0.00 

23 195° - 210° 7.69 1538 4,394,520 5.000 0% 0.00 

24 180° - 195° 0.12 24 1,716,480 0.200 0% 0.00 

25 195° - 210° 5.29 1058 4,339,800 3.483 0% 0.00 

26 195° - 210° 13.56 2712 4,590,720 8.439 0% 0.00 
a Converted from EAC% (200 mg/m2 per 1% EAC) 
b Dust mass divided by wind run and accounting for monitor efficiency (7%) 

 

5.5.2. Initial model comparisons 

Table 5.2 and Figure 5.4, Figure 5.5 and Figure 5.6 show the initial modelling results, with a direct 

comparison of long term modelled concentrations compared to long term monitoring concentrations 

at each dust monitoring location and divided into each cell period. Figure 5.4 shows a strong 

correlation (r2 0.82, p <0.0001), indicating that the model is performing very well at predicting the 

dispersion of APC at each monitoring point. Due to the large distance between the monitors, it is 

notable that many have very low (or zero) concentrations. As the data are therefore somewhat 

skewed, with the high correlation driven by potential outliers, data were also tested after a log 

transformation, and continued to show a good model fit (r2 0.45). Figure 5.4, Figure 5.5 (r2 0.92) and 

Figure 5.6 (r2 0.77) also show this, with a very strong correspondence where model concentration are 

highest and when results are split between the two cell utilisation periods, including after log 

transformations (r2 0.69 and 0.71 respectively). However, modelled concentrations of APC are 

underestimated by a factor of approximately 23, demonstrating that the constant dust source 

emission rate needs adjustment using the dust monitoring results.  
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Table 5.2: Monitoring data compared to modelling data, before adjustment, long-term averages for the whole 
sampling period. Concentrations are shown with regard to the whole monitoring period and the two distinct 
periods of working within it; during APC deposition at Cell 4D (26/10/07 – 14/03/08) and during APC 
deposition at Cell 5A (14/03/08 – 24/10/08). 

Monitor 

Average monitoring concentration 
(µg/m3) 

Average modelled concentration 
(µg/m3) 

Whole 
sampling 

period 

Cell 4D 
period 

Cell 5A 
period 

Whole 
sampling 

period 

Cell 4D 
period 

Cell 5A 
period 

DS1 0.82 0.87 0.80 17.46 32.50 10.65 

DS2 0.79 0.00 1.21 22.80 1.83 31.48 

DS3 0.45 0.00 0.69 19.67 10.44 22.97 

DS4 1.48 1.39 1.53 20.20 44.24 8.67 

DS5 0.18 0.00 0.27 2.45 1.95 2.75 

DS6 0.04 0.00 0.06 1.33 0.70 1.59 

DS7 0.39 0.18 0.50 2.67 2.48 2.72 

DS8 0.21 0.01 0.32 1.88 1.21 2.10 

DS9 0.12 0.00 0.19 2.43 3.14 2.01 

DS10 0.40 0.14 0.53 0.89 0.98 0.81 

DS11 0.63 0.12 0.90 6.13 9.48 4.47 

DS12 1.54 0.02 2.34 55.04 4.87 75.86 

DS13 0.80 0.06 1.19 18.56 2.70 25.14 

DS14 0.01 0.00 0.02 4.43 4.29 4.41 

DS15 0.09 0.00 0.14 1.26 1.00 1.33 

DS16 0.27 0.00 0.42 5.18 4.34 5.40 

DS17 0.26 0.00 0.40 3.03 2.58 3.15 

DS18 0.13 0.00 0.20 7.61 1.96 9.91 

DS19 0.05 0.00 0.08 1.10 0.95 1.15 
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Figure 5.4: Long-term dust monitoring concentrations at each monitoring point compared to modelling data, 
before any adjustment over the whole sampling period 

 

Figure 5.5: Long-term dust monitoring concentrations at each monitoring point compared to modelling data, 
before any adjustment over the cell 4A period only (26/10/07 – 14/03/08) 
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Figure 5.6: Long-term dust monitoring concentrations at each monitoring point compared to modelling data, 
before any adjustment over the cell 5D period only (14/03/08 – 24/10/08) 

However, Figure 5.7 shows short term (fortnightly) concentrations of measured compared to 

modelled concentrations of APC%, and demonstrates that short term model emission rates require 

significant adjustments (r2 0.19), although when split into the two cell utilisation periods, results are 

slightly improved (r2 0.36 for cell 4D and 0.31 cell 5A). 

This shows that emission rates will need time-variation throughout the study period, as constant 

emission rates that are not dependent on any climatic or site factors will not capture short-term 

emission fluctuations and will therefore not accurately represent any acute dust emission events 

which may be of concern. 
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Figure 5.7: Short-term dust monitoring concentrations at each monitoring point, with a datapoint during each 
individual two-week monitoring period (n=494), compared to short-term modelling concentration data, 
before any adjustment  

5.5.3. Model adjustment 

Table 5.3 shows the outcome of model adjustment using monitoring points which had at least 50% of 

non-zero APC concentrations per monitoring period for each active cell, in addition to the distance 

from each monitor to the active cell and whether the monitor was upwind or downwind with 

reference to typical prevailing winds. Values for r2 are shown for short term adjusted model results 

compared against monitoring values at all dust monitoring locations. For Cell 4D, all upwind dust 

monitors had zero measured APC% in at least 8 of the 9 monitoring periods, so no upwind monitors 

could be adequately tested.   
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Table 5.3: Adjusted model values from selected individual monitoring points 

Cell Monitoring points 
Non-zero %APC 
from monitoring 

Distance 
from Cell (m) 

Upwind / 
Downwind 

r2  

Cell 4D 

DS1 67% 150 downwind 0.58 

DS4 89% 25 downwind 0.31 

DS10 78% 820 downwind 0.58 

DS11 89% 295 downwind 0.10 

DS12 67% 320 downwind 0.03 

DS13 56% 515 downwind 0.57 

Cell 5A 

DS1  59% 185 downwind 0.16 

DS2  76% 80 upwind 0.11 

DS4  65% 226 upwind 0.12 

DS7  71% 465 upwind 0.09 

DS8 53% 555 upwind 0.09 

DS10 65% 900 downwind 0.14 

DS11 76% 334 downwind 0.28 

DS12 76% 115 downwind 0.26 

DS13 53% 300 downwind 0.22 

 

The results show significant disparity between monitors, with downwind monitors typically more 

accurate when individually used to adjust emission rates, and with many individual monitors 

decreasing short term model fits compared to unadjusted values (r2 0.36 for Cell 4D and for 0.31 Cell 

5A). Monitoring points DS1, DS4, DS10, DS11 and DS13 were all selected for further adjustment 

comparisons during the Cell 4D period and monitoring points DS1, DS2, DS11, DS12 and DS13 were 

selected for further comparisons during the Cell 5A period as the best performing monitors 

individually with the closest upwind monitor for comparison (DS2).  

Table 5.4 and Table 5.5 show the outcome of model results where each possible combination of these 

monitoring points was used to adjust the short term cell emission rates (i.e. with a different emission 

rate each fortnight), with adjustment factors calculated using either 2, 3 or 4 dust monitors and 

subsequent short term adjusted model results compared against monitoring values at all dust 

monitoring locations. Results are presented with individual r2 values for each combination, and 

average and maximum r2 values shown for each bracket.  

For Cell 4D there was no improvement in the best model fit after adjusting emissions using more than 

two monitoring points, although results were more consistent when more monitoring points were 

used. For Cell 5A there was an improvement in the best model fit between using two and three 

monitoring points and a very small improvement moving up to four monitors, with consistent 

improvements on average as more monitors were used. Although individually these monitors 
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decreased model fit compared to short-term monitoring, by combining at least three monitors 

together performance was still improved. 

Table 5.4: Adjusted model values from selected combinations of monitoring points, cell 4D period only 
(26/10/07 – 14/03/08) 

Monitoring points 
combination 

r2 
Average 

r2 
Maximum 

r2 

DS1, DS4 0.68 

0.44 0.68 

DS1, DS10  0.58 
DS1, DS11 0.58 
DS1, DS13 0.58 
DS4, DS10 0.31 
DS4, DS11 0.34 
DS4, DS13 0.33 
DS10, DS11 0.20 
DS10, DS13 0.60 
DS11, DS13 0.19 

DS1, DS4, DS10 0.68 

0.51 0.68 

DS1, DS4, DS11 0.68 
DS1, DS4, DS13 0.68 
DS1, DS10, DS11 0.58 
DS1, DS10, DS13 0.58 
DS1, DS11, DS13 0.58 
DS4, DS10, DS11 0.34 
DS4, DS10, DS13 0.33 
DS4, DS11, DS13 0.36 
DS10, DS11, DS13 0.32 

DS1, DS4, DS10, DS11 0.68 

0.58 0.68 

DS1, DS4, DS10, DS13 0.68 

DS1, DS4, DS11, DS13 0.67 

DS1, DS10, DS11, DS13 0.56 

DS4, DS10, DS11, DS13 0.33 
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Table 5.5: Adjusted model values from selected combinations of monitoring points, cell 5A period only 
(14/03/08 – 24/10/08) 

Monitoring points 
combination 

r2 
Average 

r2 
Maximum 

r2 

DS1, DS2 0.08 

0.25 0.32 

DS1, DS11 0.23 

DS1, DS12 0.32 

DS1, DS13 0.23 

DS2, DS11 0.24 

DS2, DS12 0.32 

DS2, DS13 0.29 

DS11, DS12 0.26 

DS11, DS13 0.24 

DS12, DS13 0.28 

DS1, DS2, DS11 0.15 

0.30 0.40 

DS1, DS2, DS12 0.40 

DS1, DS2, DS13 0.28 

DS1, DS11, DS12 0.32 

DS1, DS11, DS13 0.23 

DS1, DS12, DS13 0.33 

DS2, DS11, DS12 0.32 

DS2, DS11, DS13 0.29 

DS2, DS12, DS13 0.35 

DS11, DS12, DS13 0.28 

DS1, DS2, DS11, DS12 0.40 

0.35 0.41 

DS1, DS2, DS11, DS13 0.28 

DS1, DS2, DS12, DS13 0.41 

DS1, DS11, DS12, DS13 0.33 

DS2, DS11, DS12, DS13 0.35 

 

5.5.4. Adjusted results 

Short term model results were significantly improved after the short-term emission adjustments were 

applied, with model results at all locations capturing most monitored short-term peaks and having a 

much better model fit (r2 0.52). This is further highlighted in Figure 5.8, Figure 5.9 and Figure 5.10 

which show long term concentrations after short term adjustments were made, and demonstrates 

that there is little impact on long term predictions , with slight improvements compared to unadjusted 

model values.  
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Figure 5.8: Long-term dust monitoring concentrations at each monitoring point compared to modelling data, 
after adjustment for the whole sampling period 

 

Figure 5.9: Long-term dust monitoring concentrations at each monitoring point compared to modelling data, 
after adjustment for the cell 4A period only (26/10/07 – 14/03/08) 
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Figure 5.10: Long-term dust monitoring concentrations at each monitoring point compared to modelling data, 
after adjustment for the cell 5D period only (14/03/08 – 24/10/08) 

Table 5.6 shows the adjusted short term model emission rates for each cell for each monitoring period. 

Figure 5.11 shows the average temperature compared to the adjusted model emission rate for per 

monitoring period, and indicates that temperature had an effect on dust emissions from each cell. 

Table 5.6: Adjusted short-term model emission rates for each individual monitoring period at each cell 

Monitoring 
Period 

Start date End date 
Cell 4D APC 

emission rate 
(µg/m2/s) 

Cell 5A APC 
emission rate 

(µg/m2/s) 

1 26/10/2007 09/11/2007 6.18 0.00 

2 09/11/2007 23/11/2007 2.52 0.00 

3 23/11/2007 07/12/2007 0.03 0.00 

4 07/12/2007 21/12/2007 0.00 0.00 

5 21/12/2007 04/01/2008 0.17 0.00 

6 04/01/2008 18/01/2008 7.85 0.00 

7 18/01/2008 01/02/2008 0.88 0.00 

8 01/02/2008 15/02/2008 0.88 0.00 

9 15/02/2008 27/02/2008 2.37 0.00 

10 27/02/2008 14/03/2008 0.00 1.81 

11 14/03/2008 28/03/2008 0.00 0.48 

12 28/03/2008 11/04/2008 0.00 2.40 
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13 11/04/2008 25/04/2008 0.00 1.90 

14 25/04/2008 09/05/2008 0.00 8.34 

15 09/05/2008 23/05/2008 0.00 2.88 

16 23/05/2008 06/06/2008 0.00 1.21 

17 06/06/2008 20/06/2008 0.00 8.60 

18 20/06/2008 04/07/2008 0.00 4.47 

19 04/07/2008 18/07/2008 0.00 2.55 

20 18/07/2008 01/08/2008 0.00 6.12 

21 01/08/2008 15/08/2008 0.00 3.31 

22 15/08/2008 29/08/2008 0.00 0.96 

23 29/08/2008 12/09/2008 0.00 2.51 

24 12/09/2008 26/09/2008 0.00 3.01 

25 26/09/2008 10/10/2008 0.00 2.65 

26 10/10/2008 24/10/2008 0.00 3.76 

Average during active period 2.09 3.35 

 

 

Figure 5.11: Average temperature per dust monitoring period compared to total APC emissions 

Figure 5.12 demonstrates the short-term improvements in the model at the dust monitoring location 

with the highest average concentration (DM12, 1.54 µg/m3), with the adjusted model values (r2 0.82) 

over time showing a considerable improvement in predictions compared to unadjusted values (r2 

0.45), not just as a period average but in temporal accuracy. It should be noted that the unadjusted 

values are plotted on a separate y axis as they are significantly higher by a factor of 32.  
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Finally, Figure 5.13 and Figure 5.14 show the modelled dispersion before and after emission 

adjustments were made and demonstrates the significant difference in predictions and dispersion and 

drop-off of APC concentrations off-site. 

 

Figure 5.12: Time series comparison for monitoring point 12 of measured dust concentrations against model 
pre- and post-adjustment. Note that a separate Y axis is used for the unadjusted modelled concentrations due 
to the disparity in values. 
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Figure 5.13: Contour plot of modelled APC concentrations before any adjustment 
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Figure 5.14: Contour plot of modelled APC concentrations after final short-term model adjustments 

5.5.5. Sensitivity tests 

As noted above, dry deposition of particles was not modelled in this study, as no particle sizing data 

was available, and no dust deposition monitoring was undertaken for adjustment of results. However, 

model sensitivity testing was undertaken with dry deposition modelling enabled to investigate its 

impact on model dispersion and to understand the impact of varying particle sizing.  Table 5.15 shows 

the model impacts both of including dry deposition on model results and subsequently in varying 

particle size.  

Table 5.7: Results of model sensitivity tests 

Model change Impact on model results 

Including dry deposition 
Concentrations had linear reduction at all 
monitoring points of 36.8% 

Including dry deposition and doubling particle 
size 

Concentrations had linear reduction at all 
monitoring points of 38.4% 
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It can therefore be stated that, as a linear impact is observed for both parameters, to achieve the same 

dispersion concentrations with the addition of dry deposition (and therefore particle size detail) to the 

original model, emission rates would simply require adjusting by the reciprocal of the impact on 

concentration (e.g. by increasing all emissions 62% to offset the 36.8% reduction in concentrations). 

5.6. Discussion 

5.6.1. Results 

In converting sticky pad soiling measurements into dust mass, significant analysis was undertaken on 

a large database of dust samples. Although the analysis showed variation in dust mass to EAC% by 

location and site, an estimate of approximately 200 mg/m2 per 1% EAC (when EAC is below 30% to 

avoid any sticky pad saturation) was used for this study, and this value is proposed for future studies 

where a site-specific value cannot be obtained, or dust gravimetry is not possible on sticky pad 

samples, to allow for conversion into airborne dust concentrations.  

Comparisons between long-term monitoring and modelling results demonstrate that the model is 

correctly predicting the long-term dispersion of APC, with a very strong fit shown in Figure 5.4. Figure 

5.5 and Figure 5.6 also demonstrate a strong model fit and show that the model is accurately 

predicting the change in dispersion from each cell after results are split between the two cell utilisation 

periods.  As the data are not normally distributed with significant outliers, the values were log 

transformed and still demonstrated a good model fit. However, the disparity in long term 

concentrations demonstrates that emission values must be predicted accurately or adjusted 

appropriately. 

Figure 5.7 shows that the model fit for short-term concentrations at all locations was poor. This is 

likely to be due to the temporal fluctuations of emissions from each cell which could not be accounted 

for in the model but which are known to generate or suppress dust and will vary widely across the 

year; ideally, hourly emission rates would be assessed based on factors such as wind speed, 

antecedent rainfall, APC temperature, particle sizing and moisture content, air temperature, total APC 

deposited per hour, other cell activity and active dust suppression. Clearly, however, it is not practical 

and rarely possible to study emissions in such detail and therefore in many cases an assessment of 

weekly or fortnightly temporal emissions should be sufficient for understanding and predicting 

variations over time. For this reason, other modelling studies without precise source inputs (such as 

Macleod et al., 2006) typically focus on predicting long-term outputs, as short term fluctuations will 

be more difficult to estimate accurately. 
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On this basis, sticky pad dust monitoring can be used to adjust weekly, fortnightly or seasonal dust 

dispersion and effectively ‘back-calculate’ emission rates from a source, where it is possible to 

distinguish that dust source in the monitoring, as with this study. It can also be achieved in a similar 

manner to that undertaken in very widely used UK technical guidance (e.g. TG16 - Defra, 2016a). This 

can be done through elemental characterisation of the dust and subsequent fingerprinting, as 

informing this study, or through carefully placement of dust monitors, preferably immediately upwind 

and downwind of the source so that background concentrations can be removed. 

Table 5.3 suggests that model adjustments made using individual downwind monitoring points were 

more accurate, and monitors upwind had poorer adjusted model values by comparison. In this case it 

is also important to consider the measured concentrations and general expected dispersion patterns 

from the source; it is clearly beneficial for as many non-blank monitoring results as possible, so 

monitoring points downwind are typically preferred.  

Results also show that when using a combination of monitoring points, those performing well 

individually typically performed well when combined. However, results often showed negligible 

improvements using more than two monitoring points, and for the case of Cell 4D, were only slightly 

improved (r2 0.70) compared to adjusting using just the best performing monitor by itself (DS1, r2 

0.58).  

Similarly, results from the Cell 5A period showed a slight improvement using two monitors (r2 0.32) 

compared to the best performing individual monitor (DS11, r2 0.28) but a larger improvement moving 

up to using three monitoring points (r2 0.40) and a smaller improvement moving up to four monitors 

(r2 0.41). The results therefore consistently demonstrate that through using dust monitoring results 

to adjust the emission rates, the performance of the model for short term results is significantly 

improved, and the impact on long-term modelling is limited. 

The results also show diminishing returns in the maximum model fit after adjusting model 

concentrations using the best two to three monitoring points; however, the average model fit values 

consistently improved with more monitoring points.  

Analysis of the best performing combination of monitoring points for each cell (DS1 and DS4 for cell 

4D, DS1, DS2 and DS12 for cell 5A) with reference to their location in respect of the cell (Figure 5.1) 

demonstrated that is desirable to have at least two and ideally three monitors around each dust 

source in different cardinal directions and at different distances, with one monitor ideally within 100 

m downwind for the best results. For Cell 4D, although DS1 and DS4 are both downwind, they are at 

opposite ends of the downwind spectrum, with DS1 to the immediate west of Cell 4D and DS1 to the 
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north-northwest. Similarly, for Cell 5A, DS2 is upwind to the north-west, DS12 is downwind to the 

north-east and DS1 is to the west. Interestingly, results from cell 5A were best when combining the 

two closest monitors (DS1 and DS4), despite individually DS4 performing poorly compared to other 

monitors. This highlights the importance in sampling in different directions to assess emissions the 

most accurately. 

It is important to note that any upwind monitors used to calibrate emissions (and not just as a 

background) need to be carefully located to ensure that they do receive emissions from the source; 

as shown with upwind monitors in this study, if few emissions from the source are measured, their 

practicality is negated. In this regard, it is preferable that upwind dust monitors are located within 100 

m of the source, as with location DS2 for Cell 5A. 

Figure 5.12 and Figure 5.14 visualise the improvements in the adjusted model fit after the short-term 

adjustments were made on both short-term and long-term concentrations respectively, and 

demonstrate a significant improvement compared to unadjusted values (such as in Figure 5.13). This 

indicates that dust modelling can also be used to guide assessments of short-term or acute dust 

impacts; although long term impacts may be adequately adjusted using one monitor, short-term 

dispersion predictions were significantly improved after adjustment using multiple dust monitoring 

locations.  

Table 5.6 shows the adjusted emission rates for each monitoring period from each cell throughout the 

study period and shows the significant variation in emissions, with the average emissions from Cell 5A 

(3.35 µg/m2/s) higher than from Cell 4D (2.09 µg/m2/s). Model emission rates also compare favourably 

to previous work at Wingmoor Farm (Macleod et al., 2006), which used a worst-case model emission 

rate of 3000 mg/m2/day APC as PM30, equivalent to 34.72 µg/m2/s, and found APC emissions were 

unlikely to cause harm to local residents. The lower emissions levels measured in this study also verify 

this point, and comparisons demonstrate that the modelled emission rates are suitable and compare 

favourably to previous work. Furthermore, as shown in the sensitivity testing, it can be noted that 

adjusted cell emission rates would be approximately 62% higher if dust deposition was also simulated 

(but modelled dispersion was maintained).  

Although further investigation of changes in emission rates across the study period was not 

undertaken in this study, Figure 5.11 plots emissions against temperature and indicates that as 

temperatures increased, so did emissions; a finding also noted in the original work by Williams, and 

an area requiring further study. 

5.6.2. Protocol 
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It is therefore suggested that the protocol set out in Table 5.8 is used when establishing a dust 

monitoring programme where it is being designed, anticipated or to be potentially used for correcting 

dust dispersion modelling. 

Table 5.8: Protocol for dust monitoring used in corrected dust dispersion modelling 

Field Protocol 

Number of directional dust monitoring 
locations 

At least two, ideally three 

Locations 
In different cardinal directions away from the 
source, in adherence with manufacturer 
guidelines and professional guidance 

Distances from dust source(s) 
Monitors at different distances from source(s), 
ideally with at least 1 monitor within 100m and 
any upwind monitors also within 100m  

Duration of sampling 
At least 3 months, ideally 12 months to 
understand seasonal variations 

Testing of samples 
AAC%, EAC%, gravimetry for mg/m2 where 
possible 

This protocol allows flexibility in designing dust monitoring programmes, where monitors can be 

difficult to locate in ideal locations. It also compares favourably, and should be used with reference 

to, existing UK guidance on establishing dust monitoring around dust sources, including from the UK 

Environment Agency on dust monitoring around waste facilities (Environment Agency, 2013) and from 

the IAQM on dust monitoring around construction and demolition sites (IAQM, 2018). In this sense, 

routine dust monitoring programmes can therefore be designed with this protocol in mind, rather 

than requiring a stringent set of criteria, even where dust dispersion modelling may not ultimately be 

required. Using this new protocol, it is therefore possible to extrapolate both short term (weekly or 

fortnightly) and long term (seasonally or yearly) coarse dust dispersion patterns from a limited number 

of dust monitoring points. This is a significant improvement compared to previous modelling studies, 

which have primarily focused on long-term concentrations and have not been validated against 

monitoring results (e.g. Macleod et al., 2006). Although caution should be applied in interpreting and 

using short term values, this knowledge can have many use cases, such as assessing dust emissions 

and dispersion from other known dust source areas, such as mineral, waste or industrial sites. This 

protocol therefore offers a major advance in this field and enables considerably better estimates of 

dust impacts at unmonitored locations. 
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5.6.3. Limitations 

An inherent limitation to this protocol is that it requires a not-insignificant period of dust monitoring 

to understand, calibrate and validate model scenarios, particularly for short-term predictions. Whilst 

this is a significant improvement in enabling accurate adjustment of coarse dust emissions, the next 

clear step is for an updated database of coarse dust emission parameters to be available and kept up 

to date. As each emission source ideally requires individual consideration, this is a very significant 

endeavour; however, it is envisaged that as this protocol is used, a natural database of emissions input 

will quickly build up over time, enabling future modelling work to estimate emissions with more 

empirical data and at sites where monitoring is not possible, such as assessing future development 

scenarios. This can help provide more precise assessments of future developments scenarios in the 

construction and mineral industries, which are primarily assessed in the UK using risk matrix style 

guidance and rely heavily on professional judgement (e.g. (IAQM, 2012, 2016)). 

5.7. Conclusions 

This study has used a significant existing dataset to demonstrate, refine and establish a protocol for 

the technique of adjusting dust dispersion modelling emissions using sticky pad dust monitoring. The 

established protocol shows that a variety of dust monitoring points, at different distances and in 

different directions away from each dust source location, are best, with best practice suggestions set 

out in Table 5.8. The results show that simultaneously refining predictions for both effective short-

term (weekly or fortnightly) and long term (seasonal or yearly) dispersion predictions is practical 

simultaneously, with more monitoring points required for accurate short-term predictions.  

The protocol is also designed with flexibility in mind, so that dust monitoring programmes can still be 

implemented in localities where monitors can be difficult to site. It can also be implemented in 

conjunction with existing guidance on dust monitoring, even where dust dispersion modelling may 

not be initially anticipated. Although caution should be applied in interpreting model predictions and 

using short term fluctuations in situations of public health, this protocol could be used across a wide 

spectrum of sites, including construction, mineral, waste or industrial sites that generate significant 

and potentially problematic dust emissions, as it will enable better estimates of dust impacts at 

additional locations where monitoring is not possible or practical to be extrapolated through dust 

dispersion modelling. At present, coarse dust dispersion modelling is rarely undertaken or 

recommended in the UK, and it is therefore considered that the method set out in this study is a 

significant step forward to establishing this as a viable technique. The significant volume of monitoring 

undertaken at this study site also highlights how improving the accuracy of modelling assessments is 
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vital in ensuring the most efficient use of expert time in both designing monitoring programmes and 

undertaking desktop assessments. 

Although this work is not intended as a direct assessment of the risk to human health from the 

dispersion of APC at Wingmoor farm, it can also be noted that the results of this study correspond 

well with previous worst-case modelling, which found low risks to human health from dust emissions 

at the study site.  
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6. Summary 

6.1. Modelling dust emissions from a source using dust monitoring and meteorological 

data 

The primary objective of this study was to test existing emission factors from the literature and assess 

the adjustment of emission rates using dust monitoring data, to provide a proof of concept study for 

future work.   

Model predictions were compared with the dust monitoring data to assess accuracy, and initial results 

showed limited correspondence (r2 < 0.3). Trends also showed that emission predictions were poorest 

in winter; likely because many emission calculations are not weather dependent and seasonal 

fluctuations will occur. This initial conclusion therefore provided an ideal platform for a first test of 

the fundamental aim of this research; to adjust and improve these limited model predictions using 

existing emission data with empirical dust monitoring data. 

Dust emission rate calculations were therefore altered with respect to dust monitoring data and then 

tested at two other with very positive correlations (r2 > 0.89) and similar maximum concentrations 

(<5% difference). This initial result therefore demonstrated a simple and effective method of adjusting 

dust emissions from one small site and one relatively homogenous source of dust, and the 

improvement in model comparisons after emission rates were adjusted indicates that when emissions 

are accurately entered into models, subsequent dust dispersion can be predicted with much greater 

accuracy. This study also highlighted a key requirement for future work; that the efficiency of the dust 

monitors used to adjust model predictions are well understood. 

This initial study therefore successfully provides a fundamental proof of concept for the main aim of 

this research and gives a platform for using this technique at more complex sites with multiple 

emission sources. One aspect not considered in this study, but included in its recommendations for 

future work, is the source apportionment of dust, where monitoring results include dust from several 

distinct dust sources. A study that includes dust characterisation would therefore allow for the 

attribution of dusts from specific sources and processes and may help assess the importance of 

different dust components and the challenges this poses for dispersion modelling. As sites with just 

one consistent and homogenous dust source are rare, future research and case studies were chosen 

to be undertaken at more complex sites. 
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6.2. Relative efficiency of passive dust samplers: progress towards coarse dust dispersion 

modelling 

As identified in the first study, the efficiency of the dust monitors used to adjust model predictions is 

a key requirement when adjusting model predictions. The main objective of this study was therefore 

to allow dust measurements from a sticky pad dust monitor (DS100) to be converted from surface 

measurements (in mg/m2) into airborne concentrations (in mg/m3) for direct comparisons with 

dispersion model outputs. This conversion would provide a major step forward and enable all future 

modelling work to be adjusted using this dust monitoring equipment. The collection efficiency of the 

DS100 was therefore analysed with respect to a Wilson and Cook (WAC) sampler, with comparisons 

primarily made with regard to directional wind speeds over the relevant monitoring periods, as 

recorded by an on-site meteorological station. 

. The main trend showed that higher wind speeds decreased relative DS100 efficiency, with low wind 

speed (< 3 m/s) and high wind speed (> 5 m/s) periods showing modelled efficiency above 10% and 

below 5% respectively. However, a central period of 9 weeks showed a reverse of this pattern, with 

high wind speeds correlating with higher DS100 efficiency. Although dust catch on each sampler varied 

significantly over the study period, an average DS100 efficiency of approximately 7% is suggested for 

use in estimating airborne dust concentrations for use in atmospheric dispersion models. 

The variation in efficiency results throughout this study demonstrate the difficulty of field-testing 

efficiency calculations and the number of possible influencing factors. As set out in the study 

discussion, the variance between samplers, site activities, sampling duration and particle 

sizing/composition were all considered as part of the study but any variations in the methodology 

posed other issues, such as dust concentrations below sample detection limits for shorter sampling 

periods.  

With comparison to indoor wind tunnel studies in controlled environments, where consistent wind 

speeds and defined particle sizes are used (e.g. Datson, 2010; Mendez, Funk and Buschiazzo, 2011), 

the high uncertainty when using field rather than laboratory measurements meant that no definitive 

model could be produced that consistently predicted the efficiency of the DS100 monitor. 

Nonetheless, the mean dust catch of 7% for the DS100 can be compared very positively to previous 

indoor wind tunnel studies (i.e. 9% at 2 m/s (Datson, 2010)), and clearly achieves the primary objective 

of this study. The measurement of this simple value therefore allows these dust monitors to be used 

for their fundamental purpose in this work; to adjust coarse dust emissions in dispersion modelling 

studies using empirical dust monitoring data. 
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6.3. Identifying and modelling fugitive nickel dust emissions from a steelworks site in 

Sheffield, UK 

The objective of this study, with regard to this thesis, was to demonstrate the techniques developed 

so far in action, with a significant programme of dust monitoring and characterisation undertaken at 

a very complex site and used to adjust and refine dust modelling emissions.  

Source apportionment of measured concentrations was investigated with regard to the modelling and 

characterisation results and showed that on-site fugitive dust sources were not significantly different 

to a fugitive nickel source identified in previous research. However, both source apportionment results 

and dust monitoring results showed that Ni concentrations at the local monitoring station were not 

increased when fugitive emissions from the study site were highest, or when the winds from the south 

were most frequent, indicating that fugitive dust emissions that caused increased concentrations 

throughout this study period were derived from sources in the area other than the study site.  

This paper presents an interesting case study for this new technique and uses another novel approach; 

although dust emissions modelling was undertaken for PM10, monitoring using DS100 monitors was 

used to provide a fundamental assessment of all dust emissions from the steelworks site prior to 

modelling, and the composition and quantity of emissions were adjusted and verified using DS100 

monitoring results.  

Dust monitoring results were successfully used to assess emissions from area sources of dust on-site 

and to help input, adjust and validate emission rates in the model. Strong comparisons of model 

results against previous studies undertaken by the Environment Agency and King’s College London 

Environmental Research Group (2017) also validate this novel method of assessing and modelling dust 

emissions. This study therefore successfully demonstrated that dust on an industrial site can be 

assessed using sticky pad dust monitoring and subsequently used for dust dispersion modelling, 

fulfilling the main objective of this paper. The source apportionment undertaken in this study also 

demonstrates a supplementary technique that can be utilised where multiple dust sources are present 

in both the monitoring and modelling data and require quantification and assessment. 

This study also has significant implications for the site operator and for Ni concentrations in Sheffield, 

where progress in meeting the target value is of national importance, as one of the few sites in the 

country struggling to meet air quality standards of heavy metal concentrations in PM10  (Defra, 2020), 

further demonstrating that this protocol can be used in sensitive areas and in broader studies of 

significant importance. 
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6.4. A new protocol for monitoring refinement of dust dispersion modelling: a case study 

at a hazardous waste landfill 

The main objective of this study was to use a large existing dataset from a UK waste site to develop a 

strong, flexible and simple protocol for undertaking dust monitoring and efficiently utilising it for the 

adjustment of dust dispersion modelling predictions.  

This study prevents significant a step forward in a number of ways. In converting sticky pad soiling 

measurements into dust mass, significant analysis was undertaken on a very large database of 

approximately 10,000 dust samples. Although the analysis showed variation in dust mass to EAC% by 

location and site, a value of approximately 200 mg/m2 per 1% EAC (when EAC is below 30% to prevent 

sticky pad saturation) was used for this study and is proposed for future studies where a site-specific 

value cannot be obtained. Combining this calculation with the efficiency measurement presented in 

the second study therefore allows any historic dust monitoring programmes using this equipment to 

be converted into airborne dust concentrations; another significant step forward. 

Results from the initial modelling before adjustment show that short-term concentrations using 

consistent emissions rates compare poorly with monitoring results. As set out, this is due to the 

temporal fluctuations of dust emissions which are not accounted for in the model but which are known 

to generate or suppress dust and will vary widely across the year; ideally, hourly emission rates would 

be assessed based on factors such as wind speed, antecedent rainfall, APC temperature, particle sizing 

and moisture content, air temperature, total APC deposited per hour, other cell activity and active 

dust suppression. Clearly, however, it is not practical to study dust emissions in such detail and an 

assessment of weekly or fortnightly emissions is sufficient for understanding and predicting variations 

over time. On this basis, as set out in this study, sticky pad dust monitoring can be used to adjust 

weekly, fortnightly or seasonal dust dispersion and effectively ‘back-calculate’ emission rates from a 

source, where it is possible to distinguish that dust source in the monitoring.  

This study also showed that model adjustments made using downwind monitoring points were more 

accurate, and that it is clearly beneficial for as many non-blank monitoring results as possible. Model 

adjustment comparisons were mixed when using a combination of monitoring points and show that 

results can be compared to those from the best individual monitoring points, with monitoring points 

performed well individually typically also performing well when combined. The results also 

consistently demonstrated diminishing returns in the maximum model fit after adjusting model 

concentrations using the best two to three monitoring points; however, the average model fit values 

consistently improved with more monitoring points.  
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Sensitivity testing in this study also showed emission predictions can be calibrated to also include dust 

deposition predictions without considerable adjustment or significant further work; however, 

accurate particle sizing and density measurements are required to model dust deposition, and 

efficiency calibration of depositional monitors is also suggested as a topic requiring further study. 

Analysis of the best performing combination of monitoring points with reference to their location 

demonstrated that it is desirable to have two or three monitors around each dust source in different 

cardinal directions and at different distances, with one monitor ideally within 100 m downwind for 

the best results. Table 6.1 therefore repeats this final protocol, which builds on all of the prior research 

and provides both strong guidance and flexibility in designing dust monitoring programmes, where 

monitors can be difficult to locate in ideal locations. It can be used with reference to existing UK 

guidance from the EA (Environment Agency, 2013) and IAQM (IAQM, 2018). 

Table 6.1: Protocol for dust monitoring used in corrected dust dispersion modelling 

Field Protocol 

Number of directional dust monitoring 
locations 

At least two, ideally three 

Locations 
In different cardinal directions away from the 
source, in adherence with manufacturer 
guidelines and professional guidance 

Distances from dust source(s) 
Monitors at different distances from source(s), 
ideally with at least 1 monitor within 100m and 
any upwind monitors also within 100m  

Duration of sampling 
At least 3 months, ideally 12 months to 
understand seasonal variations 

Testing of samples 
AAC%, EAC%, gravimetry for mg/m2 where 
possible 

Using this new protocol, it is therefore possible to efficiency extrapolate both short term (weekly or 

fortnightly) and long term (seasonally or yearly) coarse dust dispersion patterns simultaneously from 

a limited number of dust monitoring points, with more monitoring points required for accurate short-

term predictions. This can have many use cases, such as assessing dust emissions and dispersion from 

other known dust source areas, including from mineral, waste or industrial sites. This study therefore 

offers a major advance in this field and enables considerably better estimates of dust impacts at 

unmonitored locations. Furthermore, this demonstrates that carefully adjusted coarse dust modelling 

can be used to guide assessments of short-term or acute dust impacts. 
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7. Conclusions and Further Work 

7.1. Summary 

The primary aim of this research was to produce a suitable, simple and repeatable methodology for 

modelling dust dispersion in the UK and adjusting it based on routinely available dust monitoring data, 

and through all of the work set out in this thesis, most of which has now been published or accepted 

for publication in peer reviewed journals, it is clear that this has been achieved.  Despite coarse dust 

emissions being a widespread environmental issue in the UK, dust monitoring programmes are almost 

never designed with dust modelling in mind, and this research addresses that issue by providing 

effective case studies and a protocol for such work. 

The paper presented in Chapter 2 acts as a proof of concept for the main aim of this research and 

provides a platform for using this technique at more complex sites, such as those in Chapters 4 and 5.   

The paper presented in Chapter 3 measures the efficiency of the main monitor used in these studies, 

and is fundamental in allowing dust measurements from a directional sticky pad dust monitor (DS100) 

to be converted into airborne concentrations for direct comparisons with dispersion model. This 

conversion protocol alone provides a major step forward and enables any future dust modelling work 

to be adjusted using this dust monitoring equipment.  

The paper presented in Chapter 4 demonstrates the techniques developed so far in action, with a 

significant programme of dust monitoring and characterisation undertaken at a very complex site 

under a high level of scrutiny. Techniques developed in early work are successfully applied, with dust 

monitoring used to adjust and refine dust modelling emissions.  

Lastly, the paper presented in Chapter 5 clearly demonstrates an efficient and flexible protocol that 

can be implemented at many industrial sites that currently experience fugitive dust problems and wish 

to fully understand the dispersion of dust from their site and therefore any potential ongoing or future 

dust impacts. 

7.2. Conclusions 

7.2.1. Dust modelling 

At present, coarse dust dispersion modelling is rarely undertaken or recommended in the UK, and the 

work set out in this thesis is therefore a significant step forward to establishing this as a viable 

technique. 
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The paper presented in Chapter 2 of this thesis demonstrates that published emission rates are not 

suitable for predicting weekly variations of coarse dust emissions or maximum concentrations of dust 

emissions at mineral sites, where emissions sources are complex and many activities take place 

concurrently. The collection of dust monitoring data is therefore fundamental to understanding how 

coarse dust emissions vary at each site, so that emission rates can be ‘back calculated’ or adjusted for 

use in improving atmospheric dispersion model predictions.  

The paper presented in Chapter 3 therefore provides a fundamental platform for enabling DS100 

directional dust monitors to be used in adjusting dust model predictions by measuring monitor 

efficiency over an extended period of time, with an average dust catch of 7% suggested for use in 

calculating airborne dust concentrations over longer periods. This value allows these monitors - the 

most widely used directional dust equipment in the UK - to be utilised in dust modelling studies for 

testing dust emission factors and for use in coarse ‘nuisance’ dust model adjustment and verification. 

The improvement in model comparisons demonstrated in the last study, after the back calculation of 

emission rates, demonstrates that when emissions are accurately entered into models, subsequent 

dust dispersion is predicted with much greater accuracy. This can be achieved using a well-considered 

combination of dust monitors to derive emission rates and with other, more sensitive, locations 

extrapolated via modelling. 

The key to using air dispersion models to their full capacity for dust dispersion is therefore the creation 

and refinement of a more thorough and adjustable emission factor database for specific dust sources. 

This could include variables with major influences such as temperature and rainfall that are not 

currently included in many of the EEA or EPA emissions factors. This would also allow sites in the 

planning stages, or those without dust monitoring, to be more accurately modelled instead of 

estimating emissions based on general characteristics. Ultimately, however, this method 

demonstrates that emissions for existing sites can be understood by calculating ‘bespoke’ dust 

emission rates based on and tested using site specific dust monitoring. 

The paper presented in Chapter 4 also successfully demonstrates that after fugitive dust levels on an 

industrial site are assessed using passive sticky pad dust monitoring, emissions of PM10 can be refined 

and modelled using dust dispersion modelling.  

7.2.2. Dust monitoring protocols 

The paper presented in Chapter 5 used a significant existing dataset to refine and establish a protocol 

for this technique and demonstrates that a variety of dust monitoring points, at different distances 

and in different directions away from each dust source location are the most practical, with best 
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practice suggestions set out in Table 5.8. The results from this study also show that simultaneously 

refining predictions for both effective short-term (weekly or fortnightly) and long term (seasonal or 

yearly) dispersion predictions is practical, with additional monitoring points required for accurate 

short-term predictions.  

The suggested dust monitoring protocol is also designed to be flexible, so that programmes can be 

implemented in localities where monitors are difficult to site. The protocol can also be implemented 

in combination with existing guidance on dust monitoring, even where dust dispersion modelling may 

not be initially anticipated. In fact, the monitoring protocol itself was designed based on an existing 

dataset where modelling was not specifically considered, and with its own limitations, and showed 

excellent results, with dust modelling and monitoring results comparing very favourably. This protocol 

can therefore be used across a very wide spectrum of sites, such as any construction, mineral, waste 

or industrial sites that generate significant and potentially problematic coarse dust emissions. 

Ultimately, it will enable better estimates of coarse dust impacts at additional locations where 

monitoring is not possible to be extrapolated through dust dispersion modelling.  

7.3. Further work 

Recommendations for future improvements of the methodology include the need to analyse how 

each revised dust emission rate can be related to parameters such as site activity, rainfall and 

temperature. Whilst it is clearly a significant improvement to be able to adjust dust emissions 

appropriately, the obvious next step is for more accurate initial input emission parameters and for 

them to be more widely available and more specific to modern emission processes. This will require a 

very significant investment in time and resources, with each potential emission source ideally 

requiring individual consideration. However, as with many scientific endeavours, it is envisaged that 

this can also be undertaken naturally over a significant period of time through general use of the 

protocol outlined in this thesis. It is therefore considered that further work should comprise a study 

of these newly calculated emission rates whenever they are used, so that a new, improved database 

of emission rates can be made available. 

Ultimately this would allow for an improved database to be developed to include emission rates for 

multiple site types, including but not limited to construction and demolition sites, waste and recycling 

sites, and general industrial sites, and for dust from many different sources. 

Further research is also needed to understand other frequently used dust monitor efficiencies, such 

as dust deposition monitors, and comparisons to low cost real time light-scatter dust monitors, which 

continue to see increased use, should also be sought.  
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Abstract 

This paper describes a preliminary investigation into relationships between stickypad dust data and 
meteorological factors at two industrial sites. Site A is a construction site near the coast of the 
Caspian Sea where dust problems are anticipated due to strong winds from the north. Site B is a small 
sand and gravel quarry in central England, where dust movements towards the north east are 
monitored due to the proximity of a sensitive receptor. It was chosen due to the flexibility available 
for dust monitoring and for contrast with site A. At both sites dust samples were collected on an array 
of sticky-pad directional dust monitors. Samples were sealed and scanned for dust coverage (AAC%) 
and dust soiling (EAC %). Each site also had a weather station, such that results could be examined in 
relation to rainfall, wind conditions and temperature. For this exercise, samples were selected on the 
basis of their exposure to background dust, in order to reduce influence from anthropogenic dust 
sources workings but allow for further work once basic principles are determined. Models were 
developed via a correlation matrix between all weather measurements and the relevant temporal dust 
level. The strongest correlations were established, and linear regression was used to explore potential 
coefficients. Rainfall parameters included daily & weekly rainfall, as well as factored rainfall based 
on immediacy. Temperature measurements were averaged over the dust monitoring periods and 
compared with monthly dust trends. Increases in dust were observed at site A when temperatures 
remained high, so a constant was created which reflected this. A unique ‘wind-risk’ constant was 
established with relation to wind direction, strength and frequency. Both site models rely heavily on 
wind speeds from the appropriate direction, but site A also had strong seasonal fluctuations based on 
temperature. The final models were made using linear regression to incorporate all relevant 
parameters to form an effective representation of the dusting patterns observed. Improvements being 
considered include refining dust predictions to include site activities and adaptation to additional sites. 

Keywords: Dust; directional dust; fugitive dust; sticky-pad; empirical modelling;quarry; industrial site. 
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1. Introduction 

This paper describes a preliminary investigation into relationships between sticky pad 
dust data and meteorological factors at two industrial sites. The study uses primary 
directional sticky-pad dust data collected from two sites and outlines a basic approach to 
predict future dust movements using empirical dust modelling. Dust monitoring data from 
two sites are compared to basic weather parameters to establish trends and patterns, with 
future predictions made for model evaluation. 

2. Sticky pad dust monitors 

This study uses directional sticky pad dust monitors designed and developed by 
DustScan Ltd (Datson & Birch, 2006). The design (Fig. 1) incorporates an A4 sized sticky 
pad fitted around a plastic cylinder, oriented to north and placed on a post two meters above 
ground level. The sticky pads can be left exposed for up to two weeks and are widely used 
at UK industrial sites to pinpoint potential dust sources and pathways. The dust monitor 
shown also includes a depositional dust gauge, known as a DustDisc™, which collects 
deposited dust. Sample gauges can be installed anywhere around potential sites with an 
array setup recommended including monitors on site, at background locations, site 
boundaries and progressively closer to and at receptors.  

Once dust samples have been collected they are 
sealed using an acetate sheet (Fig. 2) and 
scanned and analysed using bespoke software. 
The software allows the quantification of the 
dust by means of dust coverage (Absolute Area 
Coverage - AAC %) and dust soiling (Effective 
Area Coverage - EAC %) (IAQM, 2012). Dust 
coverage relates to whether any dust is present 
on the sticky pad and dust soiling measures the 
‘darkness’ of the sticky pad in comparison with 
a blank reference area. Results are given in 15 
degree segments representative of the direction 
the dust appears to have come from and can be 
plotted on a 360° dust rose for visual reference 
(Fig 3.). Dust samples can also be removed from 
the sticky pad matrix if necessary via an organic 
solvent for further analysis, including 
gravimetry, mass spectrometry or SEM (Datson 
et al., 2012).  
  

Fig. 1. A directional and depositional dust monitor. 
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3. Site descriptions 

3.1 Site A 

Site A is a large oil and gas terminal in south east Europe which has recently undergone 
a large construction phase. Its location in a semi-arid area means that dust is a natural 
concern occurring frequently due to strong winds from the north of the site. A large, high 
quality data set is available due to a recent environmental and social impact assessment, 
with an array of 15 dust monitors present around the site for a period of 18 months. 
Samples were collected at site boundaries, near site activities and at receptors in the form of 
nearby settlements. A meteorological station is also present within the premises of the site. 

3.2 Site B 

Site B is a small sand and gravel quarry located in central England. The site contrasts 
Site A in respect of weather, size and dust monitoring flexibility. Dust movements away 
from the north east of the site have been monitored in relation to the proximity of a 
sensitive receptor, and more than six months of data was available at the start of the study; 
dust monitoring is ongoing. The site has an array of 8 depositional and directional dust 
monitors, including two key samplers placed at the quarry boundary, and a line of four 
monitors from the quarry towards the eastern receptor. There is also an electronic weather 
station located on the quarry boundary. 

4. Model development 

4.1 Background dust 

For this preliminary study, samples were selected on the basis of their exposure to 
‘background dust’, in order to reduce influence from surrounding anthropogenic dust 

Fig. 1. A sealed directional sticky pad dust sample. Fig. 2. A directional dust rose showing EAC%. 
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Fig. 5. Scatter graph for Site A model. Fig. 4. Model for Site A over time.  

sources. For Site A ‘background dust’ was defined as that arising from the north (330 – 
30°) and captured on the four most northern monitors. For Site B all dust was assumed to 
have arisen from natural causes (i.e. wind) due to the small scale of the operations taking 
place at the site. This allowed the simplification of the initial model and for basic 
constraints to be established before undertaking further work to quantify dust attributable to 
site workings. 

4.2 First steps 

A correlation matrix was calculated between all weather parameters and the relevant 
temporal dust levels. Rainfall parameters included daily & weekly rainfall, as well as 
rainfall factored on how recently it had fallen. Temperature measurements were averaged 
over the dust monitoring periods and compared with dust trends over the monitoring period. 
Winds were analysed with respect to direction, average wind speed over half-hour periods 
and frequency from the specific arc of interest. Increases in dust were observed at Site A 
when temperatures remained high and trends showed a decrease in dust levels during and 
proceeding rainfall. Dust levels at Site B however appeared to largely depend on wind 
levels with rainfall and temperature having limited impact. For both sites the key weather 
influence was that of wind from the specific arc of interest: from the north (330°-30°) for 
Site A and from the south west (180°-270°) for Site B. A ‘wind-risk’ constant was created 
that reflected this and was dependent on the average wind speed from that arc and the 
proportion of time the wind was from that direction.  

4.3 Linear regression modelling  

At both sites the strongest correlations were established for each weather parameter, and 
multiple linear regression was used to explore the combination which resulted in the best fit 
with the measured dust levels. The final models were established at both sites by comparing 
each linear regression model with monitored dust trends and expected dust levels based on 
weather data. 

Both models were based on an original data set; Site A used one year of data, and Site B 
used six months of data. The graphs in Fig. 4 & 6 show the measured dust levels as EAC% 
per monitoring period compared with modelled dust levels for each respective period. The 
model for Site A fit the data well (r2 = 0.67) but failed to capture some of the larger peaks. 
The model for Site B also fitted the data very well (r2 = 0.81) with most peaks captured 
accurately. Scatter plots (Fig. 5 & 7) are also given to illustrate the variability of the data. 

 

10 ProScience 1 (2014) 7-12



 

 

Fig. 5. Scatter graph for Site A model. Fig. 4. Model for Site A over time.  

sources. For Site A ‘background dust’ was defined as that arising from the north (330 – 
30°) and captured on the four most northern monitors. For Site B all dust was assumed to 
have arisen from natural causes (i.e. wind) due to the small scale of the operations taking 
place at the site. This allowed the simplification of the initial model and for basic 
constraints to be established before undertaking further work to quantify dust attributable to 
site workings. 

4.2 First steps 

A correlation matrix was calculated between all weather parameters and the relevant 
temporal dust levels. Rainfall parameters included daily & weekly rainfall, as well as 
rainfall factored on how recently it had fallen. Temperature measurements were averaged 
over the dust monitoring periods and compared with dust trends over the monitoring period. 
Winds were analysed with respect to direction, average wind speed over half-hour periods 
and frequency from the specific arc of interest. Increases in dust were observed at Site A 
when temperatures remained high and trends showed a decrease in dust levels during and 
proceeding rainfall. Dust levels at Site B however appeared to largely depend on wind 
levels with rainfall and temperature having limited impact. For both sites the key weather 
influence was that of wind from the specific arc of interest: from the north (330°-30°) for 
Site A and from the south west (180°-270°) for Site B. A ‘wind-risk’ constant was created 
that reflected this and was dependent on the average wind speed from that arc and the 
proportion of time the wind was from that direction.  

4.3 Linear regression modelling  

At both sites the strongest correlations were established for each weather parameter, and 
multiple linear regression was used to explore the combination which resulted in the best fit 
with the measured dust levels. The final models were established at both sites by comparing 
each linear regression model with monitored dust trends and expected dust levels based on 
weather data. 

Both models were based on an original data set; Site A used one year of data, and Site B 
used six months of data. The graphs in Fig. 4 & 6 show the measured dust levels as EAC% 
per monitoring period compared with modelled dust levels for each respective period. The 
model for Site A fit the data well (r2 = 0.67) but failed to capture some of the larger peaks. 
The model for Site B also fitted the data very well (r2 = 0.81) with most peaks captured 
accurately. Scatter plots (Fig. 5 & 7) are also given to illustrate the variability of the data. 

 

 

 

 
 

Fig. 6. Model for Site B over time. Fig. 7. Scatter graph for Site B model. 

 

5. Model evaluation 

Models were tested against supplementary data, with a further six months available for 
Site A and ten weeks available for Site B. Figs. 8 and 9 show the model test for Site A with 
a very good fit (r2 = 0.76) to the supplementary data; the red dotted lines indicate the 
predicted dust levels. The model captures both the peaks and troughs in dust levels for the 
six month test period. Figs. 10 and 11 show the model evaluation for Site B, which also 
gives an accurate prediction of dust trends (r2 = 0.76) but over predicts absolute dust levels. 

 
 
 

 
Fig. 8. Model evaluation for Site A. Fig. 9. Scatter graph for Site A model 

evaluation. 
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Fig. 10. Model evaluation for Site B. Fig. 11. Scatter graph for Site B 

model evaluation. 

6. Findings 

Both models show strong promise for the prediction of dust movements from a basic 
meteorological data set. One limitation of Site A’s model appears to be in the prediction of 
the highest peaks; this could be due to the limitations of linear regression modelling. A 
small difference in wind speed results in a big difference in wind energy; wind energy is 
proportional to the cube of its speed (Andrews & Jelley, 2013). The model may therefore 
require adaptation to a non-linear coefficient for wind speed to more accurately predict dust 
during periods of high wind speeds. Future developments include the addition of site and 
engineering workings into the model and ultimately adaptation to additional industrial sites. 
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1 INTRODUCTION 
 
Dust from a wide range of industrial activities has the capacity to cause environmental 
concerns. Dust may be generated in a variety of ways, from both construction and 
subsequent industrial activities, and may contain unwanted additions from the relevant 
activities and processes. The impacts may therefore vary from general nuisance to health 
implications, based on the size, volume and content of the dust. 
 ‘Dust’ is defined by BS 6069 Part 21 as particulate matter <75μm in diameter. It can 
be split into two general size fractions: coarse particles (>10μm) perceived with annoyance 
risk and finer particles associated with risk to human health.  Finer size fractions of dust 
are clearly defined and are used to indicate air quality through the Air Quality Objectives 
(AQO2) and National Air Quality Strategy (NAQS2). Coarse particles however are poorly 
defined and are often referred to as ‘nuisance dust’. The ‘nuisance’ caused is mostly 
derived from the chronic soiling of surfaces from deposited dust, or from acute problems 
such as passing dust clouds. Assessment of nuisance dust is through criteria developed by 
the Institute of Air Quality Management (IAQM3), National Planning Policy Framework 
(NPPF4) and the Mineral Industry Research Organisation (MIRO5). 
 Nuisance dust modelling is a complex field which is complicated by the potential for 
‘unlimited’ sources. In standard theoretical modelling, any activity that emits a significant 
emission must be designated with an emission ‘factor’, in order to predict how it might 
disperse. For dust emissions, any activity that results in the entrainment of dust can be 
deemed an emission: this may include wind erosion of stockpiles or bare ground, site 
movements and mechanical processes. Due to the complexity of measuring these emissions 
individually, coarse dust modelling emission factors do not exist6 and are often ignored. A 
simple technique to predict future dust movements may be to model future levels based on 
previous observations. This is explored in a case study that investigates the characteristics 
and modelling of dust. It is imperative to understand both what is contained in the dust and 
what has caused it so that future movements can be understood and predicted.  
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2 STUDY SITE 
 
The study site is located on the coast of the Caspian Sea, in an area where natural dust is an 
issue of environmental concern due to the semi-arid climate with strong prevalent winds 
from the north. The main working site is a large oil and gas terminal where dust 
movements were first studied using monitoring undertaken as part of an environmental and 
socio-economic impact assessment (ESIA) for proposed construction work. Two periods of 
dust monitoring were undertaken: initial monitoring over three months as part of a baseline 
study, and further monitoring for 18 months during a preliminary infrastructure 
construction phase. Comparisons between the two were made to evaluate the impact of the 
construction workings on dust in the area. A modelling study was undertaken to help 
understand what caused the dust trends observed, why they occurred during certain 
weather conditions and ultimately predict dust patterns generated by natural sources. This 
would enable the site operator to understand any dust impacts and what the underlying 
causes were. Weather data were also collected at an onsite meteorological station. 
 
 

3 DUST MONITORING 
 
Passive dust sampling was undertaken at ten initial monitoring stations, expanding to 
fourteen for the main investigative period, each with a DustScan directional and 
depositional sticky pad dust collector. Monitoring locations (Figure 1) included an array of 
background samplers (upwind), samples at site boundaries, downwind samples and 
samples taken at nearby population centres (receptors). The array enabled potential 
pathways of fugitive dust from sources to receptors to be investigated and understood.  
 Sticky pad monitors are routinely exposed for periods of a few days up to a 
recommended maximum of two weeks and are sealed with a transparent film upon 
completion7. Samples are scanned and analysed using bespoke software where 
measurements for dust coverage (Absolute Area Coverage – AAC %) and dust soiling 
(Effective Area Coverage – EAC %) are made to give an indicative risk value for dust 
nuisance. The sticky pads have an adhesive that can be decoupled to enable the 
encapsulated dust to be removed and filtered for further analysis7. With directional dust 
samples analysed in 15° segments, sub sampling can be undertaken based on the inferred 
point of origin and subsequent pathway.  
 
 

4. DUST CHARACTERISATION STUDY 
 
4.1 Analytical methods 
 
A comprehensive suite of analytical methods was used to test selected dust samples from 
both the baseline study and the main monitoring period. Soil samples at dust monitoring 
points, road dust samples and grab samples from construction spoil heaps were also tested 
for comparison. Sticky pad sub-samples were taken from both directional and depositional 
dusts from receptors, background locations and on site boundaries. Sub sampling from 
directional dust samples used 15° arcs of interest from the relevant direction. The 
characterisation study was undertaken using mass spectrometry, mineral analysis and 
particle size grading. This combination of analyses allowed for changes in dust content to 
be comprehensively assessed. 
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Figure 1 The location of fourteen dust monitoring stations (black dots). The central green 
line outlines the site ownership boundary, the black box is the current site and the orange 
box is the construction expansion area. The south-eastern green line is a main road where 
road dust samples were also taken. The blue line across the coast is a motorway. 
Receptors can be found in the south, east and west, and are denoted by red boxes. 
 
 Elemental analysis was undertaken using an Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS) at the University of Portsmouth. The model used was an Agilent 
7500ce, and sample preparation was completed as explained in Fowler et al8. Particle size 
analysis was determined by laser granulometry using a Malvern Mastersizer. Mineral 
characterisation was undertaken by QEMSCAN, an automated mineral analysis system 
using Scanning Electron Microscopy - Energy Dispersive X-Ray Spectrometry (SEM-
EDX). Sticky pad directional and depositional dust samples, soil samples, road dust 
samples and spoil heap samples were analysed using all three methods. 
 
1.2 ICP-MS Results  
 
The results of ICP-MS analysis are summarised in Figure 2, showing the proportions of 
major elements in a selection of samples. Silicon is not included because it is lost as a 
vapour during sample preparation. 
 Figure 2 shows that the element proportions were similar for both dust samples and 
soil samples, although it can be noted that there was considerably more Ca in the road dust 
samples than the other samples. There was also an increased proportion of Ca in the 
southern receptor dust samples; indicating a higher proportion of calcitic material in the 
dust arising from road traffic or local construction activities.  
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Figure 2 Major elemental proportion results from ICP-MS analysis of dust, soil and road 
dust samples.  
 

Excluding the road dust samples, Na and K were at reasonably similar proportions in 
most samples comprising 10% of the dust and soil. Other elements such as Al varied more 
widely; this may be linked to mineralogy. Correlations between background soils and 
background dusts were strong (r2=0.79) and dusts from across the site essentially the same 
(r2=1). 
 
4.3 QEMSCAN Results 
 
QEMSCAN results are summarised in Figure 3 with the major mineral components 
reported.  The mineralogical characteristics of the dust and soil samples show varied 
results, although good correlations were again found between background soils and 
background dusts (r2=0.74). Soil sample mineralogy was varied however, with more calcite 
in receptor samples in addition to the road dust samples. This is consistent with the high 
proportions of calcium found in the ICP-MS results. Most dust samples comprised similar 
proportions of major minerals as the background soil, indicating that the dust was largely 
derived from local soils. 
 The very high proportion of calcite in the road dust and higher proportions in samples 
at receptor is considered to be due to spillages from road traffic. Nearby hills are quarried 
for calcite-rich limestone, which is transported by road via local receptors, and spillages of 
limestone from road transport are common. In summary, QEMSCAN analyses were 
consistent with findings from the ICP-MS results; dusts were derived mostly from local 
soils. 
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Figure 3 Major mineral proportion results from QEMSCAN analysis of dust, soil and road 
dust samples. 
 
 
4.4  Granulometry 
 
Particle size grading for dust samples are summarised in Figure 4, where dust particle sizes 
for different locations during the same week ranged from less than 1μm to above 2000μm 
in diameter. Over 50% of particles were less than 100μm, and there were no major 
differences in average particle size grading between dust localities. Figure 4 also shows an 
interesting bi-modal distribution; this could be associated with different wind profiles over 
the week-long dust sampling period. 
 Sample results were also similar across the site during other monitoring periods, 
but varied temporally in response to differing weather conditions. Higher proportions of 
coarse particles were observed during periods of high wind; this is thought to be due to the 
increased energy required to suspend large particles9. 
 
4.5 Summary of results 
 
Overall, dusts and soils were found to have the same elemental and mineralogical 
composition with dusts during both the baseline and construction phases. Dusts from the 
background, expansion area and receptors were also comprised of similar major minerals  
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Figure 4 Particle size grading (cumulative) plot for dust samples from the same 
monitoring period. 
 
(r2 = 0.78) to the calcareous sandy silts and clays that make up the majority of local soils. 
One exception was in concentrations of calcite, which was increased in dust samples close 
to roads compared to dust samples from other areas. The only other difference in dust 
composition was in particle size grading, with grain sizes changing by week but 
maintaining similarities throughout the sample area for a given sample period. 
 
 
 5 DUST MODELLING STUDY 
 
For this preliminary trial, the first twelve months of data from the main sampling period 
was compared with weather data collected from an onsite monitoring station. This firstly 
enabled the observed dust trends to be understood in terms of cause and effect. Patterns 
emerged indicating that background dust levels were closely linked to weather parameters. 
This included high dust levels originating from north of the site, which were observed to 
correlate with respective high winds from the north. Dust levels were also significantly 
increased during summer months and after periods of low rainfall. A study was undertaken 
in order to produce a basic empirical model, using weather parameters to predict future 
dust levels. 
 
5.1  First steps 
 
One key part of the study was to establish which collected dust was to be modelled and 
using what measurement. From initial comparisons of dust levels compared to weather, it 
was decided that ‘background dust’ would be modelled; this was defined as that arising 
from north of the site (330- 30°) and captured on the four most northern directional dust 
monitors. Both dust coverage (AAC%) and dust soiling (EAC%) measurements were 
analysed from background dust levels, but dust soiling of the sticky pads (EAC%) was 
chosen to be modelled as it had the advantage over dust coverage which tended to ‘max- 
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Table 1 Weather parameters tested in the correlation matrix for rainfall only 
 

Weather variable Description 
Total rain Total rain over the monitoring period (MP) 

Rain/day Total rain over the MP, divided by number of 
days during the MP 

Rain/ average Average rain over the last 3 MP 

Rain/day/factored Rain/day factored over the last 3 MP, with 
increased influence for most recent (45/30/25%) 

Rain risk A coefficient generated by a lookup table for 
factored rain/day 

Days of rain Total days where > 0.1 of rain fell during the MP 
Ratio days of rain Days of rain divided by days during MP 
Average days of rain Average days of rain over the last 3 MP 
Average days of 
rain/factored 

Average days of rain over the last 3 MP, with 
increased influence for most recent (45/30/25%) 

 
out’ at 100% during heavy periods of dusting. Furthermore, dust soiling levels were 
averaged over each monitoring period to give EAC%/day – thus taking into account the 
variability in sample monitoring period length. This allowed the simplified initial model to 
use only dust from natural causes, allowing for basic principles to be established before 
dusts could be attributed to specific site workings or processes. Deposited dust levels were 
also collected but not modelled due to uncertainties in the collection efficiency of sticky 
pads at high wind speeds. 
 
5.2  Model development 
 
A correlation matrix was created to establish the strongest links between background dust 
levels and four weather parameters: rainfall, temperature, wind speed, and wind direction. 
Each parameter was tested in a set of variables against background dust levels, with an 
example for rainfall shown in Table 1. The three variables with the best fit were chosen, 
with one from each parameter; average daily temperature over the monitoring period (MP), 
average daily rainfall over the MP and a ‘wind risk’ coefficient based on the average wind 
speed and the proportion of wind from the north during the MP. This coefficient was 
created to reflect the intensity and duration of winds from the north for each sample period.  
 Multiple linear regression was used to combine the three variables into a model. This 
attempts to model the relationship between two or more explanatory variables and a 
dependant variable by fitting a linear equation to the observed data. Each explanatory 
variable is given an individual constant by which it is multiplied. The three variables are 
then added together in combination with an intercept to create a best fit with the dust levels 
measured (Figure 5). An example of the data set for each variable is shown in Table 2. 
Temperature and wind risk had the biggest influence, with both demonstrating a positive 
correlation with dust movements, whilst rainfall had a smaller influence (approximately 
10%) on dust predictions with more rainfall resulting in decreased modelled dust. This may 
be specific to the site; average daily temperature fluctuations range from of >30°C to <0°, 
which may cause temperature to having an increased effect on dust generation. 
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Figure 5 Measured dust levels plotted against modelled dust levels for the initial 12 month 
monitoring period. 
 
5.3  Model evaluation 
 
The resulting model, based on the first year of sampling, fit the data well (r2=0.67) but 
under predicted some of the major dust levels that were measured. The effect of 
temperature can be seen by the increase of both measured and modelled dust levels during 
 
Table 2 Calculations of modelled dust levels vs measured dust levels for 30th May 2012 to 
21st July 2012 
 

Monitoring 
period end 

date Days

Rain 
per day 
(mm)

Average 
temperature 

(°C)

RatioN 
(days of 

wind from 
N / days in 

MP)

Average 
northern 

wind speed 
(m s -1) 

(speedN)

Wind 
risk 

(ratioN*
speedN)

Modelled 
dust 

(EAC% / 
day)

Measured 
background 

dust  
(EAC% / 

day)
30-May-12 7 0.58 22.6 0.14 4.5 0.64 1.51 0.48
06-Jun-12 7 0.04 24.1 0.29 9.6 2.76 3.16 1.87
13-Jun-12 7 0.22 26.5 0.43 14.6 6.26 5.67 5.30
22-Jun-12 9 4.26 26.0 0.11 11.9 1.32 1.56 1.61
27-Jun-12 5 0.00 25.6 0.20 3.5 0.69 1.94 0.22
04-Jul-12 7 0.44 23.6 0.43 8.2 3.51 3.54 3.71
07-Jul-12 3 0.00 25.9 0.33 10.7 3.57 3.87 8.32
10-Jul-12 3 0.00 28.4 0.67 8.4 5.62 5.46 6.56
14-Jul-12 4 0.00 27.0 0.25 3.9 0.98 2.25 0.51
17-Jul-12 3 2.29 27.4 0.67 7.8 5.18 4.62 5.08
21-Jul-12 4 0.13 27.8 0.75 9.4 7.02 6.29 6.97
24-Jul-12 3 0.00 28.2 0.00 0.00 1.72 0.01
31-Jul-12 7 0.00 28.5 0.29 9.0 2.58 3.45 3.43  
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Figure 6 Measured dust levels plotted against modelled and predicted dust levels for the 
full 18 month monitoring period. Predicted dust levels are shown with a dotted red line.  
 
the summer period and subsequent drop from Oct-12 onwards. Wind speeds and 
proportions from the north cause dust levels to change erratically over short spaces of time 
in the summer and this proved difficult to fully capture in the model. Rainfall had little 
impact on predictions other than supressing modelled dust levels during heavy periods of 
precipitation. 
 The model was evaluated against recorded dust levels over the next six months. 
Weather data from the following six month period was input into the regression model and 
a prediction was made for dust levels. Background dust levels were then compared with 
positive results (Figure 6). The dust levels predicted showed high levels of accuracy 
(r2=0.76), presenting with a better fit to the data than the original. Each peak and trough 
was predicted although some were underestimated and some were overestimated. 
 
5.4 Summary of modelling study 
 
Overall the modelling study has shown significant potential for the prediction of dust 
movements at and around industrial sites from a basic meteorological data set. One main 
limitation of the method appears to be in the modelling of the highest values; this may be 
attributed to the limitations of linear regression modelling. Linear regression modelling can 
by definition only model values with a linear relationship, and wind speed may have a 
cubic relationship with dust movements. This is because wind energy is proportional to the 
cube of wind speed9; small changes in wind speed can result in a big change in wind 
energy. The method could therefore be adapted to include a non-linear coefficient for wind 
speed in order to predict dust during periods of high wind speeds more accurately. Future 
developments can also include incorporating full scale site engineering and construction 
operations into the model. There also appears to be the potential for developing a general 
procedure for bespoke modelling of dust dispersion from other industrial, construction and 
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dust generating sites. Modelling could be based on routinely available, meteorological data 
in addition to samples collected from dust monitoring as part of base-line environmental 
investigations. 
 
 
 6 CONCLUSIONS 
 
This study has shown that by combining dust characterisation and dust modelling it is 
possible to understand both the content of collected dusts (and thus their origin), and the 
natural causes for their movements. The characterisation study revealed that dusts and 
local soils were essentially the same, whilst the modelling trial indicated that most dust 
movements from the north could be attributed to specific weather conditions. It may 
therefore be possible to predict dust movements at the site in addition to knowing the 
mineralogical and elemental make-up of the dust. 
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Fugitive Dust
Bespoke modelling of fugitive dust propagation from industrial sites

This article describes a new approach, which aims to create 

bespoke modelling methods that are more refined for  

site-specific predictions. 

Introduction 
The following sections will introduce the background of dust 

propagation, software modelling, risk predictions, and objectives.

Background

‘Dust’ is defined in BS 6069 Part 2 (BSI, 1994) as particulate matter up 

to 75µm in diameter. One expression for the coarser fraction of this is 

Total Suspended Particulates (TSP). Other expressions, such as 

‘nuisance dust’ and ‘fugitive dust’ are used, and these terms are also 

generally taken to mean ‘visible particulate matter’. Unfortunately, such 

expressions are poorly defined and as a consequence there is no 

satisfactory measurement method for such material. The effects of this 

coarser fraction can be both chronic and acute, from the long term 

soiling of surfaces to the immediacy of visible dust plumes. The finer 

size fractions of PM10 and PM2.5 (dusts with an aerodynamic diameter 

less than 10 or 2.5µm) are measured much more accurately and  

are closely monitored because of their association with impacts on 

health, through inhalation. Concentrations of PM10 and PM2.5 are 

therefore used as indicators of local air quality through the National  

Air Quality Strategy (NAQS) and associated Air Quality Objectives 

(AQO) (Defra, 2007).

Fugitive dust movements from industrial sites have the potential to 

cause problems in surrounding areas, often through its accumulation 

over time. Emissions of such material can be monitored through dust 

sampling, in which dust monitors are positioned to sample dust both in 

flux and in settlement. Ideally, these devices are deployed as an array 

to monitor dust within, on and beyond site boundaries, and to evaluate 

dust levels from a range of sources and in the directions of off-site 

receptors. In certain circumstances, however, this may not always be 

feasible. Sites might be undergoing expansion or change, access 

might not be permitted or the project might simply be in the planning 



December 2015/January 2016 | AWE International 29

Weather Monitoring

stage. Accurate dust predictions, however, might still be required by 

regulatory bodies or operators for planning applications. Consequently, 

meaningful prediction of the potential risks that are posed to nearby 

receptors might be required. Predicting the levels of dust emitted from 

individual sources, and more importantly whole sites, can be 

problematic for a multitude of reasons including but not limited to the 

local topography, weather conditions, the nature of dust-generating 

operations, distance and directions between source and receptor, 

levels of screening, and even the local demography due to several 

potential sources. Current methods to resolve the problem may be 

split into two broad approaches: software modelling and risk prediction 

based on professional judgement.

“current methods to resolve the problem 
may be split into two broad approaches: 
software modelling and risk prediction 
based on professional judgement”

Software modelling

Software models designed for use in air quality investigations may be 

used for nuisance dust predictions. Those normally employed are 

Gaussian dispersion models which require complex source emission 

data to be accurate. They are typically used to investigate air quality, 

often in urban areas, using plume dispersion calculations for gases 

such as NOx (nitrogen oxides) and SO2 (sulphur dioxide) and finer 

dusts such as PM10 or PM2.5. For such studies, emission inventories for 

point sources such as stacks, or linear sources such as roads, are 

readily available in the UK and abroad. Problems occur, however,  

when pollutants such as visible, ‘nuisance’ dust are modelled; such 

pollutants are generally associated with area sources and reliable 

emission inventories for such material are very limited. Available data 

include basic estimates such as those by the European Environment 

Agency (EEA); for example, the EEA indicates that the storage of 

minerals, without dust suppression, would give rise to 8.2 tonnes of 

total solid particulates (TSP) per hectare per year. Other such 

calculations at mineral sites, available both from the EEA and the US 

Environmental Protection Agency (EPA) are based on emission 

contributions per unit weight of material transferred. Many estimates 

do not, therefore, take into account any site or substrate information, 

let alone any temporal fluctuations in weather conditions. Even those 

that do have been shown to be inadequate compared to 

corresponding observations (Venkatram, 2000).

Risk prediction

The other common approach uses tabulated risk values based on 

professional experience to assess likely dust nuisance based on factors 

such as the source to receptor distance, the number of receptors and 

their sensitivity, the site size and type and typical weather conditions in 

the area (e.g. IAQM, 2014). Using a combination of these, calculations 

can be made on the likely magnitude of impacts for fugitive and 

windblown dusts. Such procedures are useful for analysing a site’s 

impact on a surrounding area, but are not able to provide predictions  

of dust levels or the likely conditions for significant dust events. 

Objectives

This article describes a new approach that aims to create bespoke 

modelling methods that are more refined for site-specific predictions.  

A case study is presented where a new approach to software 

modelling is shown using original dust monitoring data. An alternative 

assessment using data from the literature is shown as a comparison 

with site-specific modelling.

Methodology 
Equipment

This study used sticky pad dust monitors to assess nuisance dust 

movements. Passive sticky pad dust monitors can be used to collect 

dust both in flux on directional sticky pads mounted on cylinders for 

360° capture, and in deposition on horizontal mounts. Samples are 

routinely taken over seven or 14 day intervals before being scanned 

and analysed using custom software. Dust coverage (Absolute Area 

Coverage – AAC%) and dust soiling (Effective Area Coverage – EAC%) 

are then reported for each 15° segment (or the average for dust 

settlement samples) that indicates the direction in which the dust was 

travelling at the moment of capture and the potential risk of nuisance. 

The adhesive allows the dust to be removed from the sticky pad for 

filtering and reporting in total mass, as well as for further 

characterisation such as elemental or mineral analyses or particle size 

grading. This enables dust to be ‘fingerprinted’ to separate dusts from 

their respective sources (Fowler et al, 2013).

“passive sticky pad dust monitors can  
be used to collect dust both in flux  
on directional sticky pads mounted  
on cylinders for 360° capture, and in 
deposition on horizontal mounts”

Case study site

A central England mineral site was used for a trial study into both 

assessing bespoke empirical models and in the first steps of 

developing site specific emission factors for use in existing modelling 

software. The site chosen had two years of available dust monitoring 

data with eight directional and depositional sticky pad dust monitors 

located around the site. Two were located on the site boundary and >
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a row of five sampling stations ran from south west to north east; the 

direction of the prevailing wind. An electronic weather station was also 

located on the western boundary of the site. The site management 

team assisted in supplying supporting data, including site movements 

and activities.

The first steps taken were to examine the accuracy of existing emission 

factors from the literature by comparison with collected samples. The 

emission factors used were taken from guidance from the EEA and the 

EPA and were as follows:

1 The EEA‘s 2013 Guidebook for ‘Storage, handling and transport  

of mineral product’ (2.A.5.c) states that 16.4 tonnes of TSP will be 

emitted per uncontrolled hectare per year, with 95% confidence 

intervals of 8.2 tonnes and 32.8 tonnes. Controlled emissions will be 

reduced by a factor of 10. PM10 emissions are assumed to account 

for 50% of the total.

2 The US EPA’s AP42 guidance, section 13.2.4 for ‘Aggregate Handling 

and Storage Piles’, provides an equation for emissions from stockpile 

transfers that uses wind speed and moisture content to calculate 

emissions of dust in kg per tonne of material transferred.

Using data from the on-site weather station and the quarry site 

movements, emission rates were calculated on an hourly basis 

through a six month period when dust sampling had been undertaken. 

These then provided an input parameter for a commercially available 

software package, which is widely used in the UK for environmental 

pollution modelling.

The following additional data were required:

•	 Source,	monitoring	location	and	receptor	coordinates

•	 Weather	data	including	wind	speed	and	angle,	cloud	cover,	rainfall	

and temperature

•	 Terrain	data	for	the	site	and	the	surrounding	area

The site was treated as one large area source, with emission rates 

calculated as ‘constant’ from mineral storage piles and the quarry floor 

and haul roads, and ‘variable’ for emissions from site movements and 

mineral transfers. Modelling outputs were both as a grid for contour 

mapping, and individual points for comparison with relevant dust 

samplers, with hourly averages for the whole six month period. Weekly 

concentrations were calculated for comparison with the dust 

monitoring data.

“using data from the on-site weather station 
and the quarry site movements, emission 
rates were calculated on an hourly basis 
through a six month period when dust 
sampling had been undertaken”

Dust monitoring units

In order to compare dust sampling results with the outputs of the 

modelling software, which were given in dust mass per unit volume 

(mg m-3), it was necessary to calculate the mass per unit volume. The 

dust sampling collection methods outlined provided results for dust 

soiling of the sticky pads and, after additional laboratory analysis, in 

dust mass per unit area of the sticky pad (mg m-2). An additional dust 

sampler with a known efficiency was therefore located next to a sticky 

pad dust monitor to assess the efficiency variations. A linear 

regression model was prepared to evaluate the efficiency of the sticky 

pad sampler by comparing the two sets of results in addition to wind 

speed data. This enabled sticky pad dust sample data to be converted 

into mg m-3.

Results
The first set of results showed that the overall level of dust predicted 

using the published emissions factor inventories were of the right  

order  (93µg m-3 predicted compared with 54µg m-3 measured) but  

did not pick up the temporal variations that occur from week to week 

(Figure 1). Most importantly, the period with the highest dust was >

Weather Monitoring Figure 1. Dust concentration predictions compared with monitored dust levels at three locations. Standard 
dust emission factors were used from the US EPA and the European Environment Agency
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predicted using the published emission factors, but the level of dust 

modelled was far lower than that measured on site by a factor of 3 

(148µg m-3 predicted compared with 436µg m-3 measured). The 

second highest monitored dust incident was not predicted at all.

In the context of these findings it was inferred that a method for back 

calculation might be possible to establish effective emission factors 

and thence improve the accuracy of the models.

“the model accurately predicted the 
dispersion of dust for the prevailing site and 
weather conditions, once emission rates 
were established useful predictions could 
be made”

New methodology
In order to establish effective emission factors based on site dust 

monitoring data, the previous model results were adjusted with 

reference to the dust levels obtained from a boundary monitor at the 

site. There was a linear relationship between source emissions from 

the site and concentrations at the boundary, so a simple adjustment 

was made to ‘back calculate’ the emission rate at the source over the 

whole six month period. Emissions were adjusted for each half hourly 

period and the model was subsequently run again with the revised 

emission rates and tested against different sampling locations.

Results

Figure 2 shows that at two different dust monitoring points the new 

predictions matched the sample data very closely (r2 > 0.89). The 

average concentration throughout the period also compared well at 

both locations (25 µg m-3 actual at monitor 1 compared with 21µg m-3 

predicted, 12 µg m-3 actual at monitor 2 compared with 10 µg m-3 

predicted). The results therefore showed that the model accurately 

predicted the dispersion of dust for the prevailing site and weather 

conditions, and that once the emission rates were established useful 

predictions could be made.

Discussion
Nuisance dust movements can cause significant problems within and 

around some industrial sites; considerable expense can be incurred in 

installing and using dust suppression equipment that may only be 

required occasionally. Settling local disputes may also be difficult and 

awkward if further planning permissions are needed. It is important, 

therefore, that any predictive work is accurate and well-founded to 

enable sound judgement of potential or existing problems. The initial 

results using published emission factors show that there is room for 

improvement in nuisance dust predictions. Many published emission 

rates do not take into account site conditions or any seasonal variations 

and are given as flat rates, whereas ground and weather conditions 

may vary greatly. Professional experience, however, shows that dust 

movements are largely dependent on weather conditions that in turn 

may influence ground conditions. The key to using models to their full 

capacity is to accurately measure or back calculate emission rates.

The method described above demonstrates a new approach to 

modelling nuisance dust movements at industrial sites. What has been 

presented is the back-calculation of dust from a site as a whole. The 

apportionment of dust to specific sources can be further aided by 

elemental modelling of specific dust sources and their contribution to 

dust at the site boundary or receptor. It is therefore possible to further 

understand the extent to which a specific source contributes to the 

cumulative dust at, say the receptor or site boundary. Often on large 

construction sites and quarries it is apparent that there may be several 

significant sources of dust. Some indication of which source might be 

most significant may come from a visual analysis of the dust movement 

patterns. By means such as this a database can be built up of specific 

emission factors for individual site activities, which can be a powerful tool 

in predicting fugitive dust movements at sites with no dust monitoring.

Conclusions
The collection of dust monitoring and weather data is the key  

to calculating site-specific dust emission rates. This should have 

Figure 2. Dust concentration predictions compared with monitored dust levels at two off-site locations. Emission 
factors were ‘back calculated’ with reference to a boundary monitor to test resulting predictions at other locations 
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regard to source-pathway-receptor objectives and to the prevailing 

wind directions.

From an established dust emission rate, data from a single and 

appropriately located dust monitor may be used to predict dust 

dispersion to other locations and in other directions with the proviso 

that weather conditions are broadly similar to those obtained during 

the dust monitoring period.

When a comprehensive database of dust emission factors has been 

established this information could be used to predict dust dispersion 

at sites with no data or with no current dust generation. Such 

circumstances may arise when assessing new construction projects. 

This work will depend on a good understanding of the equipment and 

activities to be used.

This approach can also be used to assess the importance of different 

components of site dust where several sources of dust contribute to 

the dust that is collected at or beyond a site boundary. The ability to 

assess changes in the chemical and physical properties on the 

dispersion of dust compared with those properties at dust sources is 

currently under investigation. n
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ABSTRACT

An empirical technique to model dust dispersion beyond the quarry boundary of a sand and gravel working is
described starting with the use of linear source-to-receptor dust monitoring.  Base-line monitoring shows how dust
levels vary between monitors and provides one element of the basic data used in this method of predicting off-site
dust.  Meteorological data is the other element and this data is best collected using on-site weather stations which are
now readily available.  Using wind speed, rainfall and temperature (key constraints in dust dispersion) and the recorded
levels of dust for the same periods, linear regression methods can be used to establish relevant factors for site specific
modelling and for the prediction of dusting based on future weather conditions.  Good correlations were achieved
between predicted and measured dust levels at the site boundary resulting from a range of quarry activities. Dust levels
at a receptor beyond the quarry boundary could also be estimated.

The key sources of quarry dust are listed, the need to determine dust emission factors for specific dust sources is noted
and first steps in the estimation of source emission factors are outlined.

Bruce, J., Walton, G. and Datson, H. 2015. Aspects of empirical dust modelling associated with quarries.
Pp 170-175 in Hunger, E. and Brown, T.J. (Eds.)

Proceedings of the 18th Extractive Industry Geology Conference 2014 and technical meeting 2015,
EIG Conferences Ltd, 250pp.

e-mail: johnb@dustscan.co.uk or geoffw@dustscan.co.uk

INTRODUCTION

This paper is concerned with the prediction of off-site
dust arising from quarries or other dust generating sites.
Quarries are recognised dust sources and operators are
often required to address the potential impact of dust in
base-line studies for Environmental Impact Assessments,
by formulating Dust Management Schemes and by
preparing Dust Action Plans.  

The investigation described herein relates to a small
sand and gravel working in southern England and
considers variations in levels of dust across the quarry,
related earthworks and beyond the curtilage of
operations using software analyses of levels of dust
collected by directional dust monitoring.  The objective
was to predict dust levels at off-site receptors on the basis
of routine baseline dust and meteorological monitoring.
The mineral workings lie in a rural area of gently
undulating ground in arable and pastoral use with only
isolated built development. A dust sensitive receptor
occupied one such property, the location of which lies
just beyond the right-hand (eastern) end of the pathway
shown in Figure 1 (monitor E).

BACKGROUND

Monitoring dust levels

Dust monitoring is often carried out at site boundaries.
However the value of collected data can be greatly
enhanced by extending data collection, both into the
quarry towards principal dust sources, and outwards
towards external receptors (Figure. 1). Directional dust
levels, an example of which is given in Figure 2 are for
a single monitoring period, and at a point along the
source-receptor pathway; they are measured as dust
coverage (Average Area Coverage - AAC %) and dust
soiling (Effective Area Coverage - EAC %) (Walton et al,
2008). Levels of dust vary depending on the direction
from which dust is coming. In this case, the level of dust
recorded increases across the operation from the south
and west, up to the second monitor (B on Figure 1) on
the northeast corner of the site.  From that position, the
levels of dust recorded fall progressively eastwards,
towards the receptor just beyond the eastern end of the
pathway (monitor E). 

Data was collected over several months to cover
variations in operational activity and weather conditions.
From this it is possible to investigate the relationship
between the dust levels at the quarry boundary and those
further to the east towards and including the receptor.
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Figure 3 shows a plot of the average EAC% and AAC%
dust levels recorded at monitors along the pathway, from
the source (between monitors A and B (shown on Figure
1)) to points nearer the receptor.  The correlation
between off-site dust levels at monitor D, 150m from
quarry edge, and at the boundary monitor (B), at the
quarry boundary, was moderately positive (r2 = 0.51), but
showed a number of ‘outlying’ data values where dust
levels were increased beyond the site boundary.  The
monitoring periods during which these outlying dust
values were recorded were therefore checked for other
potential, off-site dust generating activities.

Dust monitoring should always include records of on-
and off-site activities with potential for dust generation;
dust seldom comes from only one location in a quarry
and quarries are rarely the only dust source in the
vicinity. In this location seasonal arable farming activities
included cultivations and harvesting. The removal of the

outlying points, which coincided with agricultural
activities, increased the correlation (r2 = 0.72). The basis
for such a step can often be confirmed by microscopy
and other physical/chemical tests of directional samples,
since different dust sources usually have distinctive
characteristics. Microscopy was another area of
investigation but is not considered further in this paper.
The mineralogy of soils commonly reflects that of the
superficial deposits and inorganic fertilisers, these in turn
may or may not mirror the mineralogy of the materials being
excavated in the overburden and bedrock at the quarry.

Meteorological data and dust assessment

Weather conditions have an important impact on dust
levels. It is essential that meteorological data are
collected or available for interrogation when assessing
dust distribution, especially when there may be off-site
concerns. This helps to understand source to receptor
movements by providing evidence of the provenance of
wind-blown dust. 

On-site meteorological monitoring is preferable since
significant differences in, for example, the frequency and
magnitude of wind from specific directions can arise
between sites within a few kilometres, especially when
the topographic setting differs.  The cost of simple
electronic weather stations is such that all quarries with
dust concerns should have such installations. 

The relationship between dust levels and weather
conditions is critical to understanding dust dispersion and
the key to this is wind speed and frequency in the
direction of the dust source-receptor alignment.  This can
be explored by correlating wind speeds with average
dust levels in the relevant direction and monitoring
period. Further adjustments are needed to accommodate
rainfall and temperature. Active and antecedent rainfall

Figure 1. Left image: The quarry site and surrounding farmland to the north east.  Grid lines have a 100m spacing. Solid black dots are
monitoring locations, the quarry boundary is shown as a solid blue line and a pathway between the source and receptor is shown as a solid
red line. The receptor is at the north eastern end of the pathway. Right image: The wind rose is based on meteorological monitoring at the
quarry and relates to the whole sampling period. The coloured segments within the wind rose refer to the proportion of the wind from that
direction, and the magnitude of the wind speed is shown in the legend.

Figure 2. Effective Area Coverage (EAC) and Absolute Area
Coverage (AAC) dust levels indicating the direction of source at one
location along the pathway and showing directional differences in
dust reflectance and dust coverage respectively for dust arriving
from different directions. The dust soiling (EAC) is significantly
lower than the dust coverage (AAC), although both are from the
same direction. Each concentric circle shows a 25% increment.
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suppresses dust dispersion and higher temperatures tend
to dry out surfaces and promote dust emissions (Holman
et al, 2014). 

For this study, dust levels recorded at monitoring
locations and meteorological data were collected for a 6
month period from April to October 2013. Using linear
regression models it has been possible to develop a
numerical relationship between measured dust levels at
the quarry boundary and weather data.  Coefficients were
derived empirically for wind speeds in both the source-
receptor direction and all directions, for rainfall, and
average temperature for each monitoring period.
Monitoring took place over consecutive 7 day periods
and the weather data was based on the average of 30
minute intervals throughout the 7 day periods. 

The equation thus defined is as follows:

EAC%
day = m+0.19u1+0.026u2+1.08u3+0.094t+ 0.054p

Where:-

m = -3.14

u1 = Average wind speed from the SW (m s-1, 180-270°)

u2 = Proportion of wind from SW 

(
No. half hour periods of wind from SW

)
No. half hour periods of wind

u3 = Average wind speed (all directions)

t = Average temperature (°C)

p = Ratio wet days (
Days with ≥0.2mm precipitation

)
Days in monitoring period

A plot of measured and modelled EAC% is shown on
Figure 4. The model based on six months of weather data
(April to October 2013), showed an excellent correlation
(r2 = 0.75).  The subsequent testing period of one year to
September 2014 was used to compare the predicted and
measured dust levels. The model had a good correlation
for the total testing period (r2 = 0.66) but was more
accurate during the summer of 2014 (r2 = 0.69) compared
with the previous winter (r2 = 0.40): this may be because
the model was based on summer monitoring. The
predictions were over- rather than under-estimated
possibly relating to estimating the longer term impact of
rainfall and falling temperatures during winter.  Dust
concerns tend to be greatest between March and October
in southern England, so base-line monitoring at that time
is appropriate.

Other techniques for correlating weather and dust data
have been attempted, for example using Microsoft’s Excel
Solver tool to help create non-linear equations.  Similar
levels of correlation were found for the same basic data
but work is ongoing.

Referring back to Figure 3 it can be seen that the
dusting level at the receptor was about 10% of the EAC%
level at the site boundary.  Hence the possible level of
dust arriving at the receptor could be established in
relation to that figure, although the potential for dust
arising from agricultural activities in the ground between
the quarry boundary and the receptor remain.

Figure 3. Directional dust levels from quarry floor to the receptor measured in AAC% and EAC%.
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IMPLICATIONS

The benefit of this form of analysis is that it enables
determination of those weather conditions during which
significant dust impacts might occur at the receptor.
Based on relationships such as those shown in Figures 3
and 4 it seems possible to assess when, and how often,
dust might become a nuisance at the receptor.  Similarly
dust levels should be predictable on the basis of real-time
weather conditions. Clearly if the dust and
meteorological monitoring has only been undertaken as
part of a short base-line monitoring programme it is
important to compare the meteorological data with that

of a longer established weather station. This enables the
variations in wind speed and wind direction at other
times of the year to be assessed, although adjustments
might be necessary to account for differences in weather
data collection.

Figure 5 is a proposed matrix of potential dust impacts
relating to general weather conditions in southern
England using wind speed, temperature and rainfall data;
this is based on experience and analysis. Clearly this has
to be related to the source of dust, the frequency, levels
and direction of prevailing winds and especially to the
distance and barriers between the source and receptor. 

Figure 4. Plot showing directional EAC% levels at the site boundary and modelled and predicted EAC% levels based on linear regression
modelling. The period of monitoring was from April to October 2013, followed by the predicted period from October 2013 to September 2014.

Figure 5. Suggested matrix of potential dust impacts resulting from specified weather condition
based on monitoring data from sites in southern England. 
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From this, potential problems at receptors could be
related to levels of dust measured at the site boundary
and/or be based on the frequency of weather conditions
likely to give rise to problems, if the quarry is working
without suitable dust control measures. At the sand and
gravel workings referred to above, the frequency of
medium or high impacts from quarry dust over the 17
month period of monitoring was negligible.  The highest
wind speeds often gave rise to the highest daily EAC%
levels at the boundary dust monitor, but as may be
inferred from Figure 3, the dust levels at the receptor
would have been significantly lower for the same period
(<10%). Consistent winds from the west-southwest at
speeds in excess of 7m/s in dry conditions may therefore
be required for significant off site dust impacts arising
from the quarry.  As shown, such a situation would not
have arisen at the site referred to above; however dust
from other sources closer to the receptor (e.g. agricultural
dust) might give rise to problems.  Such matters can
cause disputes, but most can be resolved by
investigations of the directional dust components using
microscopy, as note previously, and other techniques
such as SEM-EDX (Scanning electron microscopy with
energy dispersive X-ray spectroscopy), ICP-MS
(Inductively coupled plasma mass spectrometry) and
particle size analysis (Fowler et al, 2013).

One of the most important matters coming out of this
is that it seems possible to assess when off-site dusting is
most likely to occur on the basis of high wind speeds in
critical directions and dry conditions, and to modify site
operations accordingly.  Such an approach depends on
the site operator being aware of the principal on-site dust
sources and to implement appropriate dust control
measures in a timely manner.  On many sites this control
of dust is the subject of a Dust Management Plan (or
Scheme), since it has long been recognised as occurring
on a frequent, if discontinuous, basis at many quarries
(Arup Environmental et al., 1995).  Dust sources in
quarries can typically include:-

• Haul roads especially when un-metalled and 
undefined

• Transfer points for materials handling such as truck 
loading by excavators, feeding, belt cleaning and 
transfer points with conveyors and elevators, and 
discharge points of all kinds

• Uncovered stockpiles of minerals, overburden and 
soils

• Bare surfaces in soils and overburden

• Minerals processing including crushing and screening 
operations especially when not fully enclosed

• Drilling and blasting

• Materials track-out onto access and public roads

Much can be done, and frequently is, to reduce and
remove the risk of high levels of dust arising within, and
escaping from quarries.  Various techniques have been
and are used to suppress and control dust. Some
methods have been in use for many years including:-

• Static and mobile spraying of surfaces or the use of
mist cannons

• Enclosure of dust generating activities and equipment

• Covering bare surfaces with fabric and other materials, 
or by seeding

• Removal of loose debris by controlled excavation or 
sweeping

• Using wheel and vehicle body washing and covering 
trucks

• Limiting areas of excavation or disturbance by phased 
working and restoration

• Controlling disturbance due to mobile plant by 
reducing vehicle movements and speeds, and by 
controlling drop heights

• Employing screening, such as planting and physical 
barriers, and alignment of workings to reduce the 
impact of prevailing wind directions

• Reducing or regulating specific activities when high 
wind speeds occur.

• Pro-active site management especially regulating 
activities near dust receptors  

There is less certain information, and apparently none
from fully monitored trials, regarding the efficacy of
surfactants in sprays. However the listed techniques
above are known to have some effect in dust suppression
and control.  On the basis of planning conditions, many
quarries in Britain do not appear to have significant
nuisance concerns with respect to dust. However it is
understood that few quarries specifically investigate the
efficacy or management of dust control by controlled
monitoring and it is possible that some incur unnecessary
costs by not exploring when controls are needed or can
be avoided. 

Concerns can and do arise if dust-sensitive activities
are located close to significant dust sources, such as
mobile screens and materials handling, and particularly if
those are near the site boundary. One particular example
of interest in southern England is the attention being
given to solar power installations on and near quarry
workings. Dust can significantly reduce power
generation and, in such cases, it is appropriate to
consider in detail the estimation of the extent to which
dust dispersion might occur and to use modelling
techniques akin to those described above.

FUTURE DEVELOPMENTS

Using linear regression models it has been possible to
develop a numerical relationship between measured dust
levels at the quarry boundary and weather data over a
period of several months (Figure 4). It is important to
know which activities are the most significant in emitting
dust, both on- and off- the site, and where they are
located. The empirical approach outlined above
effectively takes the general quarry dust at the site
boundary and uses this to compare with off-site dust
levels.  In practice this boundary dust level is difficult to
estimate by any other means since, as shown above,
there are many component dust sources in a quarry.  It
should be possible to approach the net, boundary dust
level on the basis of compiling data on site specific dust
levels from actual sources, factoring the component
source areas and summing the net dust output.  In
practice little has been done on measuring the dust
emitted by individual components of quarry activities in



the UK.  Apart from estimates made based on some form
of dust level measurement at active quarry boundaries, it
seems that many attempts at computer based nuisance
dust distribution models may be little better than
educated guesses.  Significant data on UK site specific
dust emission factors is absent.

To overcome this inadequacy, simple trials have been
started to explore methods of arriving at dust emission
factors and how dust levels at a source may vary with
those at the site boundary and the receptor. Preliminary
trials have taken place at a large gravel pit where a multi-
height unit containing 5 monitors at different heights
above ground level was placed as close as practicable to
a dust source, with a second multi-height monitor at a
separation distance of 8 to 12m (Figure 6).  Multiple trials

were undertaken and monitors were left out for
successive 7 day intervals.  The locations selected were
an entry haul road (as shown in Figure 6) and a
screening plant with stockpiles. 

Figure 7 shows the preliminary findings from
monitoring next to an entry haul road. There is a
decrease in dust levels from the ground surface upwards,
and the dust levels similarly reduce away from the dust
source.  By adjusting the spacing between multi-height
units the proportion of dust adjacent to the source that
effectively ‘takes off’ can be estimated. These
investigations together with studies of the
‘characterisation’ of particles during initial emission, in
terms of mass, mineralogy, size and shape, are currently
in progress.
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