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METHODICAL APPROACHES TO INCREASING THE ACCURACY OF EXPOSURE
ASSESSMENT BASED ON THE CONJUGATION OF SIMULATION AND MONITORING
DATA ON AMBIENT AIR QUALITY
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Abstract. To achieve a correct assessment of population inhalation exposure, the method of conjugation of the
results of pollutant instrumental measurements and calculation of dispersion of pollutants from emissions from
stationary and mobile sources, was proposed and tested. The method is based on determination of the conformity
coefficients between the calculated concentrations and the monitoring data for pollutant measurements at
specific points (for example, at monitoring site points) and on solving of a problem of approximation of spatial data
using the obtained coefficients. This is performed by solution of linear algebraic equation system for the points
inside the triangles, formed in a given area according to the Delaunay triangulation.

Testing and verification of the method as exemplified by a large industrial centre, indicates a 1.5-4-fold increase in
the accuracy of ground-level concentration prediction in comparison with the accuracy achieved using the method of
approximation of the monitoring site data using inverse distances or calculations of dispersion. The method
provides more correct territorial zoning and determination of a population size under conditions of short and/or
long-term (chronic) exposure.
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accuracy.

High quality exposure assessment is an integral part of the correct health risk assessment
and, consequently, of the reliability and accuracy of the entire system of the decision-making
based on its results. Several national and international studies focused on the analysis of health
risk under conditions of exposure to air pollutants, were carried out using calculations of
dispersion of emissions from individual stationary sources and vehicles, or their combination [2,
8]. Calculated estimate of dissemination of emission components has several benefits: it allows
generation of a full dimensional model of the area pollution, makes it possible to determine the
concentration at any point within the study area, to assess the change in concentrations
depending on the defined meteorological conditions, operation regimens of stationary sources
and/or traffic concentration.

Analysis of pollution maps with the account of the location of residential construction
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allows assessment of the exposure distribution in terms of population size, and isolation of the
contingents which have the highest exposure. Essential is also the possibility to determine a
particular source of air pollution and, ultimately, of the health risk. The disadvantage of the
calculation method is the dependence of the trueness of the concentration values of pollutants
present in the atmosphere on reliability of the input parameters, quality of the selected
mathematical model and adequacy of the information needed for implementation of this model
[8].

To avoid inaccuracies of calculation methods, some scientists apply direct instrumental
studies, which provide more accurate assessment of quality of the environment [1, 7, 14]. Often
such methods of exposure analysis are given preference over the results of calculations.
However, it should be noted that the direct measurement of the environmental quality always
characterizes the state of the environment at the current moment or during a period of time at a
particular point of the area. The level of reliability of the field studies in terms of the assessment
of spatial differences of points on the area, is not high enough and highly dependent on the
number of monitoring sites, located in this area. For the areas of large industrial centres, a
significant number of monitoring sites is required to generate a quite correct spatial pollution
map of the city [8, 10]. Thus, the problem of inter- and extrapolation of the data obtained from
monitoring sites to adjacent and remote areas remains acute. The literature describes methods for
data interpolation (inverse distance method, kriging, Shepard's Method, triangulation with linear
interpolation, etc.) [3, 12, 13]. The methodology of calculation of a pollution level according to
the data of fixed monitoring sites of the Federal Service of Russia on Hydrometeorology and
Monitoring of the Environment is based on the inverse distance method, which is currently used
most widely for interpretation of the data on ambient air quality, including calculation of the
background pollutant concentrations [10]. However, all the above methods are focused on
transformation of only instrumental measurements or only calculations.

In this context, the task of developing a method combining the positive aspects of
simulation and instrumental measurements for adequate assessment of ambient air quality over a
large area, where a large population is exposed to emissions from stationary and mobile sources
of pollution, seems relevant and promising.

Study goal — development and testing of methodological approaches for quality
improvement of the assessment of a large-city population inhalation exposure based on
conjugation of calculation and field data on the ambient air quality.

Materials and methods. Perm was chosen as an object of investigation. This city is a

regional centre, characterized by continuously elevated levels of atmospheric pollution.
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Calculations of the dispersion of pollutants was performed using standardized programs
for calculations of atmospheric pollution, “Ecologist-City” and “Ecologist-mean values” that
implement a mathematical OND-86 calculator and amendments to this document [5, 6]. A
database including information about 11,200 stationary sources of industrial enterprise emissions
and organizations of the city was used. The data were obtained from the inventory records of
economic entities (based on actual projects on maximum permissible emission levels or sanitary
protection zones of enterprises). All sources were referenced to the city vector map in the local
coordinate system and characterized by geometric and aerodynamic parameters and the data on
the mass of each pollutant emission (gram/second, tonne/year), sufficient to perform the
calculations of dispersion according to the OND-86 method, standardized for the Russian
Federation'.

Calculations of dispersion of hazardous substances were performed for several points of
the stationary monitoring sites in the area of the city and for 176,000 of regular grid points
(design rectangle 50500%34800 m) under different weather conditions and averaging periods.

At the same time, using “Magistral” software complex, calculations of emissions (g/sec,
tonne/year) were performed for 1329 sites of street and road network of the city, taking into
account the intensity and structure of traffic flows (the sites analysed accounted for 85% of the
total length of the street and road network of the city), taking into account the hourly dynamics
of the variability of the indicated flow parameters.

The data on single, average daily and average annual concentrations of 40 chemical
pollutants measured at 7 observation sites of the Federal Service of Russia on Hydrometeorology
and Monitoring of the Environment, were provided by the Perm Centre for Hydrometeorology
and Environmental monitoring. The information on concentrations was accompanied by the
information on meteorological parameters under which all measurements were performed.

All studies were carried out using standardized methods and verified measurement tools.

To verify the method at 14 points located in the area of the city, which were not included in
the calculations, the Federal State-Funded Healthcare Institution ,Centre for hygiene and
epidemiology in Perm Krai* and the laboratory-research centre of the Federal Budget Scientific
Institution “Federal Scientific Center for Medical and Preventive Health Risk Management

Technologies” carried out additional instrumental measurements. The location of the monitoring

! Technical document reflecting the comparison of the model used in the Russian Federation with the American Gaussian
model for calculation of atmospheric pollution, which suggests that the results of air pollution calculations performed
according to each of the compared methods, are similar [14].
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sites and the points for instrumental measurements are shown on Figure 1. The measurement

results were shown as formalized tables or research protocols.

Points of measurements
for verification

Acute
Exposure
Threshold

Figure 1. Spatial distribution of ambient air pollution by nitrogen dioxide in Perm (summer 2012, calm, temperature
25-26°C): according to the data on the dispersion calculations (a), with the account
of approximation of the data from the monitoring sites using the inverse distance method (b),
with the account of the data approximation using the proposed method (c)

All sampling points were plotted on the area map and had a grid lock in the coordinate
system of the city. For a comparative assessment of the proposed approaches, the spatial
analysis was performed using the inverse distance method, offered in the Guidance RD
52.04.186-89 [10].

This method is based on determination of the "centre of gravity" of the monitoring site

net — a point, coordinates of which are the arithmetic mean of the corresponding coordinates
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of monitoring sites, and on interpolation of the data within a circle with a radius of 1.1R, where
R is a distance between the "centre of gravity" and the outermost monitoring site, according to

the formula

C, . = 2G/n ,
oo 1
where Ck are the determined concentrations at the A-th monitoring site and in the
selected point (for the corresponding gradation of wind speed and direction); 7k is a distance from
the selected point (x, ) to the A-th monitoring site.

Extrapolation outside the circle is carried out by the formula

Z(._'h ! .

R
C,,=——te(l-1,1—)

Zl.- r A (2)

where 7 is a distance from the k-th monitoring site to the point of intersection of the
circle and the line connecting the selected point with the centre of gravity; ’ is a distance from
the selected point to the centre of gravity, and ¢ is an "out-of-city" background [8].

The results of the data processing were displayed using a geographic information system
ArcCGIS 9.3, using a vector map of the area. To assess the exposure, isolines of pollution levels
were crossed with thematic layers that characterize the locations of children's educational
mstitutions, residential areas, recreational areas, etc.

Results and discussion. A method for estimating of a population exposure based on the
conjugation of the calculated and instrumental data on air quality is based [4], which is
implemented through the following sequential steps:

- Formation of an updated maximally complete electronic database of stationary and
mobile sources of air pollution in the studied area;

- Dispersion calculations on a regular grid with as frequent as possible step along the
rectangle which covers the entire studied area;

- Calculation of ground-level concentrations at each point, where the instrumental
measurements were performed. For the annual data approximation, as such points the locations
of the fixed sites of the Federal Service of Russia on Hydrometeorology and Monitoring of the
Environment were considered, for approximation of the data of single pollution levels all
locations of instrumental measurements were considered, including those performed during
fixed-route, mobile or other studies;

- Calculation of correspondence coefficients in the points of instrumental measurements

for the purpose of conjugation of the calculated concentrations of pollutants and the
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monitoring data in accordance with the formula

K, = r_
®)

where i is the point (monitoring site) number;

C;/ are calculated concentrations of the pollutant at the i-t4 monitoring site;
C? are real concentrations of the pollutant at the i-#4 monitoring site.

Comparison of the calculated concentrations of pollutants and the monitoring data when
conjugating single concentrations are performed only for uniform meteorological conditions;

— connection of the monitoring site points using Delaunay triangulation with non-
crossing line segments, such that a new segment could not be added without crossing with
existing one [2];

— determination of belonging of each point located inside the polygon formed by the
outer points of instrumental measurements, to one of the formed triangles, with the following
conditions: the segments connect the point with the corners of each triangle; if the area of the
original triangle is equal to the sum of the areas of the three triangles formed S = S; + S> + 3, it
is considered that the point does belong to the triangle; and if S <S; + S, + S - the point does not
belong to this triangle;

— calculation of the conformity coefficient for all points inside a polygon. It was
considered that the distribution of the conformity coefficient inside the polygon formed by the
points of monitoring sites, represents a continuous linear function of two variables, which can be

written as follows:
K(x,y)=a0 +ajx+a2y, (4)
where a(),a] a2 are arbitrary constant coefficients.
Conformity coefficients at the sites forming a triangle were referred to as k1, k2, k3; the
solution of the system of three linear algebraic equations in ag, a1, and a2 unknown coefficients
ki=K(xj yj)=aQ +alx; +apyj i=13. &)
The solution of the system (5) provided an unambiguous expression of the function (4)
through its nodal values and coefficients at all points lying inside the polygon formed by the
points of instrumental measurement sites;
— extrapolation of the conformity coefficient values for the points lying outside the
polygon formed. Coefficient values for these points were taken as equal to the coefficients at the
nearest point lying on the boundary of the polygon formed by the points of instrumental

measurements. Approximated values of the conformity coefficient were obtained in all grid
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points;
— calculation of pollutant concentrations for each of the target points of the studied area,

according to the formula (4):
C" (0, ») =K(x, ) CP (x, ), (6)

where C” are approximated pollutant concentrations at the target point (x, y); K is a

conformity coefficient at the target point (%, y);

CP are total calculated pollutant concentrations (emissions from stationary sources and vehicles) at
the target point (x, y).

The results obtained included the values of ground-level concentrations of pollutants,
including the values at the points of the regular grid covering systemically the whole investigated
area, where inter- and extrapolation of stationary monitoring sites were adjusted with the account
of the distribution of pollutants from real sources of the ambient air pollution, such as industrial
plants, highways, etc. At the points of instrumental measurements (monitoring sites) the
concentration always represented the true measured value (for given meteorological conditions),
and the change in the content of pollutants across the area was accounted for through the
simulation results.

Implementation of a number of calculations for the system of points covering the entire
city area, and directed field studies provide data for comparative analysis of simulation results
and instrumental measurements.

The following table provides as an example statistical parameters of comparison of the
predicted concentrations of nitrogen dioxide with the measured ones at 14 locations. For
verification of the method, adverse weather conditions were selected as those which allow the
best elimination of uncertainties associated with unstable wind speed and direction.

The data obtained suggested that dispersion calculations provided systematically
underestimated results. For none of the points the actual concentrations were obtained at the
level equal to or below the values calculated on the basis of a consolidated database on the
sources. Absolute error for predicted levels ranged in the context of the particular study from
0.11 to 1.5xAcute Exposure Threshold Limit, which in general does not allow using these results
for reliable assessments of health risks.

Mean absolute errors of the inverse distance method, when only data of stationary sites
are used, and of the method of conjugation of field and calculated data, were lower and their
absolute values were, respectively, 0.465 and 0.255xAcute Exposure Threshold Limit with error

ranges from -0.680 to 1.0 and from - 0,240 to 0,410, respectively. In this case the standard
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deviation, which characterizes a variational series scattering, was almost twice lower when using
the developed method.

Prediction errors for ground-level concentrations of nitrogen dioxide in ambient
air of Perm (calm, wind speed of 0—0.5 m/s, air temperature 25-26°C)

11\Aea;ure§1 A (Absolute error of prediction), Acute Exposure Threshold Limit
value, Portion
Point Point of acute ) Approx%ma'tion ) Approximation
number| coordinates exposure Calculation| of the mqnltgrlng site USil’lg conjugation of
threshold method data using inverse calculated and field data
limit distance method
1 2572 | 888 1,1000 0,6629 —0,175 0,160
2 3854 | 1641 1,3200 1,1085 0,511 0,418
3 4395 | 2285 2,4000 1,1200 1,003 -0,242
4 4884 | 2883 1,9200 1,0300 0,520 0,200
5 —1086 | —305 2,1500 0,8800 0,510 0,290
6 —1926 | —547 2,1440 1,5559 0,282 -0,225
7 1671 |—1835 0,9500 1,1928 0,710 0,360
8 1915 |-1529 1,4500 0,7800 —0,240 0,400
9 —3475 |-9303 1,2700 0,9868 —0,429 0,240
10 | -7050 |-7700 1,4200 1,3041 —0,054 —0,180
11 | -6275|-7825 1,9100 1,4654 —0,680 -0,192
12 | -7007 | - 1,3500 1,0912 0,450 0,150
13 | -3779| - 2,1500 1,3200 -0,590 0,294
14 |-11580| 2690 1,1000 0,1100 —0,365 —0,240
Mean absolute error (JA|) 1,043 0,465 0,255
Standard deviation () 1,101 0,521 0,2681

No relationships between the deviation of the calculated data from the measured values for
the results obtained using different methods have been found.

Similar results were also obtained by comparing the predicted and measured data on sulfur
dioxide, benzene and phenol. In general, the results of calculations indicated that the proposed
methodological approaches can improve the accuracy of assessment of pollutants in the ambient
air.

Since the exposure is a measure of contact of a hazardous factor with a human, the spatial
analysis of air quality in the city and the assessment of the exposed population seemed very
important from the standpoint of the proposed method.

It was found that conjugation of calculated and field data significantly altered the idea of
the spatial pollution distribution in the city area (see Figure 1).

So, it was found that during adverse weather conditions the zone of ambient air pollution
with nitrogen dioxide covers much greater area than the area predicted by simulation.

Accordingly, the part of the population which is under exposure higher that 1xAcute Exposure
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Threshold Limit, may consist of more than 800 thousand people (with the total amount of about
12 thousand according to calculations). Pollution pattern was significantly more detailed when
approximated data were compared with the results obtained using the inverse distance methods,
according to which almost all the city area was characterized by a uniform pollution level of 2-4
x Acute Exposure Threshold Limit.

Similar results were obtained with the spatial analysis for other pollutants, such as
nitrogen oxide, carbon monoxide, ammonia, hydrogen chloride, phenol. A significant result of
application of the developed approaches was the updating of spatial characteristics of the average
annual ambient air pollution of the area and isolation of the zones with such level of exposure

which suggested an unacceptable risk to public health (Figure 2).
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Figure 2. Zoning of the city area according to the level of the average phenol concentration in the ambient air
and location of preschool institutions in the areas of varying exposure according to calculations of dispersion
(a), taking into account the data approximation performed by the proposed method (b)

Thus, it was determined that more than 20 preschool institutions and a significant part
of the housing of one of the city districts are located in the zone influenced by the sources of
phenol emission, under conditions of the average ground-level concentration at the level above
referent values for chronic exposure (0.06 mg/m’).

According to the results of conjugation analysis, several areas were isolated with the
average levels of pollution of atmospheric air with benzene above reference concentrations
(0.03 mg/m’). The population exposed to this level of pollution is over 80 thousand people.
The zones exposed to the levels above reference chronic exposure levels for some heavy metals,

fluoride, and hydrogen sulfide were identified and described. Such zones had different
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populations (from 2.0 to 140 thousand people) and different levels of exposure. However, all
these areas and characterization of the resident population require in-depth studies on hygiene,
including the assessment of health risks and development of programs of prevention and
rehabilitation measures.

During testing of methodological approaches it was determined that conjugation of
calculated and field data on such pollutants as formaldehyde, hydrogen chloride, and various
kinds of dusts for the studied area is not feasible due to extremely significant exceeding of values
of the actually measured concentrations above the calculated ones (conformity coefficients at the
monitoring site points reached 200 or more, with the optimum of 1.0). This was suggestive of
either poor quality of the data on emission sources, or the need to account for the processes such
as pollutant transformation.

In general, the proposed methodological approaches, based on conjugation of calculated
data and the results of instrumental measurements on the ambient air quality, provide increased
accuracy of assessments of the content of hazardous pollutants in ambient air, improve the
reliability of the spatial analysis with allocation of the zones of potential unacceptable health risk

and determination of population size living under exposure to hazardous factors.
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