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Background: The Runcorn area, north-west England, contains many pollution sources, the health effects of
which have been under discussion for over 100 years. Preliminary investigations revealed an excess risk of
mortality from kidney disease in people living nearest to several point sources of pollution, using distance as a
proxy for exposure. Ongoing epidemiological investigations into the effect of ambient mercury exposure on
dose and renal effect required a more refined assessment of exposure.
Methods: Atmospheric dispersion modelling was used to assess mercury dispersion from three mercury-
emitting sources (including a large chlor alkali plant), based on knowledge of emissions, local meteorology
and topography.
Results: The model was sensitive to various input parameters, with different dispersion patterns and ground-
level concentrations, and therefore different exposed populations identified when different input parameters
were defined. The different approaches to exposure assessment also had an impact on the epidemiological
findings. The model output correlated well with weekly monitoring data collected in the local area, although
the model underestimated concentrations in close proximity to the chlor alkali plant. The model identified that
one point source did not contribute significantly to ground-level mercury concentrations, so that inclusion of
this source when using the ‘‘distance as a proxy’’ approach led to significant exposure misclassification.
Conclusions: The model output indicates that assessment of ambient exposure should give consideration to the
magnitude of emissions, point source characteristics, local meteorology and topography to ensure that the
most appropriate exposure classification is reached. Even if dispersion modelling cannot be undertaken, these
data can be used to inform and improve the distance as a proxy approach, and improve the interpretability of
the epidemiological findings.

R
uncorn, an industrial town in the north-west of England,
contains many pollution sources, the health effects of
which have been the subject of discussion for over

100 years.1 Although emissions of many substances are now
greatly reduced compared with historical levels,2 local indus-
tries released over a ton of mercury per year during the period
1998–2002 (based on emissions data from the Environment
Agency (EA) Pollution Inventory).3

Identifying populations at risk from exposure to hazardous
substances can be a complex task, and may involve significant
data input, expense and time.4 More simple approaches using a
proxy measure of exposure, for instance, using distance of
residence from a point source as an estimate of exposure,5 can
be implemented relatively easily; however, they are limited in
what they can reveal about any associations found.

Distance as a proxy for exposure was used in a preliminary
investigation into the possible health effects associated with
industrial activity in the Runcorn area.6 Exposure to pollutants
from local industry was hypothesised to be associated with
excess risks of specified diseases, and risks in populations living
within 0–2 and 2–7.5 km of several major point sources were
investigated. These distances were arbitrarily selected a priori to
minimise the effect of boundary shrinkage. ‘‘Boundary shrink-
age’’ refers to an investigation that focuses tightly on an
apparent cluster of events, minimising the underlying popula-
tion, and therefore the number of expected cases, thus
maximising the excess risk. These arbitrary distances have
been used in previous Small Area Health Statistics Unit studies
to achieve a compromise between population size and
proximity to the point source,5 although little has been done

to assess the validity of these distances as an exposure measure.
The main finding of this preliminary work was an excess
mortality from renal disease in people living nearest to the
point sources, a pattern that was also evident in renal hospital
admissions investigated by the former North Cheshire Health
Authority.6

Using distance as a proxy for exposure is rarely an accurate
way of identifying exposed populations, as no consideration is
given to point source characteristics (emissions, stack height
and plume properties), to local meteorological conditions or to
topographical features, all of which play a significant role in
determining dispersion and pollutant concentration.7 By using
mathematical representations of these factors, air dispersion
models can—if sufficient data are available to describe these
parameters—provide a more accurate assessment of potential
exposure.8 Although air dispersion modelling has been used
extensively for air quality management and regulatory pur-
poses, this approach has rarely been applied to exposure
assessment for epidemiological studies, despite proving to be a
useful tool in the few studies where modelling has been used.9–13

Following the findings of the preliminary investigations in
Runcorn, a decision was made to further investigate renal
effects in this population. Mercury was of particular concern,
because of its documented toxicity at low exposures, and
because of concern over the release of this substance in Europe
(eg, the European Mercury Emissions from Chlor Alkali Plants

Abbreviations: ADMS, Atmospheric Dispersion Modelling System; DETR,
Department of the Environment, Transport and the Regions; EA,
Environment Agency; TCA, total cloud amount
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project).14 In this paper, we describe how dispersion modelling
has been used to estimate ambient concentrations of mercury
in the vicinity of several point sources, based on knowledge of
emissions, local meteorology and topography, for use in an
epidemiological study.

We compare the modelled exposure assessment with the
crude estimate based on distance as a proxy for exposure, and
provide some discussion of how the crude measure might be
improved upon, based on limited knowledge of emissions, point
source characteristics and local meteorology.

The term ‘‘exposure’’ has been used throughout to mean
‘‘ambient mercury concentrations’’, as in our epidemiological
study we were interested in possible health effects of any
additional exposure due to living in the vicinity of a mercury-
emitting industry. We do, however, appreciate that ambient
mercury exposure is not the same as personal mercury
exposure. Ambient outdoor levels of mercury are only one of
many sources of exposure to this substance, and exposure to
inorganic mercury from dental amalgam (,700 ng/day/filling)
and diet (,400 ng/day) usually far exceeds the exposure from
non-contaminated air (,40 ng/day).15–17 It should also be noted
that outdoor mercury levels are not necessarily a reflection of
indoor concentrations,18 and that people do not spend all their
time in the vicinity of their homes. Here we considered only
inhalation exposure, as this route is considered to be most
important in adult exposure to inorganic mercury (with ,80%
of inhaled inorganic mercury being retained in the body
compared with ,10% ingested inorganic mercury)17 19; further-
more, the industrial processes investigated emit mercury
mainly to air (,84% of total mercury emissions were to air
over the period 1998–2002).

METHODS
The modelling package used was the Atmospheric Dispersion
Modelling System (ADMS) Urban V.2.0 (Cambridge
Environmental Research Consultants, Cambridge, UK).20 This
personal-computer-based model of atmospheric dispersion of
pollutants from industrial, domestic and road sources is well
established in the UK for investigating air pollution in cities
and towns.

Model input data
There are three mercury-emitting sites in the area. Quarterly/
annual mercury emissions data and details of point source
characteristics (grid reference, height, diameter and volume
flow rate/exit velocity) were obtained from Integrated Pollution
Control applications and emissions data held at the EA Public
Registry, Warrington, UK, and are listed in table 1; the locations
of these sites are indicated in fig 1A. The three sites consist of

N a large chlor alkali plant based at this site since the end of
the 19th century (Mercury is reported to be released from 10
vents, mainly the cell rooms, and during some quarters from
an emergency vent.)

N a multifuel power station burning mercury-saturated hydro-
gen from the nearby chlor alkali plant and emitting from a
single tall stack

N a large coal-fired power station releasing lesser quantities of
mercury from a single tall stack

Emissions data were available from 1995 for the chlor alkali
plant, from 1996 for the multifuel power station and from 1998
for the coal-fired power station.

Temperature-of-release data were not provided in the
Integrated Pollution Control applications, so assumptions were
made as detailed below. For the chlor alkali plant, emissions
were assumed to be at ambient temperature,21 which was
recorded to be 10.2 C̊ during 2000. However, the temperatures

of releases from the chlor alkali plant cell rooms are likely to be
higher, as the electrolysis process generates heat. As such, a
temperature of release of 15 C̊ was modelled as the best
estimate. The sensitivity of the model to this assumption was
assessed. For the multifuel power station, flue gas temperatures
exiting the boilers were reported to be typically 110 C̊ on gas
firing and 190 C̊ on oil firing; however, details of fuel usage
were not known. The lower temperature of 110 C̊ was used
throughout to represent the worst-case temperature scenario.
For the coal-fired power station, an exit temperature of 134 C̊
and an exit velocity of 31.1 m/s were assumed on the basis of
model parameters for a large coal-fired boiler detailed else-
where.21

Background levels have been measured to be around 1.68–
1.75 ng/m3 in the UK,22 23 and a background concentration of
1.75 ng/m3 has been added to the model outputs presented.

A terrain file of surface elevation was prepared from the
appropriate Ordnance Survey Landform Panorama digital
terrain model, incorporating a 32632 grid of surface elevation
into the model output area, allowing ADMS to adjust plume
height and spread parameters according to local terrain
characteristics.20 A surface roughness of 0.5 m was used
(representative of parkland/open suburbia), as this was
considered to be the most appropriate roughness length for
the area being modelled.

Mercury speciation and deposition
In the environment, inorganic mercury exists as three main
species—Hg0(g) (elemental (unreactive) gaseous mercury);
Hg2+(g) (divalent (reactive) gaseous mercury); and Hg(p)
(particulate mercury). These species have different chemical
reactivities and deposition velocities.24 The relative speciation of
mercury released from the processes in Runcorn is not known,
so ratios of elemental:divalent:particulate mercury were
assumed to be 50:30:20 for combustion processes and 70:30:0
for chlor alkali factories, after Bullock25 and the US
Environmental Protection Agency.21

An average dry deposition velocity of 0.15 cm/s for total
mercury released from these three plants was calculated on the
basis of the assumed speciation (above) and the dry deposition
values presented in other works (zero deposition for Hg0(g),
0.47 cm/s for Hg2+(g) and 0.2 cm/s for Hg(p))26 weighted by the
relative emissions from each plant over the period 1998–2004.
Wet deposition was not modelled in this exercise, as it was
considered unlikely to affect on output at such a local scale.

Meteorological data
ADMS requires wind speed/direction, total cloud amount (TCA)
and air temperature to calculate atmospheric boundary layer
parameters. Hourly land surface meteorological observations
from the Met Office station network were acquired for 1995–
2004 from the British Atmospheric Data Centre.27 The nearest
weather stations to Runcorn that provide these data are Crosby
in Merseyside and Ringway in Greater Manchester, both
approximately 30 km from the site of interest (fig 1A). Data
from Speke in Merseyside, approximately 6 km away from the
pollution sources, were also available, but lacked data on TCA.

A previous modelling exercise assessed the validity of using
Speke meteorological data for dispersion of mercury at the site
of the chlor alkali plant. Meteorological data for November
1975 were recorded at the plant, and, although hourly
measurements cannot be directly compared at geographically
separated sites owing to the progression of weather across a
region, the overall agreement between the data sets was good.28

A best-estimate meteorological data set was constructed
using wind and temperature data from Speke and TCA data
from Ringway (Ringway data were more complete than Crosby
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data). Although the cloud amount between these stations will
not be the same in all weather conditions, local experience
suggests that they will be similar (Met Office, personal
communication, 2003), and the sensitivity of the model to this
parameter was assessed using a similar data set constructed
using Crosby TCA data.

Model output
For the sensitivity analysis, model outputs for 2000 were
compared. Annual ground-level mercury concentrations were
also calculated for 1998–2001 and were averaged to provide an
estimate of longer-term exposure. Model outputs were mapped
using ArcView GIS 3.2 (ESRI, Redlands, California, USA), on a
32632 grid (the ADMS output), over an area covering
14 000613 500 m (grid coordinates x axis 344 000 and y axis
375 500, to x axis 358 000 and y axis 389 000 (shaded area in
fig 1A)), resulting in a mapping resolution of approximately
4406420 m.

Evaluation of model quality
Weekly active sampling of ambient vapour phase mercury
(Hg0(g) and Hg2+(g)) onto gold-coated silica adsorption tubes
(flow rate 100 ml/min) was undertaken at nine sites (fig 2)
over a 14-week period commencing from 1 September 2004,29 to
allow validation of the modelled output. Adsorption tubes were
analysed at Casella laboratories, on a Sir Galahad II (PS
Analytical, Orpington, Kent, UK), using amalgamation in
conjunction with atomic fluorescence detection, with a detec-
tion limit of ,34 pg per tube. The mercury levels recorded over
this 14-week period were compared with the modelled output
over the same 14-week period, and were not taken to be
representative of the annual average.

Weekly measurements of ambient mercury levels were
available for 2000 from the Weston County Primary School
(grid coordinates x axis 350 300 and y axis 381 300 (the same
location as site 9, labelled site 9i)), collected for the Department
of the Environment, Transport and the Regions (DETR (now
DEFRA)) programme for monitoring heavy metal around
industrial sites using the techniques described above.29

Quarterly ambient air monitoring data collected by the local

industry in the vicinity of the chlor alkali plant were also
available for 1995–2003 (monitor grid coordinates x axis
349 920 and y axis 381 180). The locations of the DETR and
industry monitoring sites are indicated in fig 2.

Weekly or quarterly average mercury concentrations at each
monitoring site were modelled using ADMS (using the relevant
quarterly emissions and quarterly/weekly meteorological data)
to allow comparison with these air monitoring data.

Identification of exposed population
The towns of Runcorn and Widnes make up the borough of
Halton, with a population of 118 208.30

A level of ambient mercury of .10 ng/m3 has been used to
define the exposed population. This ambient mercury level was
considered high enough to be detected as being above the
background level using biological markers (mean urinary
mercury levels).31

The populations presented in this report are based on
postcode-level population counts for 2001 (derived from 2001
census data). Each postcode contains on average 15 households
and approximately 35 people.32 The postcode code-points (the x
and y coordinates of the nearest delivery point to the calculated
mean position of all the delivery points in the postcode) falling
within the .10 ng/m3 contour (or within 0–2 km distance as
proxy areas) were identified and populations summed to give
the estimates of exposed populations presented. The postcode
code-points were also attributed modelled exposures, which
were used to calculate the population-weighted average
exposures. Postcode populations of 2001 were used because
estimates for years before this were based on populations
extrapolated from the 1991 census, and are not available at the
postcode level.

RESULTS
Model sensitivity
Figure 1 and table 2 show the sensitivity of the model to the
various meteorological data and less-well-characterised input
data; all models used emissions and meteorological data for
2000. Figure 1B–F shows the dispersion of mercury for some of
the model variations assessed. Table 2 shows the average

Table 1 Point source characteristics

Site/point source
Height
(m)

Diameter
(m)

Flow rate
(m3/s)

Vertical
velocity
(m/s)

Release
temperature
( C̊)

Emissions (kg/
hour) average,
1998–2001

AL7294 Chlor alkali plant
4—Cell room 16.0 7.75 370.37 — 15 0.0417
5—Cell room 16.0 8.49 370.37 — 15 0.0536
6—Cell room 16.0 6.84 370.37 — 15 0.0274
100—Emergency vent 25.0 0.40 4.17 — 15 0.0567
1 25.0 0.10 0.14 — 15 0.0003
2 25.0 0.10 2.46 — 15 0.0004
3 25.0 0.10 0.65 — 15 0.0002
7 9.9 0.35 46.30 — 15 0.0084
9 27.0 0.40 4.63 — 15 0.0014
10 24.4 0.80 5.00 — 15 0.0004

AA3123 Multifuel power
station stack

106.8 5.40 — 8.55 110* 0.0026

AA3301 Coal-fired power
station stack

199.0 3.91 — 31.1� 134* 0.0126

– Parameter not used.
*After the modelling was completed, additional data on temperature of release and exit velocity were made known to us.
For the multifuel power station an exit temperature of 91 C̊ was reported, and for the coal-fired power station an exit
temperature of 125 C̊–130 C̊ and an exit velocity of 19 m/s were found. Incorporating these parameters into the model
instead of the assumed values indicated in the table made no difference to the average ground-level concentration, and
made very little difference to the pattern of dispersion/exposed population (an additional 2 (0.04%) persons were
identified as exposed using these recorded parameters compared with that using the assumed values presented above).
�For the coal-fired power station, an exit velocity of 31.1 m/s was assumed, on the basis of model parameters for a
large coal-fired boiler detailed elsewhere.21
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concentrations of mercury predicted over the modelled output
area, the percentage change in this average concentration and
the Pearson correlation coefficient of each output compared
with the best-estimate output (model output B). The table also
shows the different populations identified as being exposed to
.10 ng/m3 mercury, and indicates the population-weighted
average exposure for this population.

The best-estimate model output (fig 1B and table 2(B)) uses
meteorological data from the nearest meteorological station,
Speke (with Ringway TCA data), incorporates topographical
data, assumes a mercury release temperature of 15 C̊ from the
chlor alkali plant cell rooms and uses the default surface
roughness of 0.5 m (representative of parkland/open suburbia).

All model outputs predict a similar average mercury
concentration across the output area (within 15% of the best
estimate), and correlate well with the best-estimate output
(correlations all >0.94, two-tailed p values ,0.01). However,
there were differences between the modelled outputs.

The model was particularly sensitive to the meteorological
data used (fig 1B–D; table 2(B–D), but was not sensitive to
changes in TCA data (fig 1E and table 2(E)), strengthening the
hypothesis that it is sufficient to assume that cloud conditions
in Speke are similar to cloud conditions in the greater
surrounding area.

The sensitivity of the model to the topography data was
investigated by removing this parameter from the model, which
resulted in a slightly smaller exposed population (with a higher
population-weighted exposure) being identified (fig 1F and
table 2(F)).

Plume buoyancy and effective stack height are influenced by
the temperature of release.7 Assuming a lower temperature of
mercury release from the chlor alkali plant (ambient tempera-
ture (10.2 C̊) versus best estimate (15 C̊)) revealed a slightly
extended dispersion pattern and a larger exposed population
(table 2(G)). Assuming a higher temperature of release (25 C̊ vs
15 C̊) resulted in a smaller exposed population (table 2(H)).

Figure 1 Sensitivity of the model to various
input parameters. Models B–F use the same
emissions data from 2000, and use
meteorological data for 2000 from the
specified meteorological station. (A) Map
showing point sources, meteorological
stations and model output area; (B) best-
estimate model output using meteorological
data from Speke, with Ringway total cloud
amount (TCA) data; (C) model output using
meteorological data from Ringway; (D)
model output using meteorological data from
Crosby; (E) model output using
meteorological data from Speke, with
Crosby TCA data; and (F) model output
using meteorological data from Speke, with
Ringway TCA data but no topography data.
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Mechanical turbulence created by the flow of the wind over
obstacles on the ground can influence dispersion, with the
intensity of the mechanical turbulence increasing with increas-
ing surface roughness.7 Decreasing the surface roughness to
0.2 m (representing agricultural areas) increased the exposed
population (table 2(I)); increasing the surface roughness to
1 m (representing cities/woodland) decreased the exposed

population (table 2(J)), compared with a best-estimate surface
roughness of 0.5 m (parkland/open suburbia).

The sensitivity of the model to the deposition parameter was
found to be small when the deposition value was changed from
the best estimate (0.15 cm/s) to a higher rate based on the
assumption that all emissions were of divalent reactive gas
mercury (0.47 cm/s) (table 2(K)).

Figure 2 Best-estimate model output
(average 1998–2001), with the 0–2 km
distance as a proxy area overlaid, and air
monitoring sites. DETR, Department of the
Environment, Transport and the Regions.

Table 2 Sensitivity of the model to changes in model input parameters: average mercury
concentration over the whole modelled area, percentage change in concentration (compared
with best estimate (model output B)), correlation between modelled mercury concentrations
(compared with best estimate (model output B)), estimate of the population exposed to
.10 ng/m3 mercury, and population-weighted average exposure for those classified as
exposed to .10 ng/m3 mercury

Model parameters*

Average
mercury
(ng/m3)

Percentage
change from
model B

Correlation
with model
B�

Population
exposed
.10 ng/m3

Population-
weighted
exposure`
(ng/m3)

(B) Speke meteorological data (using
Ringway TCA data)

4.29 Reference Reference 5490 22.75

(C) Ringway meteorological data 4.31 +0.5 0.940 10 190 19.48
(D) Crosby meteorological data 3.65 214.9 0.986 3152 26.29
(E) Speke meteorological data (using

Crosby TCA data)
4.26 20.7 1.000 5544 22.56

(F) Speke meteorological data; no
topography data

4.29 +/20.0 0.996 4773 24.07

(G) Speke meteorological data; release
temperature for chlor alkali plant
10.2 C̊

4.53 +5.9 0.998 6329 23.81

(H) Speke meteorological data; release
temperature for chlor alkali plant
25 C̊

3.98 27.2 0.999 4052 23.07

(I) Speke meteorological data; surface
roughness 0.2 m

4.64 +8.2 0.995 7472 20.22

(J) Speke meteorological data; surface
roughness 1.0 m

3.97 27.5 0.995 4152 25.33

(K) Speke meteorological data;
deposition velocity 0.47 cm/s

4.29 +/20.0 1.000 5556 22.60

TCA, total cloud amount.
Model outputs B–F are also shown in fig 1.
*All models used emissions data and meteorological data for 2000.
�Two-tailed p values all ,0.01.
`Population-weighted average exposure for those classified as exposed to .10 ng/m3 mercury.
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Evaluation of the model quality
The correlation between the mean measured value and the
mean modelled value (using the best-estimate model para-
meters defined above) at the nine monitoring sites was good
(Pearson’s correlation coefficient = 0.93, two-tailed p value
,0.01). The correlations week by week at each site were .0.75
(p,0.02) at seven of the nine monitoring sites, and at the two
remaining sites (correlations 0.59 (p = 0.04) at site 3, and 0.24
(p = 0.45) at site 5) there were persistent battery and flow rate
problems (table 3). The mean modelled values by site tended to
underestimate ambient levels, especially at sites nearest to the
chlor alkali plant (sites 7, 8 and 9), where modelled values were
approximately half the measured values.

The mean modelled value at the location of the DETR
monitor (table 3, site 9i) for 2000 (36 ng/m3) also compared
well with the mean measured value (24 ng/m3), Pearson’s
correlation coefficient = 0.64, p,0.01.

When the modelled output was compared with the quarterly
industry-measured data (1995–2003; fig 3), no correlation was
seen. Again, the model underestimated concentrations; the
mean modelled value over the period 1995–2003 was 43 ng/m3

compared with the mean measured value of 155 ng/m3.

Comparison of modelled output with distance as proxy
In the preliminary investigation, distance from point source
was used as a proxy for exposure. This simple approach
assumes, in this case, that the areas within a 2 km radius of the
point sources are exposed similarly, irrespective of quantity of
emissions, effective stack height (determined by the tempera-
ture and velocity of release) or local meteorological/topograph-
ical conditions. The modelled exposure output (average 1998–
2001) and 0–2 km areas around the same 12 points of release
from the three mercury-emitting plants are overlaid in fig 2.

Obviously, the populations classified as exposed will vary
enormously depending on which modelled contours and proxy
distances are chosen to represent exposure. In this comparison,

high exposure refers to people living within 2 km of the point
sources using the distance as a proxy approach, and to the
population exposed to .10 ng/m3 when using the modelling
design. It is important to note, as indicated previously, that
both the radii and concentration levels are set arbitrarily, but
with reasons for the choice of values. Populations estimated at
postcode level were 15 885 in the 0–2 km buffer, and 3378 with
modelled exposure to .10 ng/m3 mercury (average 1998–
2001).

The population-weighted average mercury exposure in the 0–
2 km area around all point sources based on the model output
averaged over 1998–2001 was 8.5 ng/m3 (range 2.4–53.7 ng/
m3). This elevation above the background level was mainly due
to the higher mercury concentration in the 0–2 km area around
the chlor alkali plant/multifuel power station, where the
population-weighted average was 14.5 ng/m3 (range 6.8–
53.7 ng/m3), compared with the average around the coal-fired
power station of 2.7 ng/m3 (range 2.4–3.0 ng/m3).

The differing approaches to exposure assessment also have
an impact on the epidemiological results. Table 4 shows the
standardised mortality ratios adjusted for age, gender and
socioeconomic status (Carstairs quintiles) for mortality from
nephritis, nephritic syndrome and nephrosis (International
Classification of Diseases, revision 9, codes 580–589; International
Classification of Diseases, revision 10, codes N00–N06, N10–N12,
N14–N15, N17–N19, N25–N27) calculated for the period 1981–
2001 for populations living within 0–2 (high exposure) and 2–
7.5 km (medium exposure) of the three mercury-emitting
industries (12 points of emissions), or populations with
modelled ambient mercury levels of .10 ng/m3 (high expo-
sure) or 4–10 ng/m3 (medium exposure) from the same points
of emission. The reference population was the population of the
north-west government region.

DISCUSSION
Appropriate assessment of exposure is vital to any epidemio-
logical study, and, although many authors discuss the potential
impact of exposure misclassification on study findings, very few
attempt to quantify the extent of misclassification. The use of
detailed, validated exposure modelling to reduce misclassifica-
tion is still rather uncommon.

We used modelling to assess the dispersion of mercury
around three mercury-emitting plants, to improve an exposure
assessment estimate for an epidemiological study. The exposure
measure obtained relates only to ambient exposure, which is of
specific interest in our epidemiological study, but it should be
remembered that these modelled ambient levels are not the
same as personal mercury exposure, which in the general
population will be determined largely by amalgam fillings and
diet.

Model sensitivity
The modelled pattern of mercury dispersion, predicted ground-
level concentrations, populations identified as being exposed
and population-weighted average exposure estimates were
dependent on the model input parameters. The output quality
will reflect any limitations in these data. This model was based
on reported emissions data; however, we have still had to
assume that emissions were constant within the quarter/year
being modelled and have had to estimate the temperatures of
release, as well as the exit velocity for the coal-fired power
station.

Model sensitivity was assessed for less-well-characterised
parameters. The model was sensitive to the meteorological data
used; however, having access to local meteorological data
(Speke) that has previously been shown to correlate well with
on-site meteorological measurements should mean these data

Main messages

N Crude, proxy measures of exposure are used in many
point source epidemiological investigations, often result-
ing in misclassification of exposure and biased risk
estimates.

N We demonstrate how a proxy measure can be greatly
improved upon by using atmospheric dispersion model-
ling, an approach that can easily incorporate the factors
that drive ambient exposure (source characteristics,
emissions, local meteorology and topography).

N Where modelling is not possible, modification to the
‘‘distance as a proxy’’ approach based on even limited
knowledge of the factors that drive exposure can also
greatly improve the crude method and add to the
interpretability of the resulting epidemiological findings.

Policy implications

N Appropriate assessment of exposure is vital to any
epidemiological study, and yet proxy measures continue
to be used.

N Dispersion modelling, which can reduce misclassification
of exposure, should be considered a valuable tool for
assessing exposure in epidemiological studies.
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are representative. If this is the case, then the population
exposed to mercury levels .10 ng/m3 ranged from 4052 to 7472
when the other input data (TCA, local topography, temperature
of release, surface roughness and deposition/speciation para-
meters) were varied. This variation is much smaller than the
effect of changes in emissions data (eg, year on year) or choice
of cut-off concentration for the exposed population, and the
relative insensitivity of the model output to these parameters
allows us to conclude that the dispersion model provides a
greatly improved estimate of ambient mercury exposure
compared with the distance as a proxy approach.

Evaluation of the model quality
Air monitoring indicated that the best-estimate model output
was a good reflection of current ambient mercury levels across
the area, although the model did tend to underestimate
concentrations at sites where high mercury levels were
measured. None the less, there was a significant difference in
means between measurements made at monitoring sites in the
high exposure contour (.10 ng/m3) (sites 7–9 mean 24.06 ng/
m3), those in the medium exposure contour (sites 4–6 mean
7.79 ng/m3) and those in the lower exposure contours (sites 1–
3, mean 3.14 ng/m3 p values ,0.01), indicating that average
ambient exposures between the exposed and non-exposed
populations do differ.

The quarterly-modelled output did not show good agreement
with industry-measured data collected in close proximity to the
chlor alkali plant over the period 1995–2003. There are several
possible reasons for these differences, which are discussed
below.

Contractor work by Mercury Recovery Services to deconta-
minate waste at the chlor alkali plant site reportedly led to
release of mercury to air of ,0.25 kg between November 1996
and January 1998, which would be unlikely to be detected
above the hundreds of kilograms released from the chlor alkali
plant over this period. However, fugitive emissions could have
contributed significantly to ambient contamination. A prohibi-
tion notice (EP/P 1352 for Authorisation AV6027, dated 20
March 1997) served by the EA Public Registry (Warrington,
UK) reported that ‘‘Mercury emissions from the process are
causing unacceptable levels of atmospheric mercury beyond the
site boundary’’. Fugitive releases are not recorded in the
emissions inventory and so could not be modelled.

Mercury flux from environmental compartments (vegetation,
soil and water) may affect ambient levels. Measurements of
ambient mercury around a heavily contaminated former chlor
alkali plant site in Germany showed that, 2 years after
production had stopped, mercury levels of .100 mg/m3 could
still be detected in air close to heavily contaminated soil
surfaces, and that levels .500 ng/m3 were measured outside
the factory premises.33 Mercury flux from contaminated soils at
the chlor alkali plant in Runcorn was not accounted for in the
model.

The European Mercury Emissions from Chlor Alkali Plants
study used a range of techniques to measure mercury emissions
and ambient concentrations around a chlor alkali plant in
Sweden. One of these techniques, light detection and ranging,
was used to measure mercury releases from the plant, and
showed that measured emissions were up to twice those
reported to be released by the plant.34 Whether this under-
reporting applies to other chlor alkali plants is not known;

Table 3 Measured ambient mercury concentrations, modelled mercury concentrations and
Pearson’s correlation coefficients between the two at each air monitoring station

Site
No of weeks
sampled

Measured [Hg] (ng/m3) Modelled [Hg] (ng/m3)

Correlation (p value)Mean (range) Mean (range)

1 14 3.38 (1.49 to 7.78) 3.27 (2.10 to 5.86) 0.84 (,0.01)
2 14 2.12 (0.92 to 4.47) 2.35 (1.75 to 3.63) 0.83 (,0.01)
3 12 4.03 (1.59 to 11.68) 2.91 (1.81 to 6.57) 0.59 (0.04)
4 14 8.28 (1.86 to 21.98) 4.36 (2.20 to 7.91) 0.79 (,0.01)
5 12 2.88 (1.13 to 10.64) 3.38 (1.75 to 6.96) 0.24 (0.45)
6 13 11.79 (2.11 to 35.92) 6.44 (1.87 to 15.17) 0.75 (,0.01)
7 12 26.59 (5.54 to 73.13) 13.38 (2.61 to 33.50) 0.78 (,0.01)
8 9 21.72 (4.16 to 43.92) 10.88 (3.51 to 23.76) 0.76 (0.02)
9 10 23.17 (3.40 to 54.00) 18.63 (3.74 to 48.71) 0.78 (0.01)
9i* 29 24.11 (2.27 to 95.40) 36.45 (2.80 to 69.20) 0.64 (,0.01)

*Department of the Environment, Transport and the Regions monitoring site located at the same site as site 9, but
monitoring carried out during 2000 (compared with modelled output during 2000).

Figure 3 Quarterly modelled
concentrations of mercury and background
concentrations of 1.75 ng/m3 compared
with quarterly ambient air monitoring data
for 1995–2003; bars represent the mercury
emissions (kg) as a total by quarter and
source.
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however, this potential bias for under-reported emissions is
acknowledged.

Nearby buildings and downwash effects can deflect the flow
of the wind and plume.7 Emissions of mercury from the cell
room vents are subject to significant downwash effects, and, as
releases are at a height of only 16 m, nearby buildings could
well have an entrainment effect; however, these effects have
not been incorporated into the model.

In calm meteorological conditions, the wind speed and
direction are very variable, and a well-defined plume may not
form. In these conditions, ADMS may underestimate ground-
level concentrations.35 36 However, the assessment of dispersion
at low wind speeds is generally unimportant in the calculation
of long-term average concentrations for risk assessment.37 In
this modelling exercise, 5.8% of the meteorological data
described calm conditions, suggesting that any underestima-
tion of exposure due to calm conditions should be minor. None
the less, calm conditions can lead to some of the highest
ground-level concentrations in close proximity to a stack, as
there is no wind to disperse the pollutants.

The reasons for the greater discrepancy between the
modelled and measured data at the industry monitor (located
250–375 m from the chlor alkali plant cell rooms) than at sites
further from the chlor alkali plant are probably a combination
of these factors. The impact of remediation work, flux from
heavily contaminated locations on site, underestimation of
emissions, local-scale building effects and underestimation in
calm conditions would all be expected to influence ambient
levels very close to the plant; by contrast, the monitors located
further afield would be less affected by these factors.

Comparison of modelled output with distance as proxy
The distance as a proxy approach gives no consideration to the
quantity of release or point source characteristics, and so will
not discriminate between sources that are likely to contribute to
local ground-level mercury concentrations and those that are
not. In this example, one of the point sources, the coal-fired
power station, does not seem to affect the local ambient
mercury levels; people living within several kilometres of this
plant are not being exposed to mercury from this source,
suggesting a significant exposure misclassification in the proxy
measure if this source is included. Dispersion modelling can
help to tell what distances most appropriately represent
exposure and reduce misclassification. In this instance, an
approximately 2 km radius circle around the chlor alkali plant/
multifuel power station and excluding the coal-fired power
station altogether approximates the .10 ng/m3 exposure

contour, and might have provided a more useful proxy of
exposure.

With respect to the epidemiological findings, the overall
trend of an increased risk of mortality from renal disease with
increasing exposure is revealed using either approach. However,
the modelled exposure assessment adds considerably to the
interpretability of the epidemiological results. Furthermore, the
results from the distance as proxy approach are highly
dependent on the chosen radii, which were chosen arbitrarily
in the preliminary study. Knowledge of the actual ambient
levels allows researchers to make a more informed choice of
low versus high exposure categories.

Improving a proxy measure
In situations where input data or resources are lacking for
detailed modelling, even relatively limited information on
emissions, point source characteristics and/or local meteorology
could be used to improve the distance as a proxy approach.

With knowledge of the relative emissions from the three
mercury-emitting industries in Runcorn, it became clear that
the local impact of the chlor alkali plant (emitting approxi-
mately 93% of the mercury over the period 1998–2001) was
much greater than that of the coal-fired power station
(emitting approximately 6% of the mercury over this period).

Dispersion models work on the principle that the higher the
effective stack height, the lower the maximum ground-level
concentration. Using this assumption, it would be possible to
identify sites of probable local impact, even if emissions from
each source had to be assumed to be similar. Here, the high
effective stack height of the coal-fired power station (tall stack,
high temperature of release and high vertical velocity) would be
expected to result in much lower ground-level concentrations
than around the chlor alkali plant (short stack and low
temperature of release).

The predominant wind direction could also have been used to
provide a more realistic indication of dispersion from the point
sources. In this instance, the predominant wind directions were
from the north-west and from the south-east; elongating the
circle in these predominant wind directions would be a simple
way to improve the proxy approach. Alternatively, a wind rose
(a radial graph showing the number of hours the wind blows
from each sector) could be transformed to show where the
wind blows to, giving a much better idea of the expected
pattern of dispersion.

CONCLUSIONS
It is clear that a proxy measure of exposure can provide a
relatively quick and cheap way of predicting zones of potential

Table 4 Comparison between renal disease standardised mortality ratios (adjusted for age, gender and socioeconomic status),
1981–2001, calculated using either distance as a proxy or modelled exposure contours to assess mercury exposure

Distance as proxy Modelled exposure contours

Person years Obs Exp SMR (95% CI) Person years Obs Exp SMR (95% CI)

Males
Reference 65 394 296 — — 100 (—) 65 394 296 — — 100 (—)
Medium exposure* 2 669 850 148 120.04 123 (104 to 145) 361 245 27 18.94 143 (94 to 207)
High exposure� 174 006 18 9.68 186 (110 to 294) 41 982 6 3.26 184 (68 to 400)

Females
Reference 68 870 244 — — 100 (—) 68 870 244 — — 100 (—)
Medium exposure* 2 755 171 194 148.70 131 (113 to 150) `419 192 `30 `25.62 `117 (79 to 167)
High exposure� 179 417 23 11.49 200 (126 to 300)

Exp, expected; obs, observed; SMR, standardised mortality ratio.
*Medium exposure = 2–7.5 km (distance as proxy) or 4–10 ng/m3 (modelled exposure contours).
�High exposure = 0–2 km (distance as proxy) or .10 ng/m3 (modelled exposure contours).
– No data provided.
`Due to small cell counts, the high and medium mercury exposure groups were combined to make one mercury-exposed group (with ambient levels of .4 ng/m3).
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impact around a point source; however, this modelling exercise
has shown that a more informative indication of exposure will
be derived if point source characteristics (especially emissions
and stack height) can be incorporated into the exposure
measure, and if consideration can be given to local meteorology
and topography. Where modelling is not possible, modification
to the distance as a proxy measure based on even limited
information on the factors known to influence dispersion can
also greatly improve the crude measure and reduce exposure
misclassification, and increase the interpretability of the
resulting epidemiological findings.
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