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Science at the Environment
Agency

Science underpins the work of the Environment Agency, by providing an up to date
understanding of the world about us, and helping us to develop monitoring tools
and techniques to manage our environment as efficiently as possible.

The work of the Science Group is a key ingredient in the partnership between
research, policy and operations that enables the Agency to protect and restore our
environment.

The Environment Agency’s Science Group focuses on five main areas of activity:

• Setting the agenda: To identify the strategic science needs of the Agency to
inform its advisory and regulatory roles.

• Sponsoring science: To fund people and projects in response to the needs
identified by the agenda setting.

• Managing science: To ensure that each project we fund is fit for purpose and
that it is executed according to international scientific standards.

• Carrying out science: To undertake the research itself, by those best placed to
do it - either by in-house Agency scientists, or by contracting it out to
universities, research institutes or consultancies.

• Providing advice: To ensure that the knowledge, tools and techniques
generated by the science programme are taken up by relevant decision-
makers, policy makers and operational staff.

Steve Killeen Head of Science
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Executive Summary

This report describes the development of a methodology for the Environment
Agency to carry out annual audits for a number of air pollutants for which it has a
statutory requirement to regulate emission to air. The methodology builds on the
mapping methods currently employed by the National Environmental Technology
Centre (Netcen), on behalf of the Department for Environment, Food and Rural
Affairs, to produce national scale pollution maps. The Environment Agency can use
the annual audits methodology to measure the contribution of sulphur dioxide,
oxides of nitrogen and particulate matter to ambient air quality from the processes it
regulates, and in particular, its contribution to air quality standards and objectives.

A review of existing mapping methods for sulphur dioxide, oxides of nitrogen and
particulate matter identified several areas where improvements could be made. The
calibration procedures used to adjust model outputs to available measurements
were reviewed, and particular consideration was given to the use of regression
analysis and the calculation of prediction intervals and confidence limits.

For sulphur dioxide, a number of improvements and aspects of the mapping
methods were investigated. Recent developments in understanding the role played
by ammonia in dry deposition were incorporated into long-range transport
modelling. A spatial analysis of meteorological data showed that the choice of
meteorological station had a relatively small effect on the predicted concentration.
The mathematical basis to the addition of background concentrations was provided.
For nitrogen dioxide annual mean concentration maps, a nested modelling
approach was also adopted. For sulphur dioxide, the models were configured so
that there was no double counting of emission data. Because of the diversity of
sources of particulate matter, its modelling method was more sophisticated than
that carried out for sulphur dioxide or oxides of nitrogen.

The proposed method for each pollutant is presented at the end of this report. This
includes recommendations for the choice of input parameters, selection of models,
model calibration, sources of emission data, preparation of maps and verification of
output.
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1 Introduction
1.1 The Environment Agency’s role
The Environment Agency currently regulates the release of pollutants to air in England and
Wales from large or complex industrial processes.  It also regulates sites where waste is handled
such as landfills, composting facilities and fragmentisers.  In the future, the Environment Agency
will regulate intensive farming and food manufacturing factories.  Any of these activities could
have a significant effect on air quality.

In carrying out its pollution control functions, the Environment Agency has a statutory
responsibility under the Environment Act 1995 to have regard to the government’s Air Quality
Strategy, including meeting air quality standards and objectives.

The Local Air Quality Management process, which was introduced by Part IV of the Environment
Act 1995, places a statutory responsibility on local authorities to review local air quality for seven
pollutants.  If the objectives for these pollutants are not likely to be met, the local authority must
declare a formal Air Quality Management Area and produce an action plan to work towards
meeting the air quality objectives.  The Environment Agency has an important role to play in this
process, as a consultee for local authority reviews and action plans and through the provision of
information and the regulation of emissions to air.

The Environment Agency collects annual mass emission data in its Pollution Inventory for over
170 substances released to air from industrial processes regulated under Integrated Pollution
Prevention and Control (IPPC).  It provides this information to the European Pollutant Emission
Register to meet a requirement of the Integrated Pollution Prevention and Control Directive.

The Environment Agency has a statutory responsibility to collect and disseminate information on
the state of the environment.  It also provides expert advice to government on environmental
protection and carries out research on a wide range of environmental issues, including air quality.
It comments on the environmental impacts of proposed developments where they may have a
significant effect on air quality.

1.2 Annual audits of process contributions to atmospheric
pollutant concentrations

An effective way to collect and disseminate information on the state of air quality would be to
carry out an annual audit of the contribution to atmospheric pollutant concentrations made by
processes regulated by the Environment Agency.

The audit should:

• identify where pollutant concentrations exceed air quality standards and objectives;
• quantify the extent to which air quality standards and objectives are exceeded;
• identify where emissions from Environment Agency-regulated sources make a major

contribution to pollutant concentrations;
• quantify the contribution to pollutant concentrations made by Environment Agency-regulated

sources;
• identify which source sectors  make the greatest contribution to pollutant concentrations.

This report reviews the methods used by the National Environmental Technology Centre (Netcen)
to produce concentration maps on behalf of the Department for Environment, Food and Rural
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Affairs (Defra), as part of the UK’s requirement under EC Directives 96/62/EC and 1999/30/EC.
The review then identifies where existing methods should be further developed to provide the
most effective means of auditing the contribution from Environment Agency-regulated emissions.
Short studies to test the feasibility of suggested amendments to the Netcen method, and
research activities forming the basis for the suggested amendments, are described in a series of
appendices.

Finally, this report sets out recommended audit methods for each pollutant.  A second report will
demonstrate the application of these methods to current and future cases.

1.3 Air quality standards and objectives
The Air Quality Regulations 2000, the Air Quality (England) Amendment Regulations 2002 and
the Air Quality (Wales) Amendment Regulations 2002 set out air quality objectives for England
and Wales.  The Air Quality Strategy for England, Scotland, Wales and Northern Ireland:
Addendum sets new objectives for particulate matter, PM10.  The new objectives for particles
are:

• for all parts of the UK, except London and Scotland, a 24-hour mean of 50 µg/m3 not to be
exceeded more than seven times per year and an annual mean of 20 µg/m3, both to be
achieved by 31 December 2010;

• for Scotland, a 24-hour mean of 50 µg/m3 not to be exceeded more than seven times per
year and an annual mean of 18 µg/m3, both to be achieved by 31 December 2010;

• for London, a 24-hour mean of 50 µg/m3 not to be exceeded more than 10 times per year
and an annual mean of 23 µg/m3, both to be achieved by 31 December 2010.

These objectives have not been included in the regulations and remain provisional, pending a
review by the European Commission of the stage 2 indicative limit value for particles in the first
EU Air Quality Daughter Directive, due to be completed by 2004.

The processes regulated by the Environment Agency emit a much wider range of polluting
substances than those covered by EU regulations.  The Environment Agency has provided a
series of long-term (annual average) and short-term (hourly average) Environmental Assessment
Levels (EAL) for air as environmental benchmarks for the purpose of Environmental Assessment
and Appraisal of BAT for Integrated Pollution Prevention and Control (IPPC). The EAL is the
concentration of a substance which, in a particular environmental medium, the regulators regard
as a comparator value. It enables a comparison to be made between the environmental effects of
different substances in that medium and between environmental effects in different media, along
with a summation of those effects.
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Table 1.1 summarises these objectives.

In addition to the objectives set out in  the Air Quality Regulations, the European Union has set
limit values forin respect of nitrogen dioxide and benzene to be achieved by 1 January 2010.
The European Union also set limit values for carbon monoxide, sulphur dioxide and lead to be
achieved by 2005.  Limit values for nitrogen dioxide, sulphur dioxide, carbon monoxide and lead
are included in the Air Quality Limit Values Regulations 2003.
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Table 1.2 summarises these limit values.  The 2003 regulations also include limit values for
ozone, but this pollutant is outside the scope of the work in this report.

The Air Quality Strategy for England, Scotland, Wales and Northern Ireland: Addendum sets new
objectives for particulate matter, PM10.  The new objectives for particles are:

• for all parts of the UK, except London and Scotland, a 24-hour mean of 50 µg/m3 not to be
exceeded more than seven times per year and an annual mean of 20 µg/m3, both to be
achieved by 31 December 2010;

• for Scotland, a 24-hour mean of 50 µg/m3 not to be exceeded more than seven times per
year and an annual mean of 18 µg/m3, both to be achieved by 31 December 2010;

• for London, a 24-hour mean of 50 µg/m3 not to be exceeded more than 10 times per year
and an annual mean of 23 µg/m3, both to be achieved by 31 December 2010.

These objectives have not been included in the regulations and remain provisional, pending a
review by the European Commission of the stage 2 indicative limit value for particles in the first
EU Air Quality Daughter Directive, due to be completed by 2004.

The processes regulated by the Environment Agency emit a much wider range of polluting
substances than those covered by EU regulations.  The Environment Agency has provided a
series of long-term (annual average) and short-term (hourly average) Environmental Assessment
Levels (EAL) for air as environmental benchmarks for the purpose of Environmental Assessment
and Appraisal of BAT for Integrated Pollution Prevention and Control (IPPC). The EAL is the
concentration of a substance which, in a particular environmental medium, the regulators regard
as a comparator value. It enables a comparison to be made between the environmental effects of
different substances in that medium and between environmental effects in different media, along
with a summation of those effects.
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Table 1.1:  Objectives included in the Air Quality Regulations 2000 and Amendment
Regulations 2002 for the purpose of Local Air Quality Management

Air quality objectivePollutant
Concentration Measured as

Date to be
achieved

Benzene
All authorities 16.25 µg/m3 running annual mean 31.12.2003

Authorities in England and
Wales only

5.00 µg/m3 annual mean 31.12.2010

Authorities in Scotland and
Northern Ireland only

3.25 µg/m3 running annual mean 31.12.2010

1,3-Butadiene 2.25 µg/m3 running annual mean 31.12.2003

Carbon monoxide
Authorities in England, Wales
and Northern Ireland only

10.0 mg/m3

maximum daily running
eight-hour mean

31.12.2003

Authorities in Scotland only 10.0 mg/m3 running eight-hour mean 31.12.2003
Lead 0.5 µg/m3

0.25 µg/m3

annual mean
annual mean

31.12.2004
31.12.2008

Nitrogen dioxideb 200 µg/m3 not to be
exceeded more than
18 times a year
40 µg/m3

one-hour mean

annual mean

31.12.2005

31.12.2005
Particles (PM10)
(gravimetric)c

All authorities

50 µg/m3 not to be
exceeded more than
35 times a year
40 µg/m3

24-hour mean

annual mean

31.12.2004

31.12.2004

Authorities in Scotland onlyd 50 µg/m3 not to be
exceeded more than
seven times a year
18 µg/m3

24-hour mean

annual mean

31.12.2010

31.12.2010

Sulphur dioxide 350 µg/m3 not to be
exceeded more than
24 times a year
125 µg/m3 not to be
exceeded more than
three times a year
266 µg/m3 not to be
exceeded more than
35 times a year

one-hour mean

24-hour mean

15-minute mean

31.12.2004

31.12.2004

31.12.2005

b. The objectives for nitrogen dioxide are provisional.
c. Measured using the European gravimetric transfer standard sampler or equivalent.
d. These 2010 Air Quality Objectives for PM10 apply in Scotland only, as set out in the Air Quality (Scotland)
Amendment Regulations 2002.
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Table 1.2:  Air quality limit values in the Air Quality Limit Values Regulations 2003
Air quality objectivePollutant
Concentration Measured as

Date to be
achieved

Benzene
Limit value for the protection
of human health

5.00 µg/m3 annual mean 1.1.2010

Carbon monoxide
Limit value for the protection
of human health

10.0 mg/m3 maximum daily
running eight-hour
mean

1.1.2005

Lead
Annual limit value for the
protection of human health

0.5 µg/m3 annual mean 1.1.2005

Nitrogen dioxide
Hourly limit value for the
protection of human health

Annual limit value for the
protection of human health

200 µg/m3 not to be
exceeded more than
18 times a year

40 µg/m3

one-hour mean

annual mean

1.1.2010

1.1.2010

Oxides of nitrogen
Annual limit value for the
protection of vegetation

30 µg/m3 annual mean 19.7.2001

Particles (PM10)
(gravimetric)c

24-hour limit value for the
protection of human health

Annual limit value for the
protection of human health

50 µg/m3 not to be
exceeded more than
35 times a year

40 µg/m3

24-hour mean

annual mean

1.1.2005

1.1.2005

Sulphur dioxide
Hourly limit value for the
protection of human health
Daily limit value for the
protection of human health
Annual limit value for the
protection of ecosystems
Winter limit value for the
protection of ecosystems

350 µg/m3 not to be
exceeded more than
24 times a year
125 µg/m3 not to be
exceeded more than
three times a year
20 µg/m3

20 µg/m3

one-hour mean

24-hour mean

annual mean

winter mean (1st
October to 31 st
March)

1.1.2005

1.1.2005

19.7.2001

19.7.2001
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1.4 Environment Agency guidance on the use of dispersion
models

Dispersion models form an integral part of the methods used to prepare pollutant concentration
maps as part of the audit process.  The Environment Agency has prepared a policy statement on
how dispersion models should be selected:
(http://www.environment-agency.gov.uk/commondata/105385/eas200711.pdf):

To summarise, the choice of model must be:
• fit for purpose;
• based on established scientific principles;
• validated and independently reviewed;
• have full technical specifications, validation and review documents which must be available.

The recommendations for an annual audit methodology in this report are intended to be
applicable to any dispersion models that meet these requirements.  However, the methodology
has been developed using two specific dispersion models, ADMS Version 3.1 for short-range
impacts and TRACK 1.7 for long-range impacts.

ADMS 3.1 has been widely used for the assessment of short-range impact pollutant emissions.
The developers, Cambridge Environmental Consultants (CERC), maintain a website
(http://www.cerc.co.uk/software/publications.htm) that provides details of technical specifications
and validation studies.

The technical specification for the TRACK model is described in a refereed paper by Lee et al.
(2000).  More recently, predictions of deposition rates and ambient concentrations made by
Version 1.7 have been compared with measured values by Abbott et al. (2003). Verification of
model predictions against available measurements of pollutant concentrations is a fundamental
feature of the audit methodology recommended in this report.

The Environment Agency also provides guidance on the reporting of detailed dispersion
modelling studies.
(http://www.environment-agency.gov.uk/commondata/105385/report_edited_252797.pdf)
The audit methodology recommended in this report provides further guidance on the reporting of
dispersion modelling studies for national/annual audit purposes.

http://www.cerc.co.uk/software/publications.htm
http://www.environment-agency.gov.uk/commondata/105385/report_edited_252797.pdf
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2 Overview of methods used by
Netcen to produce pollutant
concentration maps for Defra

Netcen has produced concentration maps for sulphur dioxide, nitrogen dioxide and particulate
matter, PM10 on behalf of Defra for the years 2001 and 2002, as part of the UK’s obligation under
EC Directives 96/62/EC and 1999/30/EC.  This work provides a starting point for the
development of an audit methodology for the Environment Agency.

The methods used for each pollutant differ slightly.  However, the general procedure is similar in
each case.  The contributions to pollutant concentrations from large industrial sources, small
industrial sources and other sources of domestic and transport emissions are determined
separately by means of dispersion modelling.  Other residual contributions are then estimated by
analysing monitoring data.  Full details of the modelling methods used are given in the sections
below.  A brief introduction is presented here.  Maps of background concentrations of SO2, NO2
and PM10 have been prepared on a 1 km x 1 km grid for the 2002 calendar year.  Maps of
roadside concentrations of NO2 and PM10 have also been prepared for 9,360 built-up major road
links (A-roads and motorways).

There are many similarities between the methods used for each pollutant.  However, there are
also subtle differences.  The detailed descriptions of the methods in the following sections
contain some repetition between pollutants.

Dominant contributions to SO2 concentrations in the UK are typically from major point sources
such as power stations and refineries, particularly in terms of high percentile concentrations.
Emissions of SO2 from point sources were therefore modelled explicitly in some detail.
Domestic, transport and small industrial sources were modelled in less detail on the basis of the
National Atmospheric Emission Inventory, a 1 km x 1 km disaggregated inventory, using a
dispersion kernel approach.  A dispersion kernel describes the contributions to ambient
concentrations of a pollutant at a central receptor location, from each of a regular array of
sources of unit emission strength.  Measured SO2 concentrations from rural SO2 monitoring
network (Hasler et al., 2001) sites, rural, suburban and industrial sites in the national automatic
monitoring networks and rural automatic monitoring sites maintained by electricity generating
companies were used to calibrate the SO2 model output.  The residual contribution to ambient
annual mean concentrations from sources not modelled was estimated from the measurements,
corrected for the contributions to concentrations at these locations from modelled sources.

For NO2, NOx and PM10, traffic sources make an important contribution to ambient concentrations
in urban areas.  The calibration procedure therefore takes measurements made at urban
background monitoring sites into account.  Roadside concentrations of NO2, NOx and PM10 were
estimated by adding a roadside increment to the modelled background concentrations.  The
roadside increment was calculated from road link emission estimates, using dispersion
coefficients derived empirically using data from roadside monitoring sites.
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3 Netcen method for sulphur dioxide
Netcen have prepared national scale maps of sulphur dioxide concentrations for comparison with
the air quality objectives and limit values presented in Table 3.1.

Table 3.1:  Air quality limit values and objectives for sulphur dioxide
Pollutant Air quality objective or limit value Date to be

achieved by
Sulphur dioxide 350 µg/m3 not to be

exceeded more than 24
times a year
125 µg/m3 not to be
exceeded more than
three times a year
266 µg/m3 not to be
exceeded more than 35
times a year

one-hour mean

24-hour mean

15-minute mean

31.12.2004

31.12.2004

31.12.2005

Annual limit value for the
protection of ecosystems
Winter limit value for the
protection of ecosystems

20 µg/m3

20 µg/m3

annual mean

winter mean (1st
October to 31 st
March)

19.7.2001

19.7.2001

3.1 Emissions estimates and discharge conditions

All Part A processes in the National Atmospheric Emission Inventory (NAEI) with emissions
greater than 500 tonnes per annum were included in the detailed dispersion modelling study.

The following parameters were used to characterise the emissions from each of the modelled
Part A processes:
• emission rate;
• stack height;
• stack diameter;
• discharge velocity;
• discharge temperature.

Emissions data were taken from the NAEI based on reported emissions in the Environment
Agency’s Chemical Release Inventory.

Environment Agency regional offices were contacted and asked to provide details of the
discharge conditions from Part A sources in each region.  The information provided was used in
the modelling study, and supplemented with details taken from the IPC authorisations and IPPC
permit applications.  Other information was obtained from recent modelling studies carried out at
Netcen.  Where no information was available on discharge conditions, best engineering
judgements were made on suitable estimates.  The judgements included consideration of the
likely sulphur content and calorific values of the fuel used in order to estimate discharge
velocities and the heat content of the discharging plume, and use of HMIP's Technical Guidance
Note D1 to estimate stack heights.
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Many Part A processes emit sulphur dioxide through multiple stacks.  We have ignored the
possible enhancement of plume rise that may occur when plumes combine from stacks located
near to each other.  Where there are many stacks at the same site with different discharge
conditions, for example at refineries or chemical works, we have, in some cases, grouped stacks
of similar height and discharge characteristics together. We have then assumed that the
emission from each group of stacks may be represented by a single stack with characteristics of
the stack with the largest emission, or by a stack with an emission-weighted ‘average’ stack.

Appendix 1 lists the emission rates and discharge characteristics used for modelling 2003
sulphur dioxide emissions.

Power stations do not produce electricity at a constant rate, with electricity generation increasing
and decreasing with demand.  A default demand profile has been assumed for each of the coal-
fired power stations operating in the UK, based on data provided by the National Grid Company
and contained with the company’s Seven Year Statement for 1998.  The statement sets out the
amount of electricity generated by a large coal plant for typical winter and summer days in the
United Kingdom, together with the total electricity generating capacity for a large coal plant
(18.67 GW).

Typical load factors shown in Table 3.2 were derived by dividing the electricity generated in each
period by the total generating capacity.  Scaling factors were then derived for each hour of the
year to relate hourly average emission rates to the annual average emission rate.  These are
shown in
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Table 3.3.  For example, the hourly emission rate starting at 16:00 during the winter period for a
plant emitting 60,000 tonnes of sulphur dioxide per year, corresponding to an average emission
rate of 1,902 g s-1, was 1.69 x 1,902 = 3,215 g s-1.  The summer scaling factors were applied
from 2 March to 31 August and the winter scaling factors were applied during the rest of the year.
The discharge volumetric flow rate from the stack was also scaled in the same way.

Table 3.2:  Average load factors

Time Electricity generated
from large coal

combustion, GW

Load factor

Winter Summer Winter Summer
22 to 5 8.43 4.06 0.45 0.22
6 to 9 13.57 10.15 0.73 0.54

10 to 12 16.07 11.58 0.86 0.62
13 to 15 16.00 11.55 0.86 0.62
16 to 18 18.15 10.02 0.97 0.54
19 to 21 14.84 8.45 0.79 0.45

Note: the total generating capacity from a large coal plant is 18.67 GW
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Table 3.3:  Scaling factors to relate hourly average emission rates to the annual average
emission rate.

Winter Summer
22 to 5 0.79 0.38
6 to 9 1.27 0.95

10 to 12 1.50 1.08
13 to 15 1.49 1.08
16 to 18 1.69 0.93

Scaling factors for
each hour of the
year

19 to 21 1.38 0.79

Emissions from smaller industrial sources regulated by the Environment Agency with emissions
of less than 500 tonnes per annum were obtained from the NAEI on a 1 km x 1 km basis.  The
NAEI provides no details of the discharge conditions from these smaller industrial sources of
sulphur dioxide emissions.  It was therefore assumed that the discharge height meets the
requirements of the Chimney Heights Memorandum, 3rd edition.  Other assumptions included a
discharge temperature of 100oC, a discharge velocity of 10 m s-1 and a sulphur dioxide
concentration in the discharge of 3,000 mg m-3 at reference conditions.  Further details are
provided in Appendix 2.

Estimates of emissions from domestic, transport, Part B industrial sources and other area
sources were obtained from the NAEI for each one km square area.  Emissions from each
source were assumed to be distributed uniformly through an initial height of 10 m: that is, each
one km source was represented by an emitting volume 1 km x 1 km square and 10 m high.  The
estimate of 10 m is based on the height of a typical house and assumes that emissions will be
entrained in the building wake.

3.2 Dispersion modelling

Netcen uses the dispersion model, ADMS Version 3.1, to calculate sulphur dioxide
concentrations.  Contributions from large industrial sources, small industrial sources and other
area sources were modelled separately: the methods used are described below.  The procedure
used to calculate high percentile sulphur dioxide concentrations in urban areas of Northern
Ireland is different from that employed for the rest of the United Kingdom, because emissions
from domestic combustion of solid fuels is of particular concern there. The empirical procedure is
not described here because it is not applicable in England and Wales (the area regulated by the
Environment Agency), but it is described elsewhere (Stedman et al., 2002).

3.2.1 Large industrial sources
A number of receptor areas which together cover most of the UK were defined for the purposes
of modelling the contribution to sulphur dioxide concentrations from large industrial sources.
Each receptor area was 100 km square, extending out to 150 km to cover coastal areas where
appropriate (Figure 3.1).  All sources within the receptor area and sources in the adjoining 100
km square areas were included when modelling the combined effect of Part A sources on the
concentration in the receptor area.  Concentrations were calculated on a regular five km grid
throughout the receptor areas.
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Figure 3.1:  Receptor areas defined for modelling the contribution of sulphur dioxide from
large industrial sources
Various data sets have been used to represent meteorological conditions.  Most recently,
sequential hourly data from Waddington for 2002 and 2003 obtained from the Meteorological
Office has been used to represent meteorological conditions throughout the whole country for the
appropriate year. This was used for the purposes of modelling the contribution from large Part A
processes.  The sequential data provides hourly information of windspeed, wind direction, cloud
cover, relative humidity and precipitation.  A uniform surface roughness of 0.1 m, typical of
agricultural areas, was used for the whole country. A wet and dry deposition has usually not been
taken into account in the most recent Netcen assessments, although a dry deposition velocity of
0.01 m/s was assumed in earlier assessments.  Wet deposition has not been taken into account.

3.2.2 Area sources

The annual average contribution from area sources other than small Part A industrial sources
was calculated on a one km receptor grid covering the country, using the dispersion model
ADMS Version 3.1.  Each source was represented as a volume source 10 m high and one km
square.  Contributions at each receptor from sources at distances greater than 15 km in the
north-south or east-west directions were ignored.  The calculation was facilitated by means of a
dispersion kernel approach.  A dispersion kernel describes the contributions to ambient
concentrations of a pollutant at a central receptor location from each of a regular array of sources
of unit emission strength.  The dispersion kernel is derived as follows:

1. Use ADMS 3.1 to model the contribution from a unit source area centred on (0, 0) to
receptors on a regular 1 km x 1 km  grid extending from (–15000, -15000 m) to (15000,
15000 m).

2. Note that, for flat terrain and uniform meteorology, the contribution from a source at (0, 0) to
a receptor at (a, b) is the same as the contribution from an equivalent source at (–a,-b) to a
receptor at (0, 0).  Multiply the x and y coordinates by –1 to derive the dispersion kernel.
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The dispersion kernel is used as a weighting function so that the concentration cl,m (µg m-3) at a
receptor at l,m is  given by:

jmil
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where ki,j are the elements of the dispersion kernel ((µg m-3)/(g/s)) and el,m are the emission rates
(g/s) for each grid square.

A uniform surface roughness of one metre, corresponding to typical urban areas, was used for
the whole country.  Wet and dry deposition were ignored. Various data sets have been used to
represent meteorological conditions.  Most recently, sequential hourly data from Waddington for
2002 and 2003 obtained from the Meteorological Office has been used to represent
meteorological conditions throughout the whole country (except the London area) for the
appropriate year.  Similar meteorological data for Heathrow have been used for the London area.

An upper limit of 2 µg m-3 was applied to the area source contribution from the ‘other transport’
source sector (mostly shipping).

A similar approach has been used for small industrial sources regulated by the Environment
Agency.  However, a non-linear correction factor was used to take account of stack height, plume
momentum and buoyancy effects from point sources:
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An in-square contribution from small point sources was also calculated, because the point source
is unlikely to be located at the centre of the grid square:

5.0
,, 98.1 mlml ec =

The derivation of these empirical adjustments is provided in Appendix 2.

3.2.3 Addition of modelled contributions to sulphur dioxide concentrations

Dispersion modelling carried out by Netcen provides modelled estimates of the following
contributions to sulphur dioxide concentrations:

• annual average contribution from large industrial sources;
• 99.9th percentile of 15-minute averages of the contribution from the large sources;
• 99.73th percentile of one-hour averages of the contribution from the large sources;
• 99.18th percentile of 24-hour averages of the contribution from the large sources;
• annual average contribution from small industrial sources;
• annual average contribution from other area sources.
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To assess the impact of emissions from industrial sources on local air quality using dispersion
models, it is necessary to predict the contribution of the industrial source to ground level
concentrations and then add the predicted contribution to background concentrations from other
sources.  For sulphur dioxide, the impact of air quality on ecosystems is assessed in terms of
pollutant concentrations averaged over a year or winter period: the total concentration is simply
the sum of the source and background averaged component concentrations.  However, the
effects of sulphur dioxide on human health are set in terms of the highest percentiles of hourly,
daily and 15-minute averaged concentrations experienced in a year.  For impacts assessed in
this way, it is not appropriate to add the high percentile modelled contributions to the high
percentile background concentrations, because the peak concentrations may not occur at the
same time.

This problem is particularly marked for emissions from large industrial sources, because the
meteorological conditions that produce high concentrations from tall stacks are not the same as
those that produce the highest concentrations from emissions at low level.  Abbott and Downing
(2000) carried out modelling studies to assess the accuracy of a range of simple methods for
adding background concentrations.  This assessment indicated that the total percentile
concentration may be assessed as the larger of: a) the modelled percentile contribution from the
industrial source plus twice the annual mean from low-level sources; or b) the modelled
percentile contribution from the low-level sources plus twice the annual mean from the industrial
sources.  Further studies for the Environment Agency are currently in progress.

The Netcen method for producing national maps adds the modelled high percentile contribution
from the large industrial sources to a multiple of the annual mean background from other
sources.  For the 99.9th percentile 15-minute average and the 99.73th percentile of hourly means
the multiplier is two, while for other metrics the multiplier is unity.

3.3 Model calibration
Measured SO2 concentrations at monitoring sites across the United Kingdom were used to
calibrate the SO2 model output, to ensure that final predicted concentrations matched the
concentrations measured at these sites.  Data from rural, suburban and industrial sites in the
national automatic monitoring networks and rural automatic monitoring sites maintained by
electricity generating companies were used to calibrate the model for the prediction of the
percentile sulphur dioxide concentrations.  Sites with data capture of less than 75 per cent were
excluded from the analysis.  The continuous automatic monitoring data was supplemented with
data from the rural SO2 monitoring network (Hasler et al., 2001) sites for the calibration of the
annual average model.  A list of sites is included in Appendix 3.

Urban background, urban centre, urban industrial and roadside sites within the automatic
monitoring networks, and those operated on behalf of local authorities but not in the national
network, were not included in the calibration because emission sources of sulphur dioxide are not
well characterised in these areas.  For example, the information available from the NAEI at a 1
km x 1 km level is insufficiently detailed to characterise domestic emissions at the level of fuel
use within individual housing estates.  Small industrial sources may affect the concentrations
measured in urban areas, but are accounted for in detail in the national scale model.

The calibration was based on a regression model of the form:

areaelledindustrialelledmeasured mcBAcc _mod_mod ++=

where  m is a background multiplier factor (see 3.2.3)
A is a constant determined by the regression analysis
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B is a constant variously determined by the regression analysis or on the basis of a priori
judgement.

Figure 3.2 shows a graph of the regression model predictions of annual mean concentrations for
2002 plotted against the observed concentrations (A = 0.905, B = -0.15 µg m-3, m = 1).  Figure
3.3 shows a graph of the regression model predictions of 99.18th percentile of daily mean
concentrations for 2002 plotted against the observed concentrations (A = 1.20, B = 5 µg m-3, m =
1). Figure 3.4 shows a graph of the regression model predictions of 99.73th percentile of daily
mean concentrations for 2002 plotted against the observed concentrations (A = 1.05, B = 4 µg m-

3, m = 2).
Figure 3.5 shows a graph of the regression model predictions of 99.9th percentile of 15-minute
mean concentrations for 2003 plotted against the observed concentrations (A = 1.10, B = 20 µg
m-3, m = 2).

Figure 3.2:  Calibration plot for 2002 annual mean SO2 concentration
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Figure 3.3:  Calibration plot for 2002 99.18th percentile of 24-hour mean SO2 concentrations
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Figure 3.4:  Calibration plot for 2002 99.73th percentile of 24-hour mean SO2 concentrations
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Figure 3.5:  Calibration plot for 2003 99.9th percentile of 15-minute mean SO2
concentrations

Residual concentrations were then calculated at each of the calibration monitoring sites:

Residual = measured - regression model

These residual contributions are associated partly with errors in the model and partly with the
contributions from more distant sources, not modelled in this study.  They include, for example,
contributions from emissions from sources on continental Europe.  The residual concentrations
were interpolated across the country to provide a map of residuals using simple kriging using the
SurferTM contouring software.  The final map was calculated from:

Mapped value = regression model + residual

This procedure forces the mapped value to equal the measured value at each of the calibration
sites.  It is recognised that this ‘corset fitting’ procedure introduces equivalent errors at other
locations.

It was not possible to calibrate the area source model using sulphur dioxide monitoring data
because the 1 km x 1 km disaggregated emission data was not sufficiently detailed or accurate.
However, the emission inventory for oxides of nitrogen was better because the major part of the
emission in urban areas is associated with road traffic which is quantified in greater detail.  The
performance of the 1 km x 1 km area source dispersion model was therefore assessed by
comparing modelled and measured oxides of nitrogen concentrations.  Figure 3.6 shows a
scatter plot of modelled and measured oxides of nitrogen concentrations.  Further details of the
assessment are reported elsewhere (Coleman et al., 2001).  The model was applied to sulphur
dioxide emissions without calibration on the basis of its performance for oxides of nitrogen.
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Figure 3.6:  A scatter plot of modelled and measured oxides of nitrogen concentrations

3.4 Model verification
Concentrations predicted by the regression model were then compared with measured values at
the urban background and urban centre sites within the automatic monitoring networks excluded
from the calibration.  The purpose of this verification was to assess the performance of the model
in urban areas.  Model performance was likely to be relatively poor in these areas, because
information available from the NAEI at a 1 km x 1 km level is insufficiently detailed to characterise
domestic emissions from fuel use within individual housing estates, and because small industrial
sources may affect levels measured in urban areas without being accounted for in the national
scale model.

Figure 3.7, Figure 3.8 and Figure 3.9 show the verification plots for 2003 for the 99.73th percentile
hourly average, 99.18th percentile 24-hour average and the 99.9th percentile 15-minute average
concentrations, respectively.  In each case, the model underestimates the measured
concentrations at sites in Barnsley and Tameside, where there may be significant local domestic
emissions.  The model overestimates the measured concentrations in Port Talbot.

Figure 3.10 shows the verification plot for 2003 for the annual average concentration. The plot
shows that the model does not provide satisfactory estimates of annual average concentrations
in urban areas.  However, the annual average limit value for sulphur dioxide has been set for the
protection of ecosystems and does not apply in urban areas. Consequently, the model is not
required to assess annual average concentrations in urban areas.
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Figure 3.7:  Verification plot of modelled 99.73th percentile hourly average SO2
concentrations 2003 at urban centre and urban background sites (excluding Northern
Ireland)
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Figure 3.8:  Verification plot of modelled 99.18th percentile 24-hour average SO2
concentrations 2003 at urban centre and urban background sites (excluding Northern
Ireland)
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Figure 3.9:  Verification plot of modelled 99.9th percentile 15-minute average
concentrations 2003 at urban centre and urban background sites (excluding Northern
Ireland)
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Figure 3.10: Verification plot of modelled annual average concentrations 2003 at urban
centre and urban background sites (excluding Northern Ireland)
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3.5 Preparation of maps
Netcen currently prepare the required maps using the Geographical Information System ArcInfo,
which was used here.  Simple scripts were prepared in the ArcInfo command language (*.aml) to
facilitate the data handling operations.

Figure 3.11 shows the predicted annual average concentrations for 2002.  A data mask was
applied in ArcInfo to exclude those areas where the annual average limit value for sulphur
dioxide did not apply.  This mask was based on urban agglomerations, other urban areas, and
distance from road links and industrial plant.

Agglomerations in England were based on the Ordnance National Survey data set for urban
areas and settlement boundaries. For Scotland and Northern Ireland, the Scottish Executive
Urban Rural Classification and the Belfast Metropolitan Urban Areas were used, respectively. For
each of these areas an additional 20 km buffer area was applied. A five km buffer was applied
around the other urban areas, road links and Part A authorised processes.
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Figure 3.11:  Annual average SO2 concentrations for 2002. Concentrations are predicted
for 1 km x 1 km squares.

A map of winter mean SO2 concentrations for the period October 2001 to March 2002 was also
calculated and is shown in Figure 3.12.  This map was calculated by multiplying the annual mean
map for 2002 by 1.16, the average ratio between the 2001-2002 winter and 2002 annual means
measured at rural SO2 monitoring sites (Hasler et al., 2001).
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Figure 3.12:  Winter mean SO2 concentrations 2001-2002 (µg m-3) in ecosystem areas.
Concentrations are predicted for 1 km x 1 km squares.

A map of the 99.73th percentile of one-hour means in 2002 is shown in Figure 3.13 for
comparison with the one-hour limit value for SO2.
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Figure 3.13:  The 99.73th percentile of one-hour mean SO2 concentrations 2002 (µg m-3).
Concentrations are predicted for 1 km x 1 km squares.

3.6 Method development
A number of potential improvements to the method would increase its utility in assessing the
contribution of processes regulated by the Environment Agency to pollutant concentrations for
the purposes of annual audit.  These are:

• improved input data quality;
• increased modelling resolution;
• assessment of long-range effects of Environment Agency-regulated emissions on annual

mean and winter mean concentrations;
• more consistent treatment of background concentrations;
• assessment of prediction intervals for modelled concentrations;
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• spatial analysis of residual errors;
• preparation of incremental maps;
• site specific studies for areas where large pollutant concentrations are predicted or

measured.

These developments are described in the following sections.

3.6.1 Improved input data quality

There are several areas where improved data quality might improve the performance of the
models used for mapping pollutant concentrations:

• emissions;
• temporal variation in emissions;
• discharge characteristics;
• temporal variation in discharge characteristics;
• buildings effects;
• topography and surface roughness;
• meteorology.

The ADMS 3 dispersion model used by Netcen for mapping studies can take account of the
available data on emissions and discharge characteristics and their temporal variation throughout
the year.  Obtaining high quality and reliable data on emissions and discharge characteristics
would increase the credibility of model predictions and the Environment Agency should give high
priority to improving the collection and collation of these data for regulated sources.

The ADMS 3 model can also take account of the effects of buildings close to discharge stacks on
the dispersion of pollutants.  Several buildings (up to 10) can be taken into account and the
building most likely to affect dispersion can be allocated to each stack by the model user.  The
modelling study would benefit from information on the dimensions of buildings where these are
likely to disturb dispersion from regulated sources.

ADMS 3 has the capacity to take account of spatial variations in terrain height and surface
roughness and their effects on the wind field and dispersion.  However, the spatial resolution of
the complex terrain wind field model at the regional modelling scale is not sufficient to effectively
distinguish terrain features likely to affect maximum ground level concentrations.

Meteorological data suitable for dispersion modelling is available from several locations
throughout the United Kingdom.  In many cases, the nearest meteorological station is a
substantial distance from emission sources and receptor locations.  Netcen’s mapping method
has usually assumed that meteorological data from a single station in England applies over the
whole of the UK.  Appendix 4 provides an analysis of the spatial variability of meteorological data
based on data from 11 meteorological stations in England and Wales for 1999.  It is concluded
that the use of a single meteorological station is adequate for the purposes of the preparation of
annual maps.

3.6.2 Increased model resolution

Netcen modelled the contribution from large industrial point sources at receptors spaced at 5 km
x 5 km intervals on a rectangular grid.  Contributions at intermediate points were then
interpolated onto a 1 km x 1 km grid and added to contributions from other sources.  The large
point sources were modelled at the five km resolution because of limitations in older versions of
the ADMS dispersion model.  Newer versions of the ADMS model allow increased resolution,
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where faster computers can perform the calculations reasonably quickly.  It is feasible to increase
the resolution to 2 km x 2 km without leading to unacceptable computing times and this will lead
to improved model predictions close to major sources of emission.

3.6.3 Long-range effects on annual mean and winter mean concentrations

The Netcen methodology does not take account of the contribution to annual mean and winter
mean concentrations from large sources regulated by the Environment Agency that are over
(typically) 50 km from the receptor locations.  Similarly, the Netcen method does not take account
of area sources at distances greater than 15 km from the receptor. The Environment Agency
needs to estimate the contribution from these sources to sulphur dioxide concentrations at more
distant receptors for the purposes of annual audit.

Sulphur dioxide reacts in the atmosphere to form sulphate aerosols.  The rate of reaction is
relatively slow, generally with a time constant of the order of 100 hours, so that the removal of
sulphur dioxide by chemical reaction is relatively unimportant over distances of 100 km or less.
However, at longer distances the loss of sulphur dioxide by reaction may become significant.  A
number of models have been developed to take account of the loss by chemical reaction over
long distances in predictions of acid deposition. Straight-line trajectory models such as HARM
and TRACK have been used extensively in the UK to predict acid deposition.

For the purposes of this project, the acid deposition model TRACK was used to predict
contributions to annual average sulphur dioxide concentrations from large point sources greater
than 50 km from each receptor and from area sources greater than 30 km from the receptor.
ADMS 3 was used to predict the contribution from these sources closer to the receptor.  A small
change was made to the TRACK model code to prevent double counting of the emissions within
50 km or 30 km of the receptor locations.

The TRACK model uses the Lagrangian trajectory approach, where species concentrations and
depositions at receptors are the outcome of a windrose-weighted sum of contributions from
straight-line trajectories incoming on regular points of the compass.  The original TRACK model
assumed that each trajectory had a fixed cross-wind width, centred on the midpoint of each wind
direction sector.  This approach led to a ‘star pattern’ of predicted concentrations around large
point sources.  A small change was made to the TRACK model code so that emissions from
across the whole of each wind direction sector would be taken into account (Appendix 8).

Earlier work for the Environment Agency had indicated that the TRACK model overestimated
sulphur dioxide concentrations in remote areas of the UK (Abbott, 2003).  Model input
parameters were therefore reviewed.  The NEGTAP report recognised that dry deposition
velocities for sulphur dioxide increased as sulphur dioxide concentrations decreased.
Measurements of sulphur dioxide dry deposition show that the affinity of absorbing surfaces for
sulphur dioxide is strongly influenced by the presence of surface water and the chemical
composition of the surface water.  The ratio of the concentrations of ammonia and sulphur
dioxide at the leaf surface is particularly important.  Appendix 9 sets out some theoretical
justification for the dependence of the surface resistance on ammonia concentrations.

A ‘big leaf’ resistance analogy model was used to estimate the dry deposition velocity for sulphur
dioxide.  The big leaf model made use of an analogy between the resistance to mass transfer
from the atmosphere and electrical resistances. Separate resistances were assigned to:

• the aerodynamic resistance through the turbulent surface boundary layer;
• the laminar boundary layer;
• the resistance through the stomata of plant leaves;
• the resistance to deposition to non-stomatal areas of the plant and to the ground surface.
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Each of the resistance components was evaluated following the EMEP Unified model
parameterisation (http://www.emep.int/index_model.html).  It was assumed that on average
neutral stability atmospheric conditions would occur.  Upper and lower estimates of the stomatal
conductance were used in the assessment to provide upper and lower estimates of the
deposition velocity.  According to a summary of recent observations provided to EMEP,
reasonable values for the canopy resistance of SO2 in areas of low and high NH, and wet and dry
conditions, can be summarised as shown in Table 3.4

Table 3.4: Basis of non-stomatal resistance scheme for SO2, s m-1

Dry surfaces Wet surfaces
High NH3 80 40
Low NH3 180 100

EMEP interpolates between these values, on the basis of the acidity ratio (asn = 0.6x[SO2]/[NH3]).
The low ammonia values are multiplied by factors of 1.0, 0.61 and 0.37 for asn ratios of 2.0, 1.5
and 1.0.  Table 3.5 shows acidity ratios calculated from measured concentrations at rural
monitoring sites in the UK.  At each site, the acidity ratio was less than unity and thus outside the
range of the EMEP interpolation.  A non-stomatal resistance of 40 s m-1 was therefore used in
this assessment, corresponding to the lower limit of EMEP range for predominantly wet surfaces.

Table 3.5: Acidity ratios at rural sites in the UK, 2000

Site Sulphur dioxide
concentration, µg S

m-3

Ammonia
concentration,

µg m-3

Acidity ratio

Bush 1.18 0.53 0.71
Lough Navar 0.18 0.45 0.13
Eskdalemuir 0.29 0.32 0.29
Yarner Wood 0.41 0.5 0.26
Stoke Ferry 1.14 2.44 0.15
High Muffles 1.55 0.73 0.68

Strathvaich Dam 0.101 0.09 0.36

Table 3.6 summarises the parameters used to calculate dry deposition velocities for sulphur
dioxide.  For the purposes of modelling, the dry deposition for night-time conditions was set equal
to the minimum deposition velocity; for daytime conditions, the deposition velocity was set to the
mean of the maximum and minimum values.

The TRACK model assumes that pollutants are well mixed throughout the boundary layer.  This
is a reasonable assumption where dry deposition velocities are low.  However, a concentration
gradient develops throughout the surface stress layer for relatively high dry deposition velocities,
so that concentrations near the ground are less than the boundary layer average.  For a fully-
developed concentration boundary layer, the concentration at a typical monitor height (typically 2
m above ground) is given by:

cba

cba
avs rrr

rrr
CC

++
++

= 2

where:

Cs and Cav are the surface and boundary layer averaged concentrations respectively;
rb is the resistance through the laminar layer;
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rc is the surface resistance;
ra is the aerodynamic resistance through the whole surface stress layer;
ra2 is the aerodynamic resistance through the bottom 2 m of the surface stress layer;

Table 3.6 shows the ratio Cs/Cav for a range of terrain types.  In practice, terrain types are not
homogeneous so that any particular location may be surrounded by a range of terrain types.  For
the modelling, we therefore proposed to use an average ratio of 0.74 to represent all terrain
conditions.

Table 3.6: Cs/Cav ratio for a range of terrain types

Arable Grass Permanent
crops

Forest Surface
water

Urban Other

Surface
roughness, m

0.2 0.02 0.3 1 0.001 1 0.1

Friction velocity, m
s-1

0.50 0.36 0.54 0.68 0.27 0.68 0.45

Aerodynamic
resistance,
s m-1

29.9 57.3 26.0 16.0 106.2 16.0 37.2

Laminar layer
resistance,
s m-1

10.0 13.8 9.3 7.3 18.8 7.3 11.1

Non-stomatal
surface resistance,
s m-1

40 40 40 40 1 40 40

Maximum stomatal
conductance,
mmol m-2

projected leaf area
s-1

356 321 320 159 0 0 320

Minimum stomatal
conductance,
mmol m-2

projected leaf area
s-1

4 3 3 21 0 0 3

Leaf area index
maximum

3.5 3.5 3.5 5 0 0 3.5

Leaf area index
minimum

0 2 0 3.5 0 0 2

Maximum
deposition velocity,
mm s-1

17.3 11.1 18.4 21.8 7.9 15.8 14.8

Minimum
deposition velocity,
mm s-1

12.5 9.0 13.3 16.5 7.9 15.8 11.3

Average deposition
velocity,  mm s-1

14.9 10.0 15.8 19.2 7.9 15.8 13.1

Surface correction
factor, high
stomatal
conductance

0.77 0.77 0.77 0.78 0.72 0.79 0.77

Surface correction
factor, low stomatal

0.68 0.72 0.68 0.71 0.72 0.79 0.70
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3.6.4 More consistent treatment of background concentrations

Netcen’s methodology takes account of background concentrations when calculating high
percentile concentrations in the region of Environment Agency-regulated sources, by adding a
multiple of the estimated annual average background.  This method is consistent with the
recommendations given in earlier Netcen research for the Environment Agency.  Further
investigation of methods for adding background concentrations is currently under way.  The
methodology will be adapted to take account of recommendations resulting from this work.

3.6.5 Assessment of prediction intervals for modelled concentrations

The Netcen methodology provides calibration plots of the modelled contribution from large point
sources against the measured values.  A calibration factor is derived from the best fit through the
plotted points.  The scatter of points about the best fit line provides a measure of uncertainty in
the predictions made by the model of the source contribution.  A simple statistical analysis can
then be used to derive an estimate of the interval either side of the model prediction within which
a specified percentage (for example, 97.5 per cent) of measurements might be expected to lie.
This is known as the prediction interval.

Based on the measured concentrations, Yi, corresponding to the modelled concentrations, xi, i =
1,2,…n, it is expected with 100(1-a) percent confidence that the (unknown) measured
concentration for a modelled concentration x0  will be contained in the interval:
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where:

A and B are the least squares estimates of the intercept and slope;
ta/2, n-2 is the Students t with confidence level a/2 and n-2 degrees of freedom;
Sxx is the sum of the squares of x-xi;
SSR is the sum of the squares of the residuals (Yi-A-Bxi).

For the case where the best-fit line is constrained to go through the origin, the interval is
estimated by:
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Figure 3.14 shows the prediction interval (a = five per cent, n = 33) for the 99.73th percentile
hourly sulphur dioxide concentration for 2003.  Based on this analysis, it is estimated that there is
less than 2.5 per cent chance that the concentration at a particular place is more than the
objective of 350 µg m-3 if the calibrated model prediction is less than 265 µg m-3.
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The calculation of prediction intervals is thus straightforward and allows the risk of exceedence of
the objectives to be assessed.
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Figure 3.14:  The prediction interval for the 99.73th percentile hourly sulphur dioxide
concentration for 2003

3.6.6 Spatial analysis of residual errors

The dispersion modelling carried out by Netcen provides detailed maps of the concentrations of
sulphur dioxide throughout the UK.  Similar maps could also be generated simply by interpolation
of measured concentrations.  It is worthwhile considering whether the modelled maps provide
improved estimates of pollutant concentrations.

A simple spatial analysis may be carried out as follows.  If there are n monitoring stations, then
there are n(n-1)/2 pairs of monitoring stations.  For each pair of monitoring stations, calculate the
variance of the measured concentrations and the distance between the monitoring stations.
Order the pairs of monitoring stations in increasing order of distance.  Then group the pairs by
distance and calculate pooled estimates of variance for each distance range.  The pooled
variance estimates may then be plotted against distance between monitoring stations (the
variogram).

Figure 3.15 shows the pooled variance of annual mean sulphur dioxide concentrations of pairs of
monitoring stations plotted in this way.  The pooled variance increases with increasing distance
between the monitoring stations, while the concentrations measured at stations near to each
other have less variance.  The pooled variance estimates do not decrease monotonically to zero:
extrapolation of the points to zero distance suggests that there is a finite intercept (the nugget)
which may reflect localised variations in pollutant concentrations or measurement errors.
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Figure 3.15:  Spatial analysis of residuals: semi-variograms of monitoring data and model
residuals for annual average SO2

The difference between the modelled and measured concentrations at each monitoring station
(the residuals) may be calculated and a similar variogram plotted.  This variogram is also shown
in Figure 3.15. The pooled variance of the residuals is markedly less than the pooled variance of
the measured data, which indicates that much of the variance in the measured data has been
explained by the model.  The variance of the residual is greatest at short distances between
monitoring stations: this feature is related to the spatial resolution of the model (5 km x 5 km).  At
distances of around 50 km and less, the variance of the residuals is similar to the variance of the
measured data and it is suggested that the modelled maps would not provide much improvement
over interpolated maps if monitoring stations were less than 50 km apart.  In practice, monitoring
stations are often rather more widely spaced.  However, the analysis suggests that there is some
deterioration in model performance in predicting annual mean concentrations at short distances.
The deterioration may arise for a number of reasons: it is suggested that the most likely reasons
relate to the model resolution or to errors in the emissions inventory.

3.6.7 Sensitivity studies

The selection of dispersion model input parameters requires an element of subjective judgement.
For example, the model user selects a value of the surface roughness on the basis of an
assessment of the terrain or land use.  Weather data may be obtained from meteorological
stations some distance from the receptor area.  Consequently, there is some uncertainty in the
model input data.  Sensitivity studies may be carried out to assess the uncertainty in predicted
pollutant concentrations resulting from the uncertainty in model inputs.
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A Monte Carlo simulation based on an ADMS dispersion model of the emissions from Drax,
Eggborough and Ferrybridge power stations was carried out in which the surface roughness was
allowed to take values at random within the range 0-0.3 m.  The uncertainty in the meteorological
data was assessed (see Appendix 4).  The wind direction for each hour of the year was selected
from a normal distribution with standard deviation 20o about the direction specified in the
meteorological data.  The wind speed was similarly selected from a normal distribution with
standard deviation 0.75 m s-1 about the nominal value contained in the meteorological data,
subject to an overriding minimum of 0.75 m s-1.  The cloud cover for each hour was selected from
a normal distribution with standard deviation of one octa about the nominal value in the
meteorological data within the range zero to eight octas.  One hundred model runs were carried
out.

Figure 3.16 shows a cumulative probability distribution of the predicted annual mean
concentrations at a receptor at (448700, 426800) approximately two km north east of Ferrybridge
power station.  Figure 3.17 shows a similar plot of the cumulative probability of the 99.9th

percentile 15-minute mean concentration.  The analysis suggests that the annual average
concentration in particular is sensitive to uncertainties in the input parameters.
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Figure 3.16:  A cumulative probability distribution of the predicted annual mean
concentration at a receptor approximately two km north east of Ferrybridge power station
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Figure 3.17:  A cumulative probability distribution of the predicted 99.9th percentile 15
minute-mean concentration at a receptor approximately two km north east of Ferrybridge
Power Station

3.6.8 Preparation of incremental maps

Two main aims of the annual audit are to:

• quantify the contribution to pollutant concentrations made by Environment Agency-regulated
sources;

• identify which source sectors make the greatest contribution to pollutant concentrations.

The Netcen methodology for sulphur dioxide explicitly takes account of the contribution from the
largest Environment Agency-regulated sources.  For short-term objectives, it is illustrative to
compare the contribution from Environment Agency-regulated sources or individual source
sectors alone with the contribution from all sources; the regulated sources make the largest
contribution to short-term peak concentrations over much of England and Wales, and
contributions from individual source sectors mean the short-term concentrations cannot simply be
added to provide an overall estimate of concentration.

For long-term objectives, contributions from individual source sectors may be added to provide
the total concentration of sulphur dioxide.  It is illustrative to compare the total concentration with
and without Environment Agency-regulated sources or source sectors and to compare the
contributions from individual source sectors.

The Netcen methodology is readily adapted to incorporate the contribution from Environment
Agency-regulated sources in this way.
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3.6.9 Site-specific studies for areas where large pollutant concentrations
are predicted or measured

Pollutant concentration maps prepared by national modelling and mapping can identify those
areas at greatest risk of exceeding air quality objectives.  However, the methods make a number
of assumptions that may not be applicable close to individual sources. More detailed modelling
studies are appropriate where:

• modelled concentrations approach the air quality objectives, taking account of the
uncertainty in the modelling approach and derived prediction intervals;

• measured concentrations at monitoring stations are larger than the modelled concentrations
and are outside the expected prediction interval.

Detailed local modelling studies can take account of:

• more detailed emissions data, particularly temporal variation in emissions throughout the
year;

• more detailed information of discharge arrangements - temperature and discharge velocities
and their variation throughout the year;

• building dimensions;
• topography;
• meteorological data;
• monitoring data;
• increased model spatial resolution.

The ADMS3 model used for dispersion modelling in the preparation of Netcen maps can be
readily applied to local modelling studies when detailed data on the local situation are available.
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4 Netcen method for oxides of 
nitrogen

Netcen prepared national scale maps of nitrogen oxide concentrations for comparison with the air
quality objectives and limit values presented in Table 4.1

Table 4.1: Air quality limit values and objectives for oxides of nitrogen

Pollutant Air quality objective or limit value Date to be
achieved
by

Nitrogen dioxide
objective

40 µg/m3 annual mean 31.12.2005

Nitrogen dioxide
limit value
Annual limit value for
the protection of
human health

40 µg/m3 annual mean 1.1.2010

Oxides of nitrogen
limit value
Annual limit value for
the protection of
vegetation

30 µg/m3 annual mean 19.7.2001

No attempt was made to model hourly concentrations for comparison with the one-hour limit
value for nitrogen dioxide, because the annual mean limit value was expected to be more
stringent than the one-hour limit value in the majority of situations (AQEG, 2003).

Special techniques have been developed to provide mapped estimates of roadside
concentrations near to major roads throughout the United Kingdom.

4.1 Emission estimates and discharge conditions
All Part A processes within the National Atmospheric Emission Inventory with emissions greater
than 500 tonnes per annum were included in the detailed dispersion modelling.

Prior to the modelling exercise, a survey of Part A authorisation notices held by the Environment
Agency was conducted for all point sources with annual emissions greater than 500 tonnes, as
identified in the 2001 NAEI.  Parameters characterising the release to atmosphere were
collected; these were:

• stack height
• stack diameter
• discharge velocity
• discharge temperature.
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Where release parameters were unavailable, engineering assumptions were applied. Previously
collated data sets on emission release parameters from large SO2 point sources were also used
to characterise the release of emissions (Abbott and Vincent, 1999).

Many of the Part A processes emit oxides of nitrogen through multiple stacks.  We have ignored
the possible enhancement of plume rise that may occur when plumes combine from stacks
located near to each other.  Where there are many stacks at the same site with different
discharge conditions, for example at refineries or chemical works, we have, in some cases,
grouped stacks of similar height and discharge characteristics together and assumed that the
emission from each group of stacks may be represented by a single stack with characteristics of
the stack with the largest emission or by a stack with an emission-weighted ‘average’ stack.

Appendix 5 lists the emission rates and discharge characteristics used for modelling 2003 oxides
of nitrogen emissions.

Power stations do not produce electricity at a constant rate, with electricity generation increasing
and decreasing with demand.  However, a constant emission rate was assumed for the purposes
of modelling annual average oxides of nitrogen concentrations.

Emissions from smaller industrial sources regulated by the Environment Agency with emissions
of less than 500 tonnes per annum were obtained from the NAEI on a 1 km x 1 km basis.  The
NAEI provides no details of the discharge conditions from these smaller industrial sources of
emissions of nitrogen oxides.  It was therefore assumed that the discharge height met the
requirements of the Chimney Heights Memorandum, 3rd edition.  Other assumptions included a
discharge temperature of 100oC, a discharge velocity of 10 m s-1, an emission factor of 0.1 g MJ-1

and oxides of nitrogen concentrations in the discharge of 300 mg m-3 at reference conditions.
Further details are given in Appendix 2.

Estimates of emissions from domestic, transport, Part B industrial sources and other area
sources were obtained from the NAEI for each three km square area.  The emissions from each
road transport source were assumed to be distributed uniformly through an initial height of 10 m,
where each three km source was represented by an emitting volume 3 km x 3 km square and 10
m high.  The estimate of 10 m is based on the height of a typical house and assumes that road
transport emissions will be entrained in the wake of nearby buildings.  For other area sources, it
was assumed that the initial emitting volume was 30 m high, corresponding to buoyant emissions
from discharge stacks at small industrial or institutional premises.  For road transport, it was
assumed that the emissions varied throughout the week according to a profile obtained from an
analysis of the distribution of all traffic in the United Kingdom by time of day (Road Traffic
Statistics, 1999, Department of Transport) (Figure 4.1).  A constant rate of emission was
assumed for other area sources.

National Atmospheric Emission Inventory estimates of aircraft emissions include emissions
throughout the whole of the take-off and landing cycle.  Only a small part of the emission is
released near ground level and contributes to ground level oxides of nitrogen concentrations.  A
factor of 0.36 was applied to the aircraft emissions, representing that fraction emitted near to the
ground.  Similarly, a factor of 0.25 was applied to NAEI estimates of shipping emissions.
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Figure 4.1:  Temporal profile of traffic emissions

4.2 Dispersion modelling
Netcen used the dispersion model, ADMS Version 3.1, to calculate oxides of nitrogen
concentrations.  The contributions from large industrial sources, small industrial sources and
other area sources were modelled separately: methods used are described below.

4.2.1 Large industrial sources

A receptor area was identified for each of the large industrial sources identified.  The receptor
areas cover an area of 100 km x 100 km centred on the midpoint of the
1 km x 1 km OS grid square containing the industrial source.  The receptors were spaced on a
rectangular grid at five km intervals over the receptor area.

Various data sets have been used to represent meteorological conditions.  Most recently,
sequential hourly data from Waddington for 2002 and 2003 obtained from the Meteorological
Office has been used to represent meteorological conditions throughout the whole country for the
appropriate year for the purposes of modelling the contribution from large Part A processes.  The
sequential data provides hourly information of windspeed, wind direction, cloud cover, relative
humidity and precipitation.  A uniform surface roughness of 0.1 m, typical of agricultural areas
was used for the whole country. The effects of buildings and complex terrain have not been taken
into account.

4.2.2 Area sources

The annual average contribution from area sources other than small Part A industrial sources
was calculated on a one km receptor grid covering the country using the dispersion model ADMS
Version 3.1.  A dispersion kernel approach as described in 3.2.2 was used. Separate dispersion
kernels were prepared for traffic emissions and for domestic and other emissions.  Table 4.2
shows the dispersion parameters used to calculate the dispersion kernels.  Dispersion kernels
based on gridded emission sources at one km, three km and five km intervals have variously
been used.  The most recent maps have used kernels based on three km gridded emission
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sources.  Hourly sequential meteorological data for Heathrow for the years 1993-2002 was used
to prepare the dispersion kernels.

Table 4.2:  Dispersion parameters used to calculate area source kernels

Traffic kernel Constant kernel
Surface roughness 1 m 1 m
Emission factors Varying (see below) Constant
Height of well-mixed source 10 m 30 m
Hourly sequential meteorological data Yes Yes
Minimum Monin-Obukhov length 30 m 30 m
Emission from each volume source 1 g s-1 1 g s-1

Number of receptor grids (model extent):
One km area source model 31 (31 km) 31 (31 km)
Three km area source model 11 (33 km) 11 (33 km)
Five km area source model 7 (35 km) 7 (35 km)

A similar approach was used for small industrial sources regulated by the Environment Agency.
However, a non-linear correction factor was used to take account of stack height, plume
momentum and buoyancy effects from point sources:
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An in-square contribution from small point sources was also calculated, because the point source
is unlikely to be located at the centre of the grid square:

C = 1.54log10(10q)+0.464

where C is the in-square concentration, µg m-3; q is the emission rate, g s-1; and 1.54 is a
numerical constant, calculated as the average value over the years 1993-2002 for meteorological
data at Heathrow

The derivation of these empirical adjustments is given in Appendix 2.

4.3 Contribution from rural background concentrations
Diffusion tube measurement data from the acid deposition monitoring network were used to
estimate rural annual mean background NOx concentrations.  Rural NOx concentrations were
derived from the NO2 concentrations measured by the diffusion tubes by multiplying the rural NO2
concentration by a factor of 1.28, derived from empirical analysis of monitoring data from
continuous monitoring sites.  In a number of instances, measurements from this network were
influenced by contributions from nearby point and area sources.  Contributions from point and
area sources, estimated by dispersion modelling, were subtracted from the rural background
measurement data to avoid double counting of these contributions.  The correction procedure is
as follows:

Corrected rural background (µg m-3) = uncorrected rural background (µg m-3) – (kA + B + C)

where   A = modelled contribution from area source components;
k = empirical coefficient derived from a comparison of the previous year’s monitoring
data and model outputs (nominally k = 1);
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B = sum of modelled contributions from large point sources;
C = sum of modelled contributions from small point sources.

Corrected rural measurement data were interpolated to obtain estimates of the regional
background concentration throughout the UK.

4.4 Area source model calibration
The modelled oxides of nitrogen concentrations were then compared with oxides of nitrogen
concentrations obtained at rural, suburban, urban background and urban centre monitoring sites
in Defra’s Automatic and Urban Rural Network.  The modelled contributions from large and small
point sources and the interpolated corrected rural background concentrations were subtracted
from the measured concentrations: the remainder was then compared with the modelled
contribution from area sources.  Figure 4.2 shows this remainder plotted against the modelled
prediction of the area source contribution.  Examination of Figure 4.2 shows that the monitoring
sites fall into two groups:

• inner conurbations
• elsewhere.

‘Inner conurbations’ include inner and central London and central Birmingham and Manchester,
as defined by the Department for Transport (DfT, 2003).  The ‘elsewhere’ slope is close to unity,
showing that in these locations the uncalibrated model is quite successful in predicting the
concentration.  The inner conurbations slope is lower and reflects the different meteorological
and dispersion conditions in the centres of larger cites.  Meteorological data from Heathrow is not
expected to be representative of central London, for example. The effective roughness in large
urban areas is also greater than in rural or smaller urban areas, leading to more efficient
dispersion of pollutants.  Urban heat island effects in large cities limit the frequency of stable
atmospheric conditions that contribute to elevated oxides of nitrogen concentrations elsewhere.

The selection of the empirical coefficient, k, in Section 4.3 above is in principle an iterative
process.  However, in practice, one iteration is usually sufficient.
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Figure 4.2:  Calibration of NOx area source model

4.5 Addition of modelled contributions to the corrected rural
background concentration

Total annual average NOx concentrations are calculated as the sum of:

• the modelled large point source contributions;
• the modelled small point source contributions;
• the corrected rural background concentration;
• the calibrated modelled area source contribution.

4.6 Conversion of oxides of nitrogen to nitrogen dioxide
Various empirical relationships have been used by Netcen to predict annual average nitrogen
dioxide concentrations from the modelled oxides of nitrogen concentrations at background (non-
roadside) locations.  The most recent report describes the maps prepared for 2002, in which the
following relationships were used:

Rural background NO2 (µg/m3) = 0.7835NOx (µg/m3, as NO2)
Central London background NO2 (µg/m3) = 2.28(NOx (µg/m3, as NO2))0.6887

Inner London background NO2 (µg/m3) = 2.16(NOx (µg/m3, as NO2))0.6887

Outer London background NO2 (µg/m3) = 2.04(NOx (µg/m3, as NO2))0.6887

Elsewhere urban background NO2 (µg/m3) = 1.9301(NOx (µg/m3, as NO2))0.6887

The relationship for rural background concentrations was derived from monitoring data from 1998
to 2001 inclusively.  The relationships for urban areas were derived from monitoring data from
1998 to 2002 inclusively and are presented in Figure 4.3.  The relationships reflect the contrast
between the behaviour of NOx, which can be treated as a conserved pollutant, and NO2, for which
the ambient concentration is dependent on the availability of oxidant and the distance from
source.  The majority of NOx is present as NO2 at rural background locations because such areas
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are generally distant from sources and oxidant (ozone) is available in excess.  Annual mean NO2
concentrations in urban areas (Figure 4.3) are, however, limited by the availability of oxidant.
From Figure 4.3 it is can also been seen that measured NO2 concentrations at the same
measured NOx concentration increase from ‘elsewhere’ through outer and inner to central
London.  This is thought to be due to the large size of the Greater London urban area, which
enables relatively aged NOx from other parts of London to contribute to NO2 in central London.
We have used the definitions of outer, inner and central London adopted within the DfT transport
models (DfT, 2003).
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Figure 4.3: Relationship between annual mean NOx and NO2 concentrations measured at
urban background sites in the national networks 1998-2002

More recently, the conversion of oxides of nitrogen to nitrogen dioxide has been considered by
Defra’s Air Quality Expert Group (AQEG).  The analysis represented in the AQEG report
suggested that total oxidant (ozone plus nitrogen dioxide) concentrations are related to oxides of
nitrogen concentrations by the relationship of the form:

[OX] = A[NOx] + B

where B is the regional OX concentration, B = 35.7 ppb, and A is related to the proportion of NOx
emitted from the source as nitrogen dioxide (best fit to data A = 0.0948).

 [NO2]/[OX] ratios are then obtained as a function of [NOx] concentrations as polynomial fits to
monitoring data.

Fit 1 is applied at background sites in London:

[NO2]/[OX] = (1.015 x 10-1) + (1.367 x 10-2 [NOx]) – (6.127 x 10-5 [NOx]2) – (4.464 x 10-8 [NOx]3)

Applicable range, 19 to172 µg m-3 NOx as NO2 (10 to 90 ppb).
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Fit 2 is applied at sites near roads in London:

[NO2]/[OX] = (8.962 x 10-2) + (1.474 x 10-2 [NOx]) – (1.290 x 10-4 [NOx]2) + (5.527 x 10-7 [NOx]3) –
(8.906 x 10-10 [NOx]4)

Applicable range, 19 to 402 µg m-3 NOx as NO2 (10 to 210 ppb).

The Netcen maps currently under preparation for 2003 will use relationships of this type,
although the polynomials used to represent the [NO2]/[OX] relationships may change.

Netcen’s constant oxidant flux model was also used to calculate NOx/NO2 ratios taking account
of meteorology, mixing of ozone from the urban canopy and chemical kinetics.  The model is
based on a mass balance on vertical elements within the surface boundary layer:
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where:

k is the von Karman constant, equal to 0.4;
u*  is the friction velocity;
z is the height above the displacement height;
φ is a stability related factor;
k1 is the rate of reaction between ozone and nitric oxide producing nitrogen dioxide;
J is the rate of photochemical reaction of nitrogen dioxide to form nitric oxide and ozone.

The upper boundary condition is at r = H/10, [NO] = [NO]mbl, and so on.

The lower boundary condition is at z = 0:
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where:

ENO is the rate of emission of nitric oxide;
vd is the non-aerodynamic deposition velocity, equal to 1/(rb+rsur).

Boundary conditions applied take account of the proportion of oxides of nitrogen emitted as
nitrogen dioxide (A) and the regional oxidant concentration (B).  Figure 4.4 shows the predicted
nitrogen dioxide concentrations as a function of oxides of nitrogen concentrations, evaluating the
model for annual average parameters (k1, J, u*) selected a priori.  The model generates
reasonable agreement with monitoring data from urban background sites throughout the UK.  In
practice, the predictions are little different from the AQEG polynomial fit (Jenkin’s Fit 1)
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Figure 4.4: A comparison of measured NO2 concentrations and a number of methods used
to predict NO2 concentrations

The AQEG empirical relationships apply where oxides of nitrogen are emitted at ground level.
Large point sources on the other hand generally release oxides of nitrogen above the constant
flux surface boundary layer, so that the empirical relationship may not apply.  Figure 4.5 shows
the corresponding plot of ground level NOx and NO2 concentrations for an elevated source.  The
constant oxidant flux predictions approach the photostationary state values, particularly at low
oxides of nitrogen concentrations.
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4.7 Preparation of maps
Netcen currently prepare the required maps using the Geographical Information System ArcInfo,
which was used here.  Simple scripts were prepared in the ArcInfo command language (*.aml) to
facilitate the data handling operations.

Figure 4.6 shows the Netcen map prepared for nitrogen dioxide concentrations for 2002.  Figure
4.7 similarly shows the Netcen map for annual average oxides of nitrogen concentrations for
2002, which is relevant to the protection of vegetation (see Table 1.2).  A data mask was applied
in ArcInfo to exclude those areas where the annual average limit value for oxides of nitrogen did
not apply.

Figure 4.6: Annual mean background NO2 concentration, 2002 (µg m-3). Concentrations are
predicted for 1 km x 1 km squares.
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Figure 4.7: Annual mean rural NOx concentration, 2002 (µg m-3, as NO2).
Concentrations are predicted for 1 km x 1 km squares.

4.8 Roadside concentrations
Netcen also developed empirical techniques to estimate roadside oxides of nitrogen and nitrogen
dioxide concentrations.  The annual mean concentration of NOx at a roadside location is made up
of two parts: the background concentration (as described above) and a roadside increment:

Roadside NOx concentration = background NOx concentration + NOx roadside increment

The roadside increment was estimated at roadside monitoring stations: the background NOx
component was derived from the map described above and subtracted from the measured
roadside NOx concentration.
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The NAEI provides estimates of NOx emissions for major road links in the UK.  Netcen have
assumed that the roadside increment is related to the emission per unit length of road, E, by
means of a relationship of the form:

kfEincrementroadsideNOx =__

where:

k is an empirical constant for oxides of nitrogen, typically 0.18 s m-2;
f is an empirical adjustment factor that takes account of the annual average daily traffic flow
and the type of road (Figure 4.8).
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Figure 4.8: Adjustment factors applied to road link emissions

Netcen calculated nitrogen dioxide roadside increment for 2002 using the method developed by
Laxen and Wilson (2002) included in the Highways Agency Design Manual for Roads and
Bridges:

NO2 roadside increment (µg/m3) = NOx roadside increment (µg/m3, as NO2) .
(0.53 - 0.068.ln(total roadside NOx concentration (µg/m3, as NO2)))

Figure 4.9 shows the empirical map produced by Netcen of roadside nitrogen dioxide
concentrations for 2002.



Methods for auditing the contribution of Environment Agency regulated processes to pollution 55

Figure 4.9:  Major built-up roads, annual mean roadside NO2 concentration,
2002 (µg m-3)

4.9 Model verification
Modelled annual average oxides of nitrogen concentrations were compared with measured
concentrations at monitoring sites throughout the UK.  The sites used in the verification process
included sites other than those in Defra’s automatic urban and rural nnetworks.  Data from sites
quality assured by Netcen under contract but not part of the national network, including local
authority sites in the Netcen Calibration Club, were therefore used for the verification of modelled
estimates.  The term ‘verification sites’ is used to describe all monitoring sites included in the
verification analysis.  Monitoring sites used for this comparison are listed in Appendix 6.  Sites
with a data capture of at least 50 per cent were included in the verification analysis.  A higher
data capture threshold of 75 per cent was applied for the national network sites used to calibrate
the models.

Figure 4.10 to Figure 4.13 show verification plots of measured and modelled NOx and NO2
concentrations at background and roadside monitoring sites.
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Figure 4.10 Verification of background
annual mean NOx model 2002
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Figure 4.11 Verification of background
annual mean NO2 model 2002
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Figure 4.12 Verification of roadside
annual mean NOx model 2002
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Figure 4.13 Verification of roadside
annual mean NO2 model 2002

4.10  Model development
A number of potential improvements to the method, similar to those for sulphur dioxide,  would
increase its utility in assessing the contribution of processes regulated by the Environment
Agency to oxides of nitrogen concentrations for the purposes of annual audit.  These include:

• calculation of high percentile nitrogen dioxide concentrations;
• improved methods of estimating NOx to NO2 conversion;
• improved input data quality;
• increased modelling resolution;
• assessment of long-range effects of Environment Agency-regulated emissions on annual

mean concentrations;
• more consistent treatment of background concentrations;
• assessment of prediction intervals for modelled concentrations;
• spatial analysis of residual errors;
• preparation of incremental maps;
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• site-specific studies for areas where large pollutant concentrations are predicted or
measured.

Specific improvements relating to oxides of nitrogen modelling are described in the following
sections.

4.10.1 High percentile nitrogen dioxide concentrations

Netcen have not prepared maps of the 99.8th percentile hourly average nitrogen dioxide
concentration for comparison with the short-term objective or limit value because in most
locations, the annual average objective is more stringent.  However, the Environment Agency
has a special interest in the regulation of large point sources, which may produce local
exceedence of the short-term objective.  Maps showing areas of potential exceedences of short-
term objectives are therefore required by the Environment Agency.

The ADMS dispersion model can be used to produce maps of the 99.8th percentile of hourly
mean oxides of nitrogen concentration in the same way as the 15-minute and hourly percentiles
are prepared for sulphur dioxide.  Nitric oxide, the main constituent of combustion emissions of
oxides of nitrogen, reacts with ozone in the atmosphere to create nitrogen dioxide: the reverse
reaction also occurs as the result of photodissociation of the nitrogen dioxide.  The ADMS
dispersion model used by Netcen includes a chemistry model that takes account of these
reactions.

The ADMS chemistry module requires estimates of background ozone, nitrogen dioxide and nitric
oxide concentrations for each hour.  Cambridge Environmental Research Consultants (CERC),
the model developers, recommend the use of monitoring data from the nearest rural background
monitoring site in rural areas and the nearest urban background site for urban areas.  The
modelling studies for annual audit need to take account of all receptors in (typically) a 100 km
square, and so some of the receptors will be in urban areas and some will be in rural areas. Most
of the largest sources of emission are in rural areas.  Therefore, the background monitoring site
closest to the meteorological station should be used for the preparation of annual audit maps.

The ADMS chemistry module also requires an estimate of the proportion of oxides of nitrogen
emitted as nitrogen dioxide.  Typically, it has usually been assumed that 5-10 per cent of the
oxides of nitrogen are emitted as nitrogen dioxide:  however, there is little data supporting this
assumption.  Furthermore, the ADMS chemistry module does not take account of the reaction:

2NO+O2→2NO2

which may be significant close to the point of discharge from the stack, where nitric oxide
concentrations are relatively high.  It is anticipated that analysis of data from monitoring sites
near to power stations as part of the umbrella project, using the methods reported by the Air
Quality Expert Group, may provide the most appropriate estimate of the proportion of oxides of
nitrogen emitted as nitrogen dioxide.

The ADMS dispersion model will calculate the 99.8th percentile of hourly average nitrogen dioxide
concentrations in rural areas, taking account of rural background monitoring data.  However,
short-term peak concentrations in urban areas are likely to be determined to a greater extent by
low level emissions, mostly from road vehicles.  The hourly mean objective is not generally
exceeded at urban background monitoring sites in the UK.  For the purposes of mapping at
background locations, the 99.8th percentile concentrations may be estimated from the mapped
background (without large point sources) annual average nitrogen dioxide concentrations using a
statistical relationship of the form:
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C99.8 = kCav

where the constant k is determined from monitoring results and is typically 2-3.

Figure 4.14 shows the 99.8th percentile hourly average nitrogen dioxide concentration plotted
against annual mean concentrations for background sites throughout the UK for 2003.
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Figure 4.14: A plot of 99.8th percentile hourly average nitrogen dioxide concentration
versus annual mean concentrations for urban background sites throughout the UK in
2003
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The procedure described above yields two estimates of the 99.8th percentile hourly mean
concentrations at each receptor point throughout the UK: one value resulting from the modelling
of large point sources and the other based on the annual mean background concentration.  The
two sets of estimates may be combined to form a map of the larger of the two estimates at each
receptor.  This procedure assumes that short term-peak concentrations resulting from low level
emissions do not coincide with peak concentrations associated with the large point sources:  this
assumption is reasonable because the meteorological conditions associated with high ground
level concentrations are different in each case.

4.10.2 NOx to NO2 conversion

Use of the ADMS 3 chemistry module allows NOx to NO2 conversion to be taken directly into
account.  For the calculation of annual mean NO2 concentrations, it is proposed to use the
relationship:

sourcepoxbackgroundx NONOfNO int__2 8.0}{][ +=

where f{NOx} is the AQEG relationship and the factor 0.8 takes account of the typical fraction
converted for an elevated source (see Figure 4.5).  Further development of the proposed method
may take place as the result of other studies within the Environment Agency umbrella projects.

4.10.3 Improved input data quality

Potential improvements in the quality of the input data have been described for sulphur dioxide
and apply equally for nitrogen dioxide.

The Netcen methodology for oxides of nitrogen currently assumes that emissions are constant
throughout the year.  For coal-fuelled power stations, the load factors shown in Table 3.2 can be
used in the absence of local data.  Gas-fuelled power stations usually provide base load and
operate continuously at a high load factor.  Other large industrial plants also tend to operate at
near constant loading.

4.10.4 Long-range effects on annual mean concentrations

The Netcen methodology does not take account of the contribution to annual mean
concentrations from large sources regulated by the Environment Agency that are over (typically)
50 km from the receptor locations.  The Environment Agency needs to estimate the contribution
from these sources to oxides of nitrogen concentrations at more distant receptors for the
purposes of annual audit.

Oxides of nitrogen react in the atmosphere to form nitrate aerosols.  The relative proportions of
nitric oxide, nitrogen dioxide and other oxides of nitrogen approach equilibrium.  The rate of loss
of oxides of nitrogen by reaction is relatively slow, generally with a time constant of the order of
10 hours, and is thus relatively unimportant over distances of 100 km or less.  However, at longer
distances this loss of oxides of nitrogen may become significant.  A number of models have been
developed to take account of the loss by chemical reaction over long distances in predictions of
acid deposition.  Straight-line trajectory models such as HARM and TRACK have been used
extensively in the UK to predict acid deposition.

For the purposes of this project, the acid deposition model TRACK was used to predict the
contributions to annual average nitrogen oxide concentrations from large point sources greater
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than 50 km from each receptor and from area sources greater than 30 km from the receptor.
ADMS 3 was used to predict the contribution from these sources closer to the receptor.  A small
change was made to the TRACK model code to prevent double counting of emissions within 50
km or 30 km of the receptor locations.

The TRACK model uses the Lagrangian trajectory approach, where species concentrations and
depositions at receptors are the outcome of a windrose-weighted sum of contributions from
straight-line trajectories centred on regular points of the compass.  The original TRACK model
assumed that each trajectory had a fixed cross-wind width, centred on the midpoint of each wind
direction sector.  This approach led to a ‘star pattern’ of predicted concentrations around large
point sources.  A small change was made to the TRACK model code so that emissions from
across the whole of each wind direction sector would be taken into account (Appendix 8).
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5 Netcen method for particulate
matter, PM10

Netcen prepared national scale maps of particulate matter (PM10) concentrations for comparison
with the air quality objectives and limit values presented in Table 5.1.

Table 5.1: Air quality limit values and objectives for PM10

Pollutant Air quality objective Date to be
achieved by

Particles (PM10)
(gravimetric)c

24-hour limit value for
the protection of
human health

Annual limit value for
the protection of
human health

24-hour limit value for
the protection of
human health (except
London)

24-hour limit value for
the protection of
human health
(London)

Annual limit value for
the protection of
human health (except
Scotland and London)

Annual limit value for
the protection of
human health
(London)

Annual limit value for
the protection of
human health
(Scotland)

50 µg/m3 not to be
exceeded more than
35 times a year

40 µg/m3

50 µg/m3 not to be
exceeded more than
seven times a year

50 µg/m3 not to be
exceeded more than
10 times a year

20 µg/m3

23 µg/m3

18 µg/m3

24-hour mean

annual mean

24-hour mean

24-hour mean

annual mean

annual mean

annual mean

1.1.2005

1.1.2005

31.12.2010

31.12.2010

31.12.2010

31.12.2010

31.12.2010

The method assumes that the PM10 concentration comprises three components:

• primary combustion PM10

• secondary PM10

• ‘other’ PM10 (the residual).
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Dispersion modelling methods are used to estimate the primary component alone.  The
secondary and other contribution is determined from the analysis of measured data.

Netcen only modelled annual average PM10 concentrations directly for comparison with the air
quality objectives and limit values.  Areas where the 24-hour daily mean limit value for 2005
would be exceeded were then identified by means of a statistical relationship between the
number of exceedences and the annual mean.  However, Netcen considered that the statistical
relationship was not sufficiently robust to determine where the more stringent daily mean
objectives for 2010 would be met.

5.1 Emissions estimates and discharge conditions

All Part A processes included within the National Atmospheric Emission Inventory with emissions
greater than 200 tonnes per annum were included in the detailed dispersion modelling study to
assess the primary component.
Prior to the modelling exercise, a survey of Part A authorisation notices held by the Environment
Agency was conducted for all point sources with annual emissions greater than 200 tonnes as
identified in the 2001 NAEI.  Parameters characterising the release to atmosphere were
collected; these were:

• stack height
• stack diameter
• discharge velocity
• discharge temperature.

Where release parameters were unavailable, engineering assumptions were applied.  Previously
collated data sets on emission release parameters from large SO2 point sources were also used
to characterise the release of emission (Abbott and Vincent, 1999).

Many of the Part A processes emit particulate matter through multiple stacks.  We have ignored
the possible enhancement of plume rise that may occur when plumes combine from stacks that
are located near to each other.  Where there are many stacks at the same site with different
discharge conditions, for example at refineries or chemical works, we have, in some cases,
grouped stacks of similar height and discharge characteristics together and assumed that the
emission from each group of stacks may be represented by a single stack with characteristics of
the stack with the largest emission or by a stack with an emission-weighted ‘average’ stack.
Power stations do not produce electricity at a constant rate, with electricity generation increasing
and decreasing with demand.  However, a constant emission rate was assumed for the purposes
of modelling annual average particulate matter concentrations.

Emissions of smaller industrial sources regulated by the Environment Agency with emissions of
less than 200 tonnes per annum were obtained from the NAEI on a 1 km x 1 km basis.  The
NAEI provides no details of the discharge conditions from these smaller industrial sources of
particulate emissions.  It was therefore assumed that the discharge height met the requirements
of the Chimney Heights Memorandum, 3rd edition for oxides of nitrogen and that the mass
emission rates of oxides of nitrogen (as nitrogen dioxide) and particulate matter were the same.
Other assumptions included a discharge temperature of 100oC, a discharge velocity of 10 m s-1,
an emission factor of 0.1 g MJ-1 and oxides of nitrogen (and particulate matter PM10)
concentrations in the discharge of 300 mg m-3 at reference conditions.  Further details are
provided in Appendix 2.

Estimates of emissions from domestic, transport, Part B industrial sources and other area
sources were obtained from the NAEI for each three km square area. Emissions from each road
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transport source were assumed to be distributed uniformly through an initial height of 10 m,
where each three km source was represented by an emitting volume 3 km x 3 km square and 10
m high.  The estimate of 10 m is based on the height of a typical house and assumes that road
transport emissions will be entrained in the wake of nearby buildings.  For other area sources, it
was assumed that the initial emitting volume was 30 m high, corresponding to buoyant emissions
from discharge stacks at small industrial or institutional premises.  For road transport, it was
assumed that the emissions varied throughout the week according to a profile obtained from an
analysis of the distribution of all traffic in the United Kingdom by time of day (Road Traffic
Statistics, 1999, Department of Transport) (see Figure 4.1).  A constant rate of emission was
assumed for other area sources.

National Atmospheric Emission Inventory estimates of aircraft emissions include emissions
throughout the whole of the take-off and landing cycle.  Only a small part of the emission is
released near ground level and contributes to ground level oxides of nitrogen concentrations.  A
factor of 0.5 was applied to the aircraft emissions, representing that fraction emitted near to the
ground.  Similarly, factors of 0.25 and 0.5 are applied to NAEI estimates of shipping and quarry
emissions.

5.2 Dispersion modelling
The dispersion modelling methods applied by Netcen to estimate the primary contribution to
background particulate matter PM10 concentrations from large and small industrial sources and
domestic, commercial and transport sources are the same as those used to predict the
contribution to oxides of nitrogen concentrations from these sources.

5.3 Secondary particulate concentrations
Sulphate and nitrate particle concentrations are measured on a monthly basis at 12 rural sites in
the ammonia and nitric acid network using a denuder method (CEH, 2003).  For simplicity,
secondary particles were assumed to consist of sulphates and nitrates only.
The secondary component of PM10 was estimated from:

][][][ 3
2
4sec10

−− ×+×= NObSOaPM ondary

where:

• [PM10]secondary is the secondary contribution to the PM10 concentration measured by
tapered element oscillating microbalance (TEOM);

• [NO3
-] is the measured nitrate aerosol concentration;

• [SO4
2-] is the measured sulphate aerosol concentration;

• a and b are mass conversion factors that depend to some extent on the methods used to
measure the PM10 concentration.

Sulphate particulate concentrations are also measured on a daily basis at five monitoring sites in
the acid deposition network.  The daily data was used to estimate the mass conversion factors as
follows.

There are 11 sites in the automatic and urban rural network where PM10 concentrations and
oxides of nitrogen concentrations are both measured continuously.  An assessment of the daily
concentration measurements at each site is carried out using the regression model suggested by
APEG:

CSOBNOAPM x +×+×= − ][][][ 2
410

where:
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A, B and C are empirical constants determined separately for each site;
[PM10] is the daily average PM10 concentration measured by tapered element oscillating
microbalance (TEOM) at the site;
[NOx] is the daily average NOx concentration measured at the site;
[SO4

2-] is the daily average sulphate concentration measured at the nearest acid deposition
network site.

The three terms on the right hand side of the regression model equation correspond to the
primary, secondary and other particulate components of the measured PM10 concentration.

Table 5.2 shows the regression model coefficients for 1996 data reported for eight sites in the
APEG report.

Table 5.2: Empirical coefficients used to predict PM10 concentrations

A
(primary)

B
(secondary)

C
(other)

London Bloomsbury 0.112 2.55 9.29
Birmingham Centre 0.207 2.29 6.52
Bristol Centre 0.145 2.62 7.97
Manchester Piccadilly 0.160 2.95 7.69
Newcastle Centre 0.155 3.48 5.66
Belfast Centre 0.302 2.65 5.91
Edinburgh centre 0.122 2.99 6.42
Liverpool Centre 0.187 2.56 7.57

Typically, the average value of the receptor coefficient B is in the range 2-3, changing on a year
to year basis and spatially as the proportions of sulphate and nitrate change.

It is then assumed that the daily average sulphate and nitrate concentrations are correlated at
each site so that the APEG receptor coefficient:

average

average

SO
NO

baB
][
][

2
4

3
−

−

+=

where a and b are constants and [ ]average denotes average sulphate and nitrate concentrations
interpolated from the ammonium and nitric acid network.

The constant a was determined on the assumption that sulphate aerosol was largely present as
ammonium sulphate and that both the ammonium and sulphate ions contributed fully to the
measured concentration: thus a = 1.354.

It was also assumed that nitrate aerosol was largely present as ammonium nitrate: however,
TEOM instruments are known to be subject to partial losses of the more volatile particle
components, such as ammonium nitrate.  The constant b was therefore determined from the
regression analysis by subtraction:
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Typically b is approximately unity: this value may be compared with a value of 1.29 that would
apply if all the nitrate were present as ammonium nitrate and there were no losses of volatile
matter in the TEOM device.

A map of secondary PM10 particle concentrations across the UK was then calculated from the
ammonia and nitric acid network measurements of sulphate and nitrate concentrations by
interpolation onto a 20 km x 20 km grid, assuming mass correction factors of a = 1.354 and  b =
1.0 for sulphate and nitrate respectively:

][][][ 3
2
4sec10

−− ×+×= NObSOaPM ondary

Air quality objectives for PM10 are specified in terms of the gravimetric reference standard
method rather than the TEOM device.  The gravimetric device behaves differently from the
TEOM device so that receptor coefficients and mass correction factors derived using TEOMs
may not apply.  There are now a limited number of gravimetric devices installed in the UK, but
the analysis to determine the equivalent receptor coefficients at these sites has not yet been
done.

5.4 Relationship between gravimetric and tapered element
oscillating microbalance measurements of PM10
concentrations

The reference method to compare measured concentrations with the limit values for PM10 is the
use of a gravimetric instrument.  The analysis developed by Netcen is based on TEOM (tapered
element oscillating microbalance) instruments, which are currently widely used within UK national
monitoring networks.  Netcen applied a scaling factor of 1.3 to all data before comparing with the
limit value, as suggested by APEG (1999), and recommended as an interim measure by the EC
Working Group set up to address the issue of scaling automatic PM10 measurements in advance
of Member States undertaking their own detailed inter-comparisons with the Directive Reference
Method.

5.5 Area source calibration
Modelled PM10 concentrations were then compared with those obtained at rural, suburban, urban
background and urban centre monitoring sites in Defra’s automatic and urban rural network.
Modelled contributions from large and small point sources and interpolated secondary
concentrations were subtracted from the measured concentrations: the remainder was then
compared with the modelled contribution from area sources.  Figure 5.1 shows this remainder
plotted against the modelled prediction of the area source contribution.
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Figure 5.1: Calibration of PM10 area source model

Figure 5.1 shows that measured residual concentrations are higher than the modelled area
source contribution.  In each case, the difference is at least 6.75 µg m-3 (TEOM).  It has been
assumed that this offset is representative of coarse or other particulate sources.  In practice, the
coarse or other particulate contribution is very uncertain because it is affected to a great extent
by local circumstances, such as the type of soil or frequency of road sweeping.  The uncertainty
in the coarse or other component is comparable in size to the primary contribution, so that the
plotted points in Figure 5.1 show considerable scatter.

Netcen divided the monitoring sites into two groups, following the analysis for oxides of nitrogen:

• inner conurbations
• elsewhere.

‘Inner conurbations’ includes inner and central London and central Birmingham and Manchester
as defined by DfT (2003).  Regression analysis was applied to the two groups of data to
determine calibration slopes.

The modelled area source contribution was multiplied by the relevant empirical slope to calculate
the calibrated area source contribution for each grid square in the country.  The modelled point
source, mapped secondary particle concentrations and the estimated coarse or other component
were then added to the area source contribution to provide mapped annual mean values over the
whole country.

5.6 Roadside concentrations
Netcen also developed empirical techniques for the estimation of roadside PM10 concentrations
similar to those used for oxides of nitrogen.  The annual mean concentration of PM10 at a
roadside location is made up of two parts: the background concentration (as described above)
and a roadside increment:

Roadside PM10 concentration = background PM10 concentration + PM10 roadside increment
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The roadside increment was estimated at roadside monitoring stations; the background PM10
component was derived from the map described above and subtracted from the measured
roadside PM10 concentration.

The NAEI provides estimates of PM10 emissions for major road links in the UK. Netcen have
assumed that the roadside increment is related to the emission per unit length of road, E, by
means of a relationship of the form:

kfEincrementroadsidePM =__10

where:

k is an empirical constant for PM10, typically 0.24 s m-2;
f is an empirical adjustment factor that takes account of the annual average daily traffic flow
and the type of road.

The empirical constant k is larger for PM10 than for NOx: this may be because the NAEI inventory
does not take account of the contribution from re-suspended dust to roadside concentrations.

5.7 Frequency of exceedence of the daily mean limit value
The methods described above allow Netcen to prepare maps of annual average PM10
concentrations.  Stedman has analysed data from monitoring stations throughout the country
over the period 1992-1999.  Figure 5.2 shows the number of exceedences of the 50 µg m-3 24-
hour standard plotted against the annual mean (gravimetric) concentration.  An annual mean
concentration of 31.5 µgm-3 gravimetric has been taken to be equivalent to 35 days with 24-hour
mean concentrations greater than 50 µg m-3 gravimetric (the stage 1 24-hour limit value).  Figure
5.2 also shows that the annual average objectives for 2010 are likely, on the basis of recent
measurements, to be at least as stringent as the 24-hour objectives.  Netcen has therefore not
assessed mapped PM10 concentrations against the 2010 objectives.
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Figure 5.2: Relationship between the number of days with PM10 concentrations greater
than or equal to 50 µg m-3 and annual mean concentration (1992 –1999)
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5.8 Model verification
Modelled annual average PM10 concentrations were compared with measured concentrations at
monitoring sites throughout the UK.  The sites used in the verification process include sites other
than those in Defra’s automatic urban and rural network.  Data from sites quality assured by
Netcen under contract but not part of the national network, including local authority sites in the
Netcen Calibration Club, have therefore been used for the verification of modelled estimates.
The term ‘verification sites’ is used to describe all monitoring sites included in the verification
analysis.  The monitoring sites used for this comparison are listed in Appendix 6.  Sites with a
data capture of at least 50 per cent were included in the verification analysis.  A higher data
capture threshold of 75 per cent was applied for the national network sites used to calibrate the
models.

Figure 5.3 and Figure 5.4 show verification plots of measured and modelled PM10 concentrations
at background and roadside monitoring sites.
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annual mean PM10 model 2002
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Figure 5.4 Verification of roadside annual
mean PM10 model 2002

5.9 Mapped concentrations
Figure 5.5 and Figure 5.6 show the empirical map produced by Netcen of background and
roadside annual mean PM10 concentrations for 2002.
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Figure 5.5: Annual mean background PM10 concentration, 2002 (µg m-3, gravimetric).
Concentrations are predicted for 1 km x 1 km squares.
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Figure 5.6: Major built-up roads, annual mean roadside PM10 concentration, 2002 (µg m-3,
gravimetric)

5.10  Model development
A number of potential improvements to the method, similar to those for sulphur dioxide and
nitrogen dioxide, would increase its utility in assessing the contribution of processes regulated by
the Environment Agency to particulate matter concentrations for the purposes of annual audit.
These include:

• improved input data quality;
• increased modelling resolution;
• assessment of long-range effects of Environment Agency-regulated emissions on annual

mean concentrations;
• more consistent treatment of background concentrations;
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• assessment of prediction intervals for modelled concentrations;
• spatial analysis of residual errors
• preparation of incremental maps
• site-specific studies for areas where large pollutant concentrations are predicted or

measured.

Specific developments relating to particulate matter modelling are described in the following
sections.

5.10.1 Long-range effects on annual mean concentrations

The Netcen methodology does not take account of the contribution to annual mean
concentrations from large sources regulated by the Environment Agency that are over (typically)
50 km from the receptor locations.  The Environment Agency needs to estimate the contribution
from these sources to particulate matter concentrations at more distant receptors for the
purposes of annual audit.

Emissions from Environment Agency-regulated sources may contribute to particulate matter
concentrations in two ways:

• emissions of particulate matter contribute directly to the primary particulate matter
concentration;

• emissions of sulphur dioxide and oxides of nitrogen react in the atmosphere to form
sulphate, nitrite and nitrate aerosols which contribute to secondary particulate matter
concentrations.

The rate of particulate formation by reaction is relatively slow and is relatively unimportant over
distances of 100 km or less.  However, at longer distances the secondary component by reaction
may become significant.  A number of models have been developed to take account of the
secondary formation by chemical reaction over long distances in predictions of acid deposition.
Straight-line trajectory models such as HARM and TRACK have been used extensively in the UK
to predict acid deposition.

For the purposes of this project, the acid deposition model TRACK was used to predict the
contribution from sulphur dioxide and oxides of nitrogen emissions to particulate matter
concentrations.
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6 Proposed method for long-term
sulphur dioxide objectives

This section outlines the proposed method for assessing the contribution made by Environment
Agency-regulated sources to long-term objective limits for sulphur dioxide.

6.1 Scenarios
Develop model scenarios:

• current year
• future year (National Emissions Ceiling Directive).

6.2 Emissions and discharge characteristics
Identify emissions sources emitting more than 500 tonnes of sulphur dioxide per annum.
Review available data on emissions and temporal variation of emissions.
Review available data on discharge characteristics and their temporal variation.

Obtain most up-to-date area source inventory from the NAEI.
Obtain 50 km x 50 km gridded ‘expert’ emissions data for the EMEP area for relevant source
sectors from EMEP web site (http://webdab.emep.int/).

6.3 Point source dispersion model input files
Define 100 x 100 km receptors areas for each emission source.
Prepare time-varying files for each point source containing details of emissions, discharge
temperature and discharge velocity temporal variation.
Specify meteorological data (Waddington sequential hourly data for most recent year).
Prepare dispersion model (ADMS 3) main input files containing details of stack heights and
diameters and so on, for each emissions source.

http://webdab.emep.int/
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Default input data for each receptor area includes:

Parameter Value
Surface roughness 0.1 m
Dry deposition velocity ADMS 3 default value for a reactive gas
Wet deposition Λ=APB Default values A = 10-4 s-1, B = 0.64, P is precipitation in

mm h-1

ADMS 3 limits wet deposition for sulphur dioxide on the
basis of the pH of rain drops

Receptor grid 2 km x 2 km intervals covering area extending 100 km x
100 km centred on each source

Specific heat of discharge 1012 J oC-1 kg-1 (default)
Molecular weight of discharge 28.96 (default)
Meteorological  data Hourly sequential in 10o sectors

Use model default advanced meteorological
parameters

Outputs 99.9th percentile 15-minute average
99.73th percentile hourly average
99.18th percentile 24-hour average
annual average

Run the model to provide output files with predicted annual mean concentration at each receptor.
Modelled percentile concentrations are not used for maps but may be used to assess
contribution from individual sources to exceedences of short-term objective limits.

6.4 Area source dispersion model kernel
Prepare 1 km x 1 km dispersion model kernels using ADMS3.  The source-receptor relationship
for the central node of the kernel is modified so that emissions within 50 m of a background
receptor location are not taken into account: the emissions from a 100 m x 100 m square
surrounding the receptor are reallocated throughout the rest of the 1 km x 1 km square (see
Figure 6.1).

Figure 6.1: Reallocation of emissions around the central node of the kernel
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Parameter Value
Emission area coordinates, m {-500,-500}

{500,-500}
{500, 500}
{-500, 500}

Volume source depth 10 m
Emission rate 1 g/s
Receptor area coordinates, m {-30000,-30000}

{30000, 30000}

Surface roughness 1 m
Dry deposition velocity 0
Wet deposition 0
Molecular weight of discharge 28.96 (default)
Met data Hourly sequential in 10o sectors

Use model default advanced meteorological
parameters

Outputs Annual mean

Run model to provide output kernels.  Prepare small industrial source kernel
(Appendix 2).

6.5 Area source modelling
Obtain 1 km x 1 km area source emissions data from NAEI.

Use ArcInfo ‘focal sum’ function to multiply each area source emission by the appropriate factor
in the dispersion kernel and sum the contributions from each emission source at the centroid of
each 1 km x 1 km receptor square.

6.6 Long-range modelling
Prepare 50 km EMEP grid emission input files from EMEP inventory for relevant source sectors.

Obtain 1 km x 1 km gridded sulphur dioxide area source data from NAEI.  Obtain point source
emission data for relevant source sectors from NAEI.  Aggregate source data onto a 10 km x 10
km grid.

Run TRACK model.  Model version 1.6f excludes the contribution from elevated sources greater
than 50 km from receptors and from low level sources greater than 30 km from receptors.
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Other input parameters are as follows:

Parameter Value
Receptor grid Ordnance survey
Receptor square dimension 20 km
Stability class 4
Mean wind speed 7.5 m s -1
Trajectory duration 96 hours
Trajectory time step 120 seconds
Lookup time step 2,880 seconds
Number of incoming trajectories at receptor 24
Number of trajectories per 24-hour period 4
Choice of solver Fixed timestep
Number of vertical levels Single level
Deposition velocities Spatially disaggregated values based on

surface types (Table 3.6)
Choice of season All year
Seeder-feeder enhancement On
Seeder-feeder effect cut-in level 800 mm rain per year
Seeder-feeder factor on wet deposition rate 2
Seeder-feeder factor on sulphur dioxide
oxidation rate

1.3

Tracer Off
Source type Area sources

6.7 Model calibration
Identify rural and power company monitoring stations with the year’s ratified data and with more
than 75 per cent data capture. Derive annual and winter means.

Obtain the following:

• nearest neighbour prediction from point source dispersion modelling at each monitoring
station;

• nearest neighbour prediction from area source modelling at each monitoring station;
• nearest neighbour prediction from long-range modelling at each monitoring station.

Carry out analysis to obtain calibration factors based on a regression model of the form:

BcccAc rangelongareaelledindustrialelledmeasured +++= )( __mod_mod

where A and B are constants determined by the regression analysis.

Determine prediction intervals (see Section 3.6.5).

Calculate residuals at each of the calibration sites:

Residual = measured - regression model

Use kriging interpolation program (such as SurferTM) to prepare variograms of the residuals.
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6.8 Prepare ArcInfo GIS maps
Interpolate point source and long-range model predictions onto 1 km x 1 km grid.

Add contributions from point sources, area sources and long-range sources by application of the
calibration model.

Plot modelled concentrations as a map of the UK.

6.9 Verification
Compare modelled and measured concentrations at other monitoring stations not selected for
calibration.

6.10  Map review
Identify monitoring stations where measured concentrations are outside model prediction interval
and where the modelled or measured concentrations approach the air quality objective.

Identify map locations where the air quality objective concentration is within the model prediction
interval.

Review model input data for sources potentially affecting the locations identified.
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7 Proposed method for short-term 
sulphur dioxide objectives

This section outlines the proposed method for assessing the contribution made by Environment
Agency-regulated sources to short-term objective limits for sulphur dioxide.

7.1 Scenarios
Develop model scenarios:

• current year
• future year (National Emissions Ceiling Directive).

7.2 Emissions and discharge characteristics
Identify emissions sources emitting more than 500 tonnes of sulphur dioxide per annum.
Review available data on emissions and temporal variation of emissions.
Review available data on discharge characteristics and their temporal variation.

Obtain most up-to-date area source inventory from the NAEI.

7.3 Point source dispersion model input files
Define receptors areas (see Figure 3.1).

Identify large emission point sources potentially affecting each receptor area.

Prepare time-varying files for each receptor area containing details of emissions, discharge
temperature and discharge velocity temporal variation for each point source.

Specify meteorological data (Waddington sequential hourly data for most recent year).

Prepare dispersion model (ADMS 3) main input files for each receptor area containing details of
stack heights and diameters and so on, for each emission source potentially affecting each
receptor area.
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Default input data for each receptor area includes:

Parameter Value
Surface roughness 0.1 m
Dry deposition velocity 0+

Wet deposition Λ=APB 0+

Receptor grid 2 km x 2 km intervals covering defined area (Fig. 3.1)
Specific heat of discharge 1,012 J oC-1 kg-1 (default)
Molecular weight of
discharge

28.96 (default)

Met data Hourly sequential in 10o sectors
Use model default advanced meteorological parameters

Outputs 99.9th percentile 15-minute average
99.73th percentile hourly average
99.18th percentile 24-hour average
Annual mean

+Wet and dry deposition at short range suppressed by hydrogen chloride in the plume.

Run model to provide output files.

7.4 Model calibration
Identify rural and power company monitoring stations with the year’s ratified data and with more
than 75 per cent data capture. Derive 99.9th percentile 15-minute means, 99.73th percentile
hourly means, 99.18th percentile daily means and annual means.

Obtain nearest neighbour prediction from point source dispersion modelling at each monitoring
station.

Obtain nearest neighbour prediction from annual average area source modelling at each
monitoring station (from long-term modelling; see Section 6) .

Carry out analysis to obtain calibration factors based on a regression model of the form:
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where:

k is a background multiplier factor relating background percentile concentrations to annual
averages (11.0, 10.1 and 3.3 respectively for the 99.9th percentile 15-minute mean, 99.73th

percentile hourly mean and 99.18th percentile daily mean values);
A is a constant determined by the regression analysis.

Determine prediction intervals (see Section 3.6.5).

7.5 Prepare ArcInfo GIS maps
For each 1 km x 1 km grid square throughout the UK, carry out the following:

Interpolate point source model predictions of percentile concentrations onto 1 km x 1 km grid.
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Add contributions from area sources and other sources by applying the calibration model.

Plot modelled concentrations as a map of the UK.

7.6 Verification
Compare modelled and measured concentrations at other monitoring stations not selected for
calibration.

7.7 Map review
Identify monitoring stations where measured concentrations are outside model prediction interval
and where the modelled or measured concentrations approach the air quality objective.

Identify map locations where the air quality objective concentration is within the model prediction
interval.

Review model input data for sources potentially affecting the locations identified.
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8 Proposed method for long-term
oxides of nitrogen dioxide objectives

This section outlines the proposed method for assessing the contribution made by Environment
Agency-regulated sources to long-term objective limits for oxides of nitrogen and nitrogen
dioxide.

8.1 Scenarios
Develop model scenarios:

• current year
• future year (National Emissions Ceiling Directive).

8.2 Emissions and discharge characteristics
Identify emissions sources emitting more than 500 tonnes of nitrogen oxides per annum.
Review available data on emissions and temporal variation of emissions.
Review available data on discharge characteristics and their temporal variation.

Obtain most up-to-date area source inventory from the NAEI.
Obtain 50 km x 50 km gridded ‘expert’ emissions data for the EMEP area for relevant source
sectors from EMEP web site (http://webdab.emep.int/).

8.3 Point source dispersion model input files
Define 100 x 100 km receptors areas for each emission source.
Prepare time-varying files for each point source containing details of emissions, discharge
temperature and discharge velocity temporal variation.
Specify meteorological data (Waddington sequential hourly data for most recent year).
Prepare dispersion model (ADMS 3) main input files containing details of stack heights and
diameters and so on, for each emissions source.

Default input data for each receptor area includes:

Parameter Value
Surface roughness 0.1 m
Dry deposition velocity 0
Wet deposition Λ=APB 0
Receptor grid 2 km x 2 km intervals covering area extending

100 km x 100 km centred on each source
Specific heat of discharge 1,012 J oC-1 kg-1 (default)
Molecular weight of discharge 28.96 (default)
Met data Hourly sequential in 10o sectors

Use model default advanced meteorological
parameters

Outputs 99.8th percentile hourly average
annual average

Chemistry module Off

http://webdab.emep.int/


Methods for auditing the contribution of Environment Agency regulated processes to pollution 81

Run model to provide output files with predicted annual mean concentration at each receptor.
Modelled percentile concentrations are not used for maps but may be useful to assess
contribution from individual sources to exceedences of short-term objective limits.

8.4 Area source dispersion model kernel
Prepare 1 km x 1 km dispersion model kernels using ADMS 3.  The source-receptor relationship
for the central node of the kernel is modified so that emissions within 50 m of a background
receptor location are not taken into account: the emissions from a 100 m x 100 m square
surrounding the receptor are reallocated throughout the rest of the 1 km x 1 km square (see
Figure 6.1).

Parameter Value
Emission area coordinates, m {-500,-500}

{500,-500}
{500, 500}
{-500, 500}

Volume source depth 10 m

Emission rate 1 g/s
Receptor area coordinates, m {-30000, -30000}

{30000, 30000}

Surface roughness 1 m
Dry deposition velocity 0
Wet deposition 0
Molecular weight of discharge 28.96 (default)
Met data Hourly sequential in 10o sectors

Use model default advanced meteorological
parameters

Outputs Annual mean
Chemistry module Off

Run model to provide output kernels.  Prepare small industrial source kernel
(Appendix 2).

8.5 Area source modelling
Obtain 1 km x 1 km area source emissions data from NAEI.

Use ArcInfo ’focal sum’ function to multiply each area source emission by the appropriate factor
in the dispersion kernel and sum the contributions from each emission source at the centroid of
each 1 km x 1 km receptor square.

8.6 Long-range modelling
Prepare 50 km EMEP grid emission input files from EMEP inventory for relevant source sectors.

Obtain 1 km x 1 km gridded oxides of nitrogen area source data from NAEI.  Obtain point source
emission data for relevant source sectors from NAEI.  Aggregate source data onto 10 km x 10
km grid.
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Run TRACK model.  Model version 1.6f excludes the contribution from elevated sources greater
than 50 km from receptors and from low level sources greater than 30 km from receptors.

Other input parameters are as follows:

Parameter Value
Receptor grid Ordnance survey
Receptor square dimension 20 km
Stability class 4
Meanwind speed 7.5 m s -1
Trajectory duration 96 hours
Trajectory timestep 120 seconds
Lookup timestep 2,880 seconds
Number of incoming trajectories at receptor 24
Number of trajectories per 24-hour period 4
Choice of solver Fixed timestep
Number of vertical levels Single level
Deposition velocities Spatially disaggregated values from input file
Choice of season All year
Seeder-feeder enhancement On
Seeder-feeder effect cut-in level 800 mm rain per year
Seeder-feeder factor on wet deposition rate 2
Seeder-feeder factor on sulphur dioxide
oxidation rate

1.3

Tracer Off
Source type Area sources

8.7 Model calibration
Identify rural, urban background and power company monitoring stations with the year’s ratified
data and with more than 75 per cent data capture. Derive annual and winter means.

Obtain the following:

• nearest neighbour prediction from point source dispersion modelling at each monitoring
station;

• nearest neighbour prediction from area source modelling at each monitoring station;
• nearest neighbour prediction from long-range modelling at each monitoring station.

Carry out an analysis to obtain calibration factors based on a regression model for NOx of the
form:

)( __mod_mod rangelongareaelledindustrialelledmeasured cccAc ++=

where A is a constant determined by the regression analysis.

Determine prediction intervals (see Section 3.6.5).

8.8 Calculation of nitrogen dioxide concentrations
For the calculation of annual mean NO2 concentrations, use the relationship:
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sourcepoxbackgroundx NONOfNO int__2 8.0}{][ +=

where f{NOx} is the AQEG relationship and the factor 0.8 takes account of the typical fraction
converted for an elevated source (see Figure 4.5).  Further development of the proposed method
may take place as the result of other studies within the Environment Agency umbrella projects.

8.9 Prepare ArcInfo GIS maps
For each 1 km x 1 km grid square centroid throughout the UK, carry out the following:

Interpolate point source model predictions of percentile concentrations onto 1km x 1 km grid.

Add contributions from area sources, long-range sources and other sources by application of the
calibration model.

Plot modelled concentrations as a map of the UK.

8.10  Verification
Compare modelled and measured concentrations at other monitoring stations not selected for
calibration.

8.11  Map review
Identify monitoring stations where measured concentrations are outside model prediction interval
and where the modelled or measured concentrations approach the air quality objective.

Identify map locations where the air quality objective concentration is within the model prediction
interval.

Review model input data for sources potentially affecting the locations identified.
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9 Proposed method for short-term
nitrogen dioxide objectives
This section outlines the proposed method for assessing the contribution made by Environment
Agency-regulated sources to short-term objective limits for nitrogen dioxide.

9.1 Scenarios
Develop model scenarios:

• current year
• future year (National Emissions Ceiling Directive).

9.2 Emissions and discharge characteristics
Identify emissions sources emitting more than 500 tonnes of oxides of nitrogen per annum.
Review available data on emissions, temporal variation of emissions.
Review available data on discharge characteristics and their temporal variation.

Obtain most up-to-date area source inventory from the NAEI.

9.3 Point source dispersion model input files
Define receptors areas (see Figure 3.1).

Identify large emission point sources potentially affecting each receptor area.

Prepare time-varying files for each receptor area containing details of emissions, discharge
temperature and discharge velocity temporal variation for each point source.

Prepare background pollutant concentration files for model year (ozone, nitrogen dioxide, nitric
oxide) from a representative monitoring station.

Specify meteorological data (Waddington sequential hourly data for the same year as the
background data).

Prepare dispersion model (ADMS 3) main input files for each receptor area containing details of
stack heights and diameters and so on, for each emissions source potentially affecting each
receptor area.
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Default input data for each receptor area includes:

Parameter Value
Surface roughness 0.1 m
Dry deposition velocity 0
Wet deposition Λ=APB 0
Chemistry Simple chemistry scheme on for nitrogen dioxide

modelling and off for oxides of nitrogen modelling
Receptor grid 2 km x 2 km intervals covering defined area (Fig.

3.1)
Specific heat of discharge 1,012 J oC-1 kg-1 (default)
Molecular weight of discharge 28.96 (default)
Met data Hourly sequential in 10o sectors

Use model default advanced meteorological
parameters

Outputs 99.8th percentile of hourly means of oxides of
nitrogen and nitrogen dioxide concentrations

Run model to provide output files.
.

9.4 Model calibration
Identify rural and power company monitoring stations with the year’s ratified data and with more
than 75 per cent data capture. Derive 99.8th percentile of hourly means of oxides of nitrogen
concentrations and nitrogen dioxide concentrations.

Obtain estimated annual mean nitrogen dioxide concentrations at each monitoring station (see
Section 4.9).

Select monitoring stations where the 99.8th percentile of nitrogen dioxide concentrations  exceeds
three times the estimated annual mean.

Carry out analysis of 99.8th percentile data for selected monitoring stations to obtain calibration
factors based on a regression model of the form:

BAcc industrialelledmeasured += _mod

where

A is a constant determined by the regression analysis;
B is a constant variously determined by the regression analysis or on the basis of a priori
judgement.

Determine prediction intervals (see Section 3.6.5).

9.5 Prepare ArcInfo GIS maps
For each 1 km x 1 km grid square centroid throughout the UK, carry out the following:

Interpolate point source model predictions of percentile concentrations onto 1 km x 1 km grid,

Apply the calibration model to each grid node.
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Obtain the estimated annual average nitrogen dioxide concentration at each point (see Section
8).

Plot maximum of (calibrated point source model, three times the annual mean).

9.6 Verification
Compare modelled and measured concentrations at other monitoring stations not selected for
calibration.

9.7 Map review
Identify monitoring stations where measured concentrations are outside model prediction interval
and where the modelled or measured concentrations approach the air quality objective.

Identify map locations where the air quality objective concentration is within the model prediction
interval.

Review model input data for sources potentially affecting the locations identified.

9.8 Detailed modelling of identified locations
Obtain additional data on emissions, discharge characteristics, buildings, meteorology and
topography.

Use ADMS 3 dispersion model to predict pollutant concentrations, taking account of new data.
Reassess risk of exceeding air quality objective.
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10 Proposed method for particulate
matter objectives
This section outlines the proposed method for assessing the contribution made by Environment
Agency-regulated sources to objective limits for particulate matter, PM10.

10.1  Scenarios
Develop model scenarios:

• current year
• future year (National Emissions Ceiling Directive).

10.2  Emissions and discharge characteristics
Identify emissions sources emitting in excess of 500 tonnes of oxides of nitrogen, 500 tonnes of
sulphur or 100 tonnes of particulate matter PM10 per annum.
Review available data on emissions and temporal variation of emissions.
Review available data on discharge characteristics and their temporal variation.

Obtain most up-to-date area source inventory from the NAEI.
Obtain 50 km x 50 km gridded ‘expert’ emissions data for the EMEP area for relevant source
sectors from EMEP web site (http://webdab.emep.int/).

10.3  Point source dispersion model input files
Define 100 x 100 km receptors areas for each PM10 emission source.

Prepare time-varying files for each point source containing details of emissions, discharge
temperature and discharge velocity temporal variation.

Specify meteorological data (Waddington sequential hourly data for most recent year).

Prepare dispersion model (ADMS 3) main input files containing details of stack heights and
diameters and so on, for each emissions source.

http://webdab.emep.int/
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Default input data for each receptor area includes:

Parameter Value
Surface roughness 0.1 m
Dry deposition velocity 0.001 m/s
Wet deposition Λ=APB A = 10-4 s-1, B = 0.64
Receptor grid 2 km x 2 km intervals covering area extending 100 km x 100

km centred on each source
Specific heat of discharge 1,012 J oC-1 kg-1 (default)
Molecular weight of discharge 28.96 (default)
Met data Hourly sequential in 10o sectors

Use model default advanced meteorological parameters
Outputs Annual average
Chemistry module Off

Run model to provide output files with predicted annual mean concentration at each receptor.

10.4  Area source dispersion model kernel
Prepare 1 km x 1 km dispersion model kernels using ADMS 3.  The source-receptor relationship
for the central node of the kernel is modified so that emissions within 50 m of a background
receptor location are not taken into account: the emissions from a 100 m x 100 m square
surrounding the receptor are reallocated throughout the rest of the 1 km x 1 km square (see
Figure 6.1).

Parameter Value
Emission area
coordinates, m

{-500,-500}
{500,-500}
{500, 500}
{-500, 500}

Volume source depth 10 m
Emission rate 1 g/s
Receptor area
coordinates, m

{-30000,-30000}
{30000, 30000}

Surface roughness 1 m
Dry deposition velocity 0
Wet deposition 0
Molecular weight of
discharge

28.96 (default)

Met data Hourly sequential in 10o sectors
Use model default advanced meteorological parameters

Outputs Annual mean
Chemistry module Off

Run model to provide output kernels.  Prepare small industrial source kernel
(see Appendix 2).

10.5  Area source modelling
Obtain 1 km x 1 km area source emissions data from NAEI.
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Use ArcInfo ’focal sum’ function to multiply each area source emission by the appropriate factor
in the dispersion kernel and sum the contributions from each emission source at the centroid of
each 1 km x 1 km receptor square.

10.6  Long-range modelling
Prepare 50 km EMEP grid emission input files from EMEP inventory for relevant source sectors.

Obtain 1 km x 1 km gridded oxides of nitrogen, sulphur dioxide and PM10 area source data from
NAEI.  Obtain point source emission data for relevant source sectors from NAEI.  Aggregate
source data onto 10 km x 10 km grid.

Run TRACK model, Version 1.6f.  Version 1.6f assesses the contribution to secondary particulate
concentrations from sulphur dioxide and oxides of nitrogen emissions.  Also include particulate
matter emissions as an inert tracer with dry deposition velocity 0.001 m s-1 and wet removal
coefficient of 1.3 x 10-5 s-1.

Other input parameters are as follows:

Parameter Value
Receptor grid Ordnance survey
Receptor square dimension 20 km
Stability class 4
Meanwind speed 7.5 m s -1
Trajectory duration 96 hours
Trajectory timestep 120 seconds
Lookup timestep 2,880 seconds
Number of incoming trajectories at receptor 24
Number of trajectories per 24-hour period 4
Choice of solver Fixed timestep
Number of vertical levels Single level
Deposition velocities Spatially disaggregated values from input file
Choice of season All year
Seeder-feeder enhancement On
Seeder-feeder effect cut-in level 800 mm rain per year
Seeder-feeder factor on wet deposition rate 2
Seeder-feeder factor on sulphur dioxide
oxidation rate

1.3

Tracer On
Source type Area sources

10.7  Model calibration
Particulate sulphate, nitrate and chloride concentrations are measured at 12 sites in the UK Acid
Deposition Network.  Particulate sulphate consists of components derived from non-marine
sources and from seawater.  The measurements of particulate chloride concentrations may be
used to distinguish between the marine sulphate and non-marine sulphate components following
the guidance in the ICP Mapping Manual
(http://www.oekodata.com/icpmapping/html/manual.html):

[ ]measuredmeasuredmarinenon ClSOSO −−
−

− −= 103.0][][ 2
4

2
4

http://www.oekodata.com/icpmapping/html/manual.html
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where the concentrations are in equivalents per litre.

A regression analysis of the non-marine sulphate data may then be carried out of the form:
rangelongmeasured Acc _=

where A is determined by the regression analysis.

A similar regression analysis of modelled and measured particulate nitrate should also be carried
out.

Identify rural, suburban, urban background and urban centre monitoring sites in Defra’s
automatic and urban rural network, with the year’s ratified data and with more than 75 per cent
data capture. Derive annual means.  A further regression analysis should then be carried out to
determine the coarse particulate contribution.

marineptsadmsareaadmsTrackTrackTrack SOPMPMPMNOtuSOrsAPM ][][][][][][][ 2
4_10_10103

2
410

−−− ++++++=

 where:

A is a coefficient determined by regression analysis;
r is a mass adjustment factor assuming that all the sulphate is present as ammonium
sulphate = 1.354;
t is a mass adjustment factor assuming that all the nitrate is present as ammonium nitrate
adjusted further empirically to allow for the volatility of ammonium nitrate in the TEOM
measuring device = 1;
s is the calibration factor relating measured and modelled sulphate concentrations = 1.61;
u is the calibration factor relating measured and modelled nitrate concentrations = 0.765;

[SO4
2-]Track is the sulphate concentration modelled using TRACK;

[NO3
-]Track is the nitrate concentration modelled using TRACK;

[PM10]adms_area is the contribution from UK one km area sources modelled by ADMS;
[PM10] adms_pts is the contribution from Environment Agency-regulated large point sources
modelled by ADMS;
[PM10] Track is the contribution from long-range primary PM10 emissions modelled by TRACK;
[SO4

2-]marine is the marine sulphate concentration determined from the measurement data,
typically 0.15 µg m-3.

Obtain the following:

• nearest neighbour prediction from ADMS point source dispersion modelling at each
monitoring station, cmodelled_industrial

• nearest neighbour prediction from ADMS area source modelling at each monitoring
station, cmodelled_area

• nearest neighbour prediction from long-range modelling of primary PM10 at each
monitoring station, clong-range_primary

Carry out an analysis to obtain calibration factors based on a regression model for PM10 of the
form:

ondaryprimaryrangelongareaelledindustrialelledmeasured PMcAcBcc sec_10___mod_mod ++++=

where:



Methods for auditing the contribution of Environment Agency regulated processes to pollution 91

• A is a constant determined by the regression analysis;
• B is a constant variously determined by the regression analysis or on the basis of a priori

judgement.

The offset B is assumed to be representative of coarse or other particulate sources.

Determine prediction intervals (see Section 3.6.5).

10.8  ArcInfo GIS maps
For each 1 km x 1 km grid square centroid throughout the UK, carry out the following:

Interpolate point source model predictions of percentile concentrations onto one km grid.

Add contributions from area sources, long-range primary and secondary sources and other
sources by application of the calibration model.

Convert TEOM-based estimates to gravimetric basis by multiplying by 1.3.

Plot modelled concentrations as a map of the UK.
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List of abbreviations
ADMS an atmospheric dispersion model
APEG Airborne Particles Expert Group
AQEG Air Quality Expert Group
AUN Automatic Urban Network
BATNEEC Best Available Technology Not Entailing Excessive Cost
d.f. degrees of freedom
Defra Department for Environment, Food and Rural Affairs
EPA Environmental Protection Act
EPAQS Expert Panel on Air Quality Standards
HARM Hull Acid Rain Model
GIS Geographic Information System
Kerbside Zero to one metre from the kerb
NAEI National Atmospheric Emission Inventory
Netcen National Environmental Technology Centre
NO2 Nitrogen dioxide
NOx Oxides of nitrogen
PM10 Particulate matter with an aerodynamic diameter less than 10 µg m-3

Roadside One to five metres from the kerb
SD Standard deviation
SO2 Sulphur dioxide
TEOM Tapered element oscillating microbalance
TRACK Trajectory model with Atmospheric Chemical Kinetics
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Appendices
Appendix 1: Emission characteristics of large sulphur dioxide sources
Appendix 2: Small point source model
Appendix 3: Monitoring stations used in the calibration of the sulphur dioxide model
Appendix 4: Spatial analysis of meteorological data
Appendix 5: Emission characteristics of large oxides of nitrogen sources
Appendix 6: Monitoring sites used to calibrate and verify the mapped estimates
Appendix 7: Mathematical justification for the addition of contributions to pollutant 

concentrations from component emission sources
Appendix 8: Sector average emissions calculations in TRACK
Appendix 9: Surface resistance to dry deposition of sulphur dioxide
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Appendix 2: Small point source model
Introduction
Small industrial sources have generally been represented in earlier maps (Stedman et al., 2002)
as one km square volume sources.  However, this approach has in some cases led to
unreasonably high concentrations close to the source.  The overestimation arises because the
release height, buoyancy and momentum of discharges from industrial chimneys is not taken into
account.  A revised small point source model has been developed which uses dispersion kernels
that will take these factors into account.

The dispersion model ADMS 3.1 was used to prepare the dispersion kernels.

Discharge conditions
The National Atmospheric Emission Inventory contains limited information on the discharge
characteristics of individual emission sources.  In many cases, the information is limited to data
on the total annual emission of individual pollutants.  It is therefore necessary to make some
general assumptions about the discharge height, discharge temperature, volumetric flow rate of
the discharge and the discharge velocity.  Our approach has been to make reasonable but
generally conservative assumptions corresponding to industrial practice.

Sulphur dioxide

For sulphur dioxide, it was assumed that the plant operates continuously throughout the year.
The stack height was estimated using the following equations taken from the 3rd edition of the
Chimney Heights Memorandum:

If the sulphur dioxide emission rate, RA (kg/h), is less than 10 kg/h, the chimney height, U (m), is
given by:

5.06 ARU =

If RA is in the range 10-100 kg/h:

2.012 ARU =

Emission rates in excess of 100 kg/h were not considered in this study.

No account was taken of the effects of buildings: it was assumed that the increase in chimney
height to take account of building effects provided by the Memorandum would compensate for
the building effects.

It was then assumed that the sulphur dioxide concentration in the discharge would be at the limit
for indigenous coal and liquid fuel for new and existing plant provided by Secretary of State’s
Guidance-Boilers and Furnaces, 20-50 MW net rated thermal input PG1/3(95).  The limit is 3,000
mg m-3 at reference conditions of 273 K, 101.3 kPa, six per cent oxygen for solid fuel firing and
three per cent oxygen for liquid firing and dry gas.  It was assumed that the oxygen content in the
discharge corresponded with the reference condition.  The moisture content of the discharge was
ignored.  It was assumed that the temperature of discharge was 373 K: higher temperatures
would lead to improved buoyancy and hence lower ground level concentrations, while lower
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temperatures would usually result in unacceptable water condensation.  A discharge velocity of
10 m/s was selected to be representative of most combustion source discharges.  The discharge
diameter d (m) was calculated from:

cv
qTd
π273

4
=

where q is the sulphur dioxide emission rate, g/s
T is the discharge temperature, 373 K
c is the emission concentration at reference conditions, 3 g m-3

v is the discharge velocity, 10 m/s

Table A2.1 shows the modelled stack heights and diameters.

Table A2.1:  Modelled stack heights and diameters for sulphur dioxide
Emission rate Stack height, m Stack diameter, m

g/s kg/h t/a
0.1 0.36 3.2 3.60 0.08
0.2 0.72 6.3 5.09 0.11
0.5 1.8 15.8 8.05 0.17
1 3.6 31.5 11.38 0.24
2 7.2 63.1 16.10 0.34
5 18 157.7 21.39 0.54

10 36 315.4 24.57 0.76
20 72 630.7 28.23 1.08

Oxides of nitrogen

For nitrogen dioxide, it was assumed that the plant operates continuously throughout the year.
The stack height was estimated using the following equation taken from the 3rd edition of the
Chimney Heights Memorandum for very low sulphur fuels:

( )69.156.0 107.4136.1 QQU −×−=

where Q is  the gross heat input in MW.

This relationship applies for heat inputs up to 150 MW.  For larger heat inputs, a fixed height of
30 m was used corresponding to an approximate lower limit derived from available data on stack
heights for large sources.

The gross heat input used in the above equation was calculated from the oxides of nitrogen
emission rate, using an emission factor of 10,600 kg/MTh (0.100 g/MJ) for oxides of nitrogen
emitted from natural gas combustion in non-domestic non-power station sources taken from the
NAEI.

For fuels containing significant sulphur, the actual stack height will be greater to allow for the
dispersion of sulphur dioxide and this is expected to lead to an overestimate of ground level
concentrations.

The emission limits for oxides of nitrogen provided by Secretary of States Guidance-Boilers and
Furnaces, 20-50 MW net rated thermal input PG1/3(95), depend on the type of fuel and are in the
range 140-650 mg m-3 at reference conditions.  A value of 300 mg m-3 was used in the
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calculation of the stack discharge diameter.  Other assumptions concerning discharge conditions
followed those made for sulphur dioxide above.

Table A2.2 shows the modelled stack heights and diameters.

Table A2.2:  Modelled stack heights and diameters for oxides of nitrogen
Emission rate Height, m Diameter, m
g/s t/a

0.1 3.2 1.36 0.24
0.2 6.3 2.06 0.34
0.5 15.8 3.57 0.54
1 31.5 5.40 0.76
2 63.1 8.15 1.08
5 157.7 13.72 1.70

10 315.4 19.12 2.41
20 630.7 21.34 3.41
50 1576.8 30.00 5.38

100 3153.6 30.00 7.61

Particulate matter, PM10

The stack heights and diameters used for oxides of nitrogen were also used to provide the
kernels for particulate matter PM10.  This provides a conservative assessment of PM10
concentrations for the following reasons.  The emission limits for total particulate matter provided
by Secretary of State’s Guidance-Boilers and Furnaces, 20-50 MW net rated thermal input
PG1/3(95), depend on the type of fuel and are in the range 5-300 mg m-3 at reference conditions.
The emission limit for total particulate matter includes, but is not limited to, the contribution from
PM10.

Dispersion modelling
The dispersion model ADMS 3.1 was used to predict ground level concentrations on two receptor
grids:

• an in-square grid covering an area 1 km x 1 km with the source at the centre and with
receptors at 33.3 m intervals;

• an outer-grid covering an area 30 km x 30 km with the source at the centre and with
receptors at one km intervals.

A surface roughness value of 0.5 m was used, corresponding to areas of open suburbia.
Meteorological data for Heathrow for the years 1993-2002 was used in the assessment, with
most model runs using the 2000 data.

Results

Sulphur dioxide

Table A2.3 shows the predicted in-square average concentration for the one km square centred
on the emission source for 2000 meteorological data.
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Table A2.3:  Predicted in-square concentration for sulphur dioxide
Emission rate, g/s Average in square concentration, µg m-3

0.1 0.599
0.2 0.934
0.5 1.555
1 2.19
2 2.92
5 4.57

10 6.56
20 8.86

The results shown in Table A2.3 may be approximated by the relationship:

C=Aq0.5

where C is the in-square concentration, µg m-3, and q is the emission rate, g/s.  A is a
proportionality factor (2.07 in 2000)

Table A2.4 shows the predicted in-square concentration for an emission rate of 10 g/s for
meteorological years 1993-2002.  Table A2.4 also shows the inter-annual variation in the factor
A.

Table A2.4: In-square concentrations for 10 g/s emissions
Year In-square concentration, µg m-3 Factor A
1993 6.21 1.96
1994 6.01 1.90
1995 6.12 1.94
1996 6.23 1.97
1997 6.10 1.93
1998 6.18 1.95
1999 6.49 2.05
2000 6.56 2.07
2001 6.32 2.00
2002 6.51 2.06

Figure A2.1 shows the predicted outer-grid concentration along the east-west axis through the
source for 2000 meteorological data for a range of rates of emission (in g/s).  Figure A2.1 does
not include results for the one km source square.
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Figure A2.1:  Sulphur dioxide concentration on east-west axis, 2000 meteorological data

Figure A2.2 shows the same model results plotted as C/q2/3.  The spread of the model results is
greatly reduced so that as a reasonable approximation, all the model results may be reduced to a
single line.

Figure A2.2:  Reduced sulphur dioxide concentrations on the east-west axis, 2000
meteorological data

Thus, the results for an emission rate of 10 g/s were used for all emission rates in the range 0.1-
20 g/s in the preparation of dispersion kernels for industrial sulphur dioxide emissions.  The
dispersion kernel was multiplied by 10(q/10)2/3 to provide estimates of the impact of emission q
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(g/s) at each receptor location.  Separate kernels were created from each meteorological data
year 1993-2002.

Oxides of nitrogen

Table A2.5 shows the predicted in-square average concentration for the one km square centred
on the emission source for 2000 meteorological data.

Table A2.5: In-square oxides of nitrogen concentrations, 2000
Emission rate, g/s In square concentration, µg m-3

0.1 0.464
0.2 0.764
0.5 1.37
1 1.97
2 2.6
5 3.31

10 3.58
20 4.34
50 3.745

100 4.3

The results shown in Table A2.5 may be approximated in the range 0.1-20 g/s by the
relationship:

C=B log10(10q)+0.464

where C is the in-square concentration, µg m-3, q is the emission rate, g s-1,  and B is a numerical
constant, 1.68 in 2000.

For emission rates in the range 20-100 g s-1, the in-square concentration is approximately 4 µg
m-3.

Table A2.6 shows the predicted in-square concentration for an emission rate of 20 g s-1 for
meteorological years 1993-2002.  Table A2.6 also shows the inter-annual variation in the factor
B.

Table A2.6: Inter-annual variation in in-square oxides of nitrogen concentration

Year In-square concentration, µg m-3 Factor B
1993 3.62 1.37
1994 3.88 1.48
1995 3.74 1.42
1996 4.3 1.67
1997 3.66 1.39
1998 3.64 1.38
1999 4.14 1.60
2000 4.34 1.68
2001 4.02 1.55
2002 4.68 1.83

Figure A2.3 shows the predicted outer-grid oxides of nitrogen concentration along the east-west
axis through the source for a range of rates of emission (in g s-1).
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Figure A2.3:  Oxides of nitrogen concentration on east-west axis, 2000 meteorological
data

Figure A2.4 shows the same model results plotted as C/q0.6.  The spread of the model results is
greatly reduced so that as a reasonable approximation, all the model results may be reduced to a
single line.

Figure A2.4:  Reduced oxides of nitrogen concentrations on the east-west axis, 2000
meteorological data
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Thus, the results for an emission rate of 20 g/s were used for all emission rates in the range 0.1-
100 g/s in the preparation of dispersion kernels for oxides of nitrogen emissions.  The dispersion
kernel was multiplied by 20(q/20)0.6 to provide estimates of the impact of emission q (g/s) at each
receptor location.  Separate kernels were created for each meteorological data year 1993-2002.

Method
Sulphur dioxide

Point sources with emissions greater than or equal to 500 tonnes per year (15.85 g/s) were
modelled explicitly using ADMS.  Point sources with emissions less than 500 tonnes per year
were modelled using the small points model.  This model has two components.

The in-square concentration for each source was calculated using the following function:

C=1.98q0.5

where C is the in-square concentration, µg m-3, q is the emission rate, g s-1, and 1.98 is a
numerical constant, calculated as the average value over the years 1993-2002 for meteorological
data at Heathrow.

The outer-grid concentration was calculated by adjusting the emissions for each source using the
function:

Q = 10(q/10)0.667

where q is the emission rate, g/s, and Q is the adjusted emissions.  The sum of the adjusted
emission was then calculated for each grid square and the outer-grid concentration calculated
using a small points dispersion kernel (which was calculated as the average over the years 1993-
2002 for meteorological data at Heathrow).

The in-square and outer-grid concentrations were then summed to calculate the total contribution
to ambient annual mean concentrations from these small point sources.

Oxides of nitrogen

Point sources with emissions greater than or equal to 500 tonnes per year (15.85 g/s) were
modelled explicitly using ADMS.  Point sources with emissions less than 500 tonnes per year
were modelled using the small points model.  This model has two components.

The in-square concentration for each source was calculated using the following function:

C=1.54log10(10q)+0.464

where C is the in-square concentration, µg m-3, q is the emission rate, g/s, and 1.54 is a
numerical constant, calculated as the average value over the years 1993-2002 for meteorological
data at Heathrow.

The outer-grid concentration was calculated by adjusting the emissions for each source using the
function:

Q = 20(q/20)0.6
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where q is the emission rate, g/s, and Q is the adjusted emissions.  The sum of the adjusted
emission was then calculated for each grid square and the outer-grid concentration calculated
using a small points dispersion kernel (which was calculated as the average over the years 1993-
2002 for meteorological data at Heathrow).

The in-square and outer-grid concentrations were then summed to calculate the total contribution
to ambient annual mean concentrations from these small point sources.

PM10

The method for PM10 was the same as for NOx, except that point sources with emissions greater
than or equal to 200 tonnes per year (6.34 g s-1) were modelled using ADMS.  Point sources with
emissions less than 200 tonnes per year were modelled using the small points model.
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Appendix 3: Monitoring stations used
in the calibration of the sulphur
dioxide model
Site Site type East North
Birmingham Airport Contract Site 417960 283999
Carrickfergus Rosebrook
Avenue

Contract Site 154608 543022

Derry Brandywell Contract Site 59117 580233
Lisburn Island Civic Centre Contract Site 138888 520363
Newry Monaghan Row Contract Site 116267 484684
Newry Trevor Hill Contract Site 117103 484491
North Down Bangor Contract Site 162731 535152
Oldham West Endhouse Contract Site 391870 405513
Ribble Valley Lillands Contract Site 373650 443650
Salford M60 Contract Site 374813 400853
Strabane Springhill Park Contract Site 49730 561049
Bexleyheath Innogy 548300 174500
Didcot South Innogy 448500 188400
Downes Ground Farm Innogy 470400 424900
East Tilbury Innogy 567500 177200
Font-y-gary Innogy 305300 166100
Hemingbrough Innogy 466900 429700
North Featherstone Innogy 442700 422700
Northfleet Innogy 562600 174700
Smeathalls Fm Innogy 451200 425200
West Bank Innogy 462400 425000
West Thurrock Innogy 559000 176800
London Marylebone Road KERBSIDE 528100 182000
Bentley Hall Farm PG 408500 318900
Bottesford PG 479700 337600
Gainsborough Cemetery PG 481900 390600
Gillingham PG 578400 169300
Grove Reservoir PG 474150 380400
Marton School PG 484400 381850
Ruddington PG 456400 332100
Stile Cop Cemetery PG 403900 316000
Telford Aqueduct PG 369000 305800
Telford School PG 368200 304000
Thorney PG 485800 373100
Weston on Trent PG 440800 327800
Bury Roadside ROADSIDE 380922 404772
Exeter Roadside ROADSIDE 291940 92900
London Cromwell Road 2 ROADSIDE 526523 178947
Newham Cam Road ROADSIDE 538661 183969
Oxford Centre ROADSIDE 451366 206152
Southwark Roadside ROADSIDE 534600 177800
Wrexham ROADSIDE 332862 349904
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Site Site type East North
Bacton Gas Terminal RURAL 633400 333600
Harwell RURAL 447400 186300
Ladybower RURAL 416400 389200
Lullington Heath RURAL 553800 101600
Rochester RURAL 583100 176200
V Glamorgan Fonmon RURAL 305910 167340
Wicken Fen RURAL 556400 269200
Appleacre Rural SO2 366500 520800
Barcombe Mills Rural SO2 543700 114900
Bentra Rural SO2 158700 545900
Bush Rural SO2 324600 663800
Bylchau Rural SO2 295900 359600
Caenby 1 Rural SO2 499300 390000
Camborne 1 Rural SO2 162800 40700
Camphill 1 Rural SO2 227400 654600
Church Fenton Rural SO2 452800 432800
Corpach 1 Rural SO2 205400 778200
Crai Rural SO2 286100 218300
Cresselly 1 Rural SO2 206400 206200
Cwmystwyth Rural SO2 277400 274500
Drayton Rural SO2 416400 259400
Eskdalemuir Rural SO2 323500 603000
Etton 1 Rural SO2 498000 444500
Fairseat Rural SO2 562200 161500
Formoyle Rural SO2 93900 589300
Forsinain Rural SO2 290600 948600
Fort Augustus 2 Rural SO2 236600 809100
Garrary Rural SO2 253100 579000
Glen Dye Rural SO2 364200 786400
Hebden Bridge 2 Rural SO2 401100 432700
High Muffles Rural SO2 477600 493900
Husborne Crawley 1 Rural SO2 496400 236100
Little Horkesley 1 Rural SO2 597100 231200
Loch Leven 2 Rural SO2 315900 699000
Marshfield 1 Rural SO2 325500 183000
Pitlochry Rural SO2 291800 759900
Preston Montford 2 Rural SO2 343200 314300
Redesdale 2 Rural SO2 383300 596100
Rockbourne 1 Rural SO2 411600 118100
Rosemaund Rural SO2 356400 247600
Stoke Ferry Rural SO2 570000 298800
Strathvaich Dam Rural SO2 234700 875000
Sutton Bonington Rural SO2 450500 326800
Wakefield 24 Rural SO2 435200 413200
Waunfawr 1 Rural SO2 253300 360700
Yarner Wood Rural SO2 278600 78900
London Bexley SUBURBAN 551800 176300
London Eltham SUBURBAN 544000 174700
London Hillingdon SUBURBAN 506939 178621
Manchester South SUBURBAN 383912 385828
Redcar SUBURBAN 459975 524563
Aberdeen URBAN BACKGROUND 394416 807408
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Site Site type East North
Abingdon URBAN BACKGROUND 449910 197100
Ards URBAN BACKGROUND 161298 528389
Barnsley 12 URBAN BACKGROUND 434200 406700
Barnsley Gawber URBAN BACKGROUND 432529 407472
Belfast East URBAN BACKGROUND 148000 529300
Birmingham East URBAN BACKGROUND 411536 288870
Bolton URBAN BACKGROUND 371000 408500
Bournemouth URBAN BACKGROUND 412300 93344
Castlereagh Espie Way URBAN BACKGROUND 149800 528200
Coventry Memorial Park URBAN BACKGROUND 432600 279600
Cwmbran URBAN BACKGROUND 330510 195436
Derry URBAN BACKGROUND 60143 581004
Leamington Spa URBAN BACKGROUND 432060 265906
London Brent URBAN BACKGROUND 520090 189252
London N. Kensington URBAN BACKGROUND 524000 181700
London Teddington URBAN BACKGROUND 515600 170600
Northampton URBAN BACKGROUND 476111 264524
Port Talbot URBAN BACKGROUND 278036 188249
Portsmouth URBAN BACKGROUND 465686 103607
Preston URBAN BACKGROUND 355200 430100
Sandwell West Bromwich URBAN BACKGROUND 400300 291500
Southend-on-Sea URBAN BACKGROUND 585566 186130
Stockport Shaw Heath URBAN BACKGROUND 389386 389604
Sunderland URBAN BACKGROUND 439800 557000
Tameside Two Trees School URBAN BACKGROUND 393440 394377
Thurrock URBAN BACKGROUND 561018 177894
Trafford URBAN BACKGROUND 378768 394646
Wigan Leigh URBAN BACKGROUND 366468 399842
Wirral Tranmere URBAN BACKGROUND 332096 386644
Belfast Centre URBAN CENTRE 146231 529911
Birmingham Centre URBAN CENTRE 406342 286862
Bradford Centre URBAN CENTRE 416663 433053
Bristol Centre URBAN CENTRE 359404 173344
Cardiff Centre URBAN CENTRE 318412 176530
Glasgow Centre URBAN CENTRE 258902 665028
Hull Freetown URBAN CENTRE 509400 429300
Leeds Centre URBAN CENTRE 429976 434268
Leicester Centre URBAN CENTRE 458768 304820
London Bloomsbury URBAN CENTRE 530134 181986
London Lewisham URBAN CENTRE 537700 173800
London Southwark URBAN CENTRE 532400 178500
Manchester Piccadilly URBAN CENTRE 384334 398326
Newcastle Centre URBAN CENTRE 425016 564940
Norwich Centre URBAN CENTRE 623000 308900
Nottingham Centre URBAN CENTRE 457452 340103
Plymouth Centre URBAN CENTRE 247742 54600
Rotherham Centre URBAN CENTRE 443000 393000
Sheffield Centre URBAN CENTRE 435134 386885
Southampton Centre URBAN CENTRE 442575 112260
Stoke-on-Trent Centre URBAN CENTRE 388348 347894
Swansea URBAN CENTRE 265566 193158
Wolverhampton Centre URBAN CENTRE 391368 298942
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Site Site type East North
Grangemouth URBAN INDUSTRIAL 293840 681032
Middlesbrough URBAN INDUSTRIAL 450480 519632
Ribble Valley Chatburn URBAN INDUSTRIAL 377950 444350
Salford Eccles URBAN INDUSTRIAL 377932 398743
Scunthorpe URBAN INDUSTRIAL 490592 410689
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Appendix 4: Spatial analysis of
meteorological data
Introduction
Dispersion models used for the assessment of the impacts of large industrial sources on ambient
air concentrations of pollutants usually make use of hourly sequential meteorological data from
sites throughout the UK.  The number of sites available is limited, so the emission source and
receptor locations may be some distance from the nearest meteorological station.  This
investigation was carried out to assess the effect of the distance of the meteorological station on
predicted concentrations.

Meteorological data
Hourly sequential meteorological data for 1999, suitable for use in dispersion models was
obtained from the Meteorological Office for eleven sites throughout England and Wales.

Table A4.1: Coordinates of meteorological stations

OS grid coordinates, 100 m unitsSite Easting Northing
Boulmer 4265 6145
Coleshill 4195 2895
Heathrow 5075 1755

Hurn 4125 965
London Weather Centre 5301 1805

Ringway 3815 3845
Shawbury 3545 3225

Valley 2305 3755
Waddington 4985 3645
Wattisham 6025 2515
Yeovilton 3543 1231

The data provided details of cloud cover, wind direction and wind speed for each hour of the year
at each site.

Variograms

Variograms were calculated for cloud cover, wind direction and wind speed as follows.  For each
pair of meteorological stations, the variance of each pair of hourly data values, (x1, x2) was
calculated:

( )
2

2
212 xxs −

=

For the wind direction data, the difference x1-x2 was replaced with min{x1-x2, 180-(x1-x2)}.

A pooled estimate of the variance over all hours was then obtained for each pair of sites as the
mean of the variance estimates.  The standard deviation was calculated as the square root of the
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pooled variance estimate.  The standard deviation calculated for each pair of sites was then
plotted against the distance between the sites.

FigureA4.1 shows the variogram for hourly cloud cover.  The variogram shows that the difference
between cloud cover estimates at pairs of sites increases with increasing distance between sites
(as might be expected).  The standard deviation appears to approach a residual or ‘nugget’ value
of approximately 0.75 oktas as the distance between sites approaches zero. This nugget
contains components associated with the error in the cloud cover estimate and possible local-
scale microvariability.

Figure A4.1:  Cloud cover variogram

Figure A4.2 shows the variogram for hourly wind direction.  The variogram shows that the
difference between wind direction measurements at pairs of sites increases with increasing
distance between sites (as might be expected).  The standard deviation appears to approach a
residual or ‘nugget’ value of approximately 20 degrees as the distance between sites approaches
zero.
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Figure A4.2:  Wind direction variogram

Figure A4.3 shows the variogram for hourly wind speed.  The variogram shows a general trend of
the standard deviation of wind speed pairs increasing with distance between the meteorological
data sites.  There are a number of outlying points above the general trend: in each case the
outlying point is associated with the Valley meteorological station.  The Valley station is located
at an exposed coastal location with high wind speeds that are not typical of the other, generally
more inland, sites.  Excluding the Valley data, the variogram shows that the difference between
wind speed measurements at pairs of sites increases with increasing distance between sites (as
might be expected).  The standard deviation appears to approach a residual or ‘nugget’ value of
approximately 0.75 m s-1 as the distance between sites approaches zero.
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Figure A4.3:  Wind speed variogram

Dispersion modelling
The dispersion model ADMS 3.1 was used to determine maximum ground level concentrations
from a typical industrial stack emission using each of the meteorological data sets in turn.  Table
A4.2 shows the model input parameters.  Table A4.3 shows the predicted maximum annual
average concentrations and the 99.9th percentile of 15-minute mean concentrations predicted
using each of the meteorological data sets.  The predicted concentrations do not appear to have
any spatial pattern and are similar in each case.  The meterological data set for Valley results in
the highest predicted annual average concentration, possibly as a result of the higher wind
speeds at this location.

Table A4.2:  Model input parameters
Input parameter Value
Stack height 100 m
Stack diameter 2 m
Discharge temperature 130 oC
Discharge velocity 15 m s-1 actual
Surface roughness 0.1 m
Emission 1 g s-1

Receptor grid dimension 6 km x 6 km centred on the stack
Receptor spacing 100 m
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Table A4.3: Modelled maximum ground level concentrations
Meteorological data 99.9th percentile of

15-minute mean concentrations, µg
m-3

Annual mean,
µg m-3

Boulmer 1.86 0.039
Coleshill 1.97 0.038
Heathrow 2.26 0.036

Hurn 1.72 0.039
London Weather

Centre
1.72 0.040

Ringway 2.35 0.038
Shawbury 1.94 0.046

Valley 1.99 0.061
Waddington 1.90 0.045
Wattisham 1.80 0.034

Yeovilton 2.00 0.042

Conclusions
1) The error in the estimated cloud cover, wind direction and wind speed increases as the

distance of the meteorological station from the receptor area/source location increases.
2) The error in the estimated cloud cover, wind direction and wind speed decreases to a finite

residual or nugget value (greater than zero) as the distance from the meteorological station
approaches zero.  The residual error may be associated with measurement errors or local
microscale variation.

3) The wind speed in particular may be influenced by local topographical features (the
coastline, for example), so that proximity to the receptor area should not be the sole
criterion when selecting meteorological data for dispersion modelling.

4) The choice of meteorological data site has a relatively small effect on the predicted
maximum ground level concentrations.  The coefficients of variation of the maximum
predicted annual means and 99.9 th percentile 15-minute means were 18 per cent and 10
per cent respectively.
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Appendix 7: Mathematical justification
for the addition of contributions to
pollutant concentrations from
component emission sources
A number of methods are proposed in this report for the annual audit of contributions to annual
average pollutant concentrations from sources regulated by the Environment Agency.

The methods generally make use of a time-averaged footprint (or kernel) representing the
source-receptor relationship between a certain category of source and locations near to that
source.  The total annual mean concentration is then calculated as the sum of the contributions
from each source or source category. This kernel-based approach  considerably simplifies the
audit process.  This appendix provides the mathematical justification for the methods used.

Mass balance
Consider a volume element in the atmosphere, where gases containing a pollutant A are flowing
into the element.  A mass balance on the component A leads to the following differential
equation:
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where

ux, uy, and uz are the wind speeds in the x and y horizontal dimension and z  vertical
dimension;
cA is the concentration of A;
DAB is the molecular diffusivity of A through medium B;
ΛA is the wet scavenging coefficient;
RA is the rate of production of A by chemical reaction;
θ is time.

This differential equation is simplified in various ways in most dispersion models.  For example,
various simplifications are made in order account of atmospheric turbulence.  The following
discussion is generally applicable to all dispersion models.

Consider the special cases where:

AA

A

kcR
or
R

−=

= 0

where k is a reaction rate constant.
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These special cases correspond to the case of no chemical reaction or a first order reaction of
component A.

The differential equation is now both linear and homogeneous, taking the form:
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where P, Q, R and S are functions of x, y, z and θ but are not functions of the concentration.

Each of the terms in the equation is of the first degree in the dependent variable and its partial
derivatives: that is, the equation is linear.  Each of the terms contains either the dependent
variable or one of its derivatives: the equation is homogeneous.

The equation will depart from linearity if the wet scavenging coefficient is dependent on the
pollutant concentration.  This may be the case, for example, if the rain droplets become saturated
or there are complex chemical reactions within the droplets.  However, most dispersion models
currently used do not take the concentration dependence of the wet scavenging coefficient into
account.

Superposition theorem

Assume that cA1 and cA2 are particular solutions of the differential equation corresponding to
emissions resulting from source 1 and source 2.  The following superposition theorem holds for
linear homogeneous differential equations (Kreyszig).

If cA1 and cA2 are any solutions of a linear homogeneous partial differential equation in some
region, then

2211 AAA cacac +=

is also a solution of that equation in that region, where a1 and a2 are any constants (including
unity).

Proof of the theorem is obtained by substitution,

More generally, by extension for i sources

∑=
i

AiiA cac

is also a solution of the differential equation, if cAi are particular solutions of the differential
equation corresponding to emissions sources i.

It follows then that the concentrations at a particular point in space and time may be calculated
as the sum of the contributions from individual sources, provided the differential equation is both
linear and homogeneous.

It also follows that if the cAi are determined for unit emission from each source, then the constants
ai will correspond to the rates of emission.  The kernel approach applies the superposition
theorem in this way.

It is important to note that the superposition theorem does not hold in general for non-
homogeneous or non-linear partial differential equations.  Thus, the method will be in error if the
rate of reaction is neither zero nor represented by a first order reaction.  However, the error may
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be small if the reaction rate is small or can be approximated by a first order reaction over a
limited range.

The case where the reaction rate, RA , is specified as a function of time and space is a special
non-homogeneous case.  The mass balance differential equation is then represented by:
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where U is a function of x,y,z and time but not a function of the pollutant concentration.

It is readily seen that if cA1 is a solution of this equation (equation B) and cA2 is a solution of the
characteristic equation (that is, the differential equation with U=0, equation A), then cA1+cA2 is also
a solution of the mass balance differential equation, B.

By means of this result, it is possible to combine general solutions of the characteristic equation
A with particular integrals B of the above equation to achieve general solutions of B.  Note also
that if cA1 and cA2 are solutions of f=U1 and f=U2 respectively, then cA1+cA2 is a solution of
f=U1+U2.   This means that if a pollutant is formed as the result of first order chemical reactions of
a precursor species emitted from several sources, then it is possible to add the contributions from
each of the sources.  For example, if sulphur dioxide is emitted from a number of sources and
reacts with a first order reaction in the atmosphere to create sulphate aerosol, then the
concentration of the sulphate aerosol may be calculated as the sum of contributions from each of
the sulphur dioxide sources.

It is also necessary that the boundary conditions applied meet the superposition principle.  Thus,
it should be possible to represent the solution of the differential equation at the boundary by a
linear sum of component solutions.  For most boundary conditions, for example those of the
forms cA=constant, cA=0, dcA/dx=constant, dcA/dx=0 or d2cA/dx2=0, this is the case.  It is also
possible to represent the solution at the boundary as a linear sum of component solutions for the
dry deposition case:

0=
∂
∂

+
z
cD

r
c A

A
s

A

where rs is the surface resistance below the laminar sublayer.

The case where there is an equilibrium surface concentration (compensation point) may also be
represented in terms of a linear sum of component solutions.

There are some cases where the surface resistance depends on the pollutant concentration.  For
example, the surface may become saturated with the pollutant or there may be complex chemical
reactions at the surface.  It will not then be possible to represent the solution at the boundary as
the linear sum of component solutions.  Complex surface resistance models have been
suggested for some pollutants and have been included in the EMEP unified model.  However,
they are not well-established and have not been more generally applied.
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Average concentrations
The differential equation representing the mass balance on the pollutant and the solution of the
equation apply for short periods during which the air velocity and boundary conditions remain
effectively constant.  Under turbulent atmospheric conditions, the velocity field is changing rapidly
and so the concentration will also change rapidly.  The annual audit is based on an assessment
of time-averaged concentrations.  Most dispersion models apply some approximations to take
account of the turbulent fluctuations in air velocity and concentrations.  For example, many
dispersion models calculate hourly average concentrations.  The basic principle set out below
remains the same, however.  The time-average concentration is given by:

N

c
c N

An
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∑
=

where cAn is the total concentration during time increment, n, and N is the total number of time
increments during the averaging time.

For the case where many sources contribute to the total concentration, the time average
concentration is:
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Applying the commutative and associative laws of addition, this may be rewritten as:
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=

This means that the sum of the time-averaged contributions from each source is exactly
equivalent to the time-averaged sum of the contributions.  The kernel approach used in the
proposed annual audit method makes use of this identity.

Summary
The kernel approach used in the proposed annual audit method relies on the theorem of
superposition and the commutative and associative laws of addition.  The superposition theorem
applies for linear homogeneous partial differential equations only and this limits the application of
the method to the case when rates of chemical reaction of the pollutant are small or are
represented, at least approximately, by first order chemical kinetics.  The method may also be
inappropriate where the surface resistance to dry deposition or the wet scavenging coefficient are
dependent on pollutant concentrations.

In practice, the method uses the dispersion model ADMS 3 as an approximation to the differential
equation representing the mass balance of the pollutants.  The model relies on meteorological
data with limited spatial resolution.  Use of the kernel approach implies that the meteorological
data used to prepare the kernel apply throughout its area of application.  Spatial analysis of
meteorological data presented in Appendix 4 suggests that the error introduced is small.
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Appendix 8: Sector average
emissions calculations in TRACK
TRACK Versions 1.6d onwards eliminate the star patterns seen in earlier versions around major
point sources.  It averages the emissions along a tangent to the trajectory across the wind
direction segment at each point on the trajectory instead of using a nearest neighbour approach.

Suppose that the trajectory is at ∆x, ∆y with respect to the receptor at x0, y0.  Also assume that
there are n wind angle sectors.  Version 1.6d averages emissions along the tangent from

)/tan(
)/tan(

01

01

nxyyy
nyxxx

π
π

∆+∆+=
∆−∆+=

to

)/tan(
)/tan(
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π
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∆+∆+=

The average is calculated using the trapezium rule with dl = l/20.

The change has a very small effect on national average predicted concentrations due to
rounding/integration errors.  This effect may be shown by comparing predicted concentrations for
the base model year run using Version 1.6d and Version 1.6c, which were in other ways
identical.  The predicted average concentrations for 2003 over 833 receptors on a 20 km
Cartesian grid covering the land area of the UK for runs base_02_6c_vg4 and base_02_6d_vg4
are given in Table A8.1:

Table 8.1: Predicted average concentrations for 2003 over UK land area on a 20 km
Cartesian grid

Species Concentration, µg m-3

1.6c 1.6d
NOx 5.45 5.37
NO2 4.09 4.04

HNO3 0.04 0.04
HONO 0.02 0.02
PAN 6.73 6.68
AN 3.57 3.60
ANI 0.07 0.07
SO2 2.63 2.63
SO4 0.42 0.41
AS 0.27 0.28
HCl 0.09 0.09

Figures A8.1 and A8.2 show the difference in sulphur dioxide concentrations in µg m-3 between
Versions 6d and 6c.  The effect of the model change is shown most clearly in Figure A8.2, which
shows alternatively positive and negative changes in concentrations across the width of Scotland
on sectors centred on the English power stations in the Aire and Trent valleys.
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Figure A8.1: Differences in sulphur dioxide
concentration between Version c and Version d
of TRACK model (µg m-3) using a fine
difference scale

Figure A8.2: Differences in sulphur dioxide
concentration between Version c and Version d
of TRACK model (µg m-3) using a coarse
difference scale
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Appendix 9: Surface resistance to dry
deposition of sulphur dioxide
Consider a thin film of water covering the surface of the ground and vegetation.  The partial
pressures of sulphur dioxide and ammonia in the water film at the interface are in equilibrium with
the gas above it.  The concentrations of sulphur dioxide and ammonia in the liquid may be
estimated using Henry’s law:

222

333

][
][

SOSO

NHNH

pHSO
pHNH

=
=

where

[] are the concentrations in moles l-1;
HNH3 is the Henry’s law constant for ammonia, 62 mol l-1atm-1;
HSO2 is the Henry’s law constant for sulphur dioxide, 1.2 mol l-1atm-1;
pNH3 and pSO2 are the partial pressures of ammonia and sulphur dioxide.

Sulphur dioxide dissociates in water primarily to the bisulphite ion: at pH less than 4, dissociation
to the sulphite ion becomes significant, but is ignored here.
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Similarly, ammonia dissociates to form the ammonium ion:
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where KSO2 and KNH3 are equilibrium constants 0.0132 and 1.7 x 10-5 respectively.

The OH- and H+ concentrations are related by the dissociation constant of water:

1410]][[ −+− == wKHOH

The solution is electrically neutral:
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Rearranging for [H+]:
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The concentrations of the other species in solution may then be obtained by substitution.
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The bisulphite ion and other ions diffuse from the interface into the body of the liquid film.  The
average liquid-side mass transfer coefficient kLav is given by penetration theory:

πθ
AB

Lav
Dk 2=

where DAB is the diffusion coefficient of the bisulphite ion in water, taken to be 1.9x10-5 m2 s-1 (an
equivalent ionic conductivity of 70 ohm-1 cm2 equiv-1). θ is the penetration time corresponding to
the time since the water surface was created.  It was assumed that a new surface was created
every 24 hours with each dew fall.

This may be converted into an equivalent gas-side surface resistance:

RTkKH
HR

LavSOSO
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22 )1000(
][ +

=

where R is the gas constant, 8.205 x 10-5 m3 atm K-1 mole-1, and T is the ambient temperature,
298 K.  The 1000 factor converts Henry’s law constant to moles m-3 atm-1.

The surface resistance has been evaluated for a range of interface sulphur dioxide (1-100 ppb)
and ammonia (0.5-2 ppb) concentrations (Figure A9.1)

Fig. A9.1:  Surface resistance dependence on ammonia and sulphur dioxide
concentrations
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