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FOREWORD

If properly designed, any basic air monitoring programme can provide the data required
to develop an air pollution control programme. Analyses of the data collected should relate
directly to the purpose, or purposes, of the monitoring programme, the three most common
being: (1) to observe trends; (2) to judge compliance with air quality standards and to
evaluate control strategies; and (3) to evaluate risk to human health. Other analyses
may also be important for local interest and accordingly must receive due attention.

Planning for the analysis of data should begin before any measurements are taken. " In
this way one can be sure that only data relevant to the analysis are collected and that
the appropriate ancillary information (meteorological, source emission, etc.) necessary
for the data interpretation is available.

Unfortunately in practicé data are often collected rather haphazardly and only after
some indefinite period is some analysis attempted. It is hoped that this document will
assist not only in the analysis and interpretation of existing data but in the planning of
efficient air quality monitoring programmes.



INTRODUCTION

One of "the activities of the World Health Organization involves the improvement and
establishment of air quality monitoring networks in Member States (1). This monitoring
is particularly concerned with the urban areas of developing countries and forms a part
of the Global Environmental Monitoring System (GEMS) of the United Nations Environment
Programme (UNEP). As one contribution to this work, a manual on methods used to measure
air pollutants was published by WHO in 1976 (2). With the rapid increase in air monitoring
activities, the need for advice on how to analyse and interpret the data has increased
considerably over the last few years. The questions most often asked are “"How can the
monltorlng information be used in assessing the air pollution situation?" and "How can
it contribute best to the development of adequate measures to protect human health7”

There is no easy, general answer to these questions because air pollution situations in
different urban areas vary greatly. On the other hand, there are certain technlques and
procedures which are commonly used for analy31ng and interpreting data. The techniques
presented in this publication constitute a selection of these that are generally considered
to be the most useful and most widely applicable. There are, however, many more specific
techniques which may, under special circumstances, be more useful. References to these
are indicated, wherever possible, in the text.

This publication is addressed to the national staff who are involved in the operation
of air monitoring networks and in the analysis of the data obtained from them. It assumes
that the reader has an understanding of basic statistics; if a review should be needed,
the works cited in references (3) and (4) will be helpful. The purpose of this text is to
guide the reader to the most common techniques. It is, however, not intended to be a
statistical manual and the reader should, wherever possible, consult a statistician to
ascertain that the technique recommended in this document is valid for his particular
purpose.

Many experts and national laboratories were involved at different stages in the
preparation of this book. Mr G. Akland of the US Environmental Protection Agency
accomplished the difficult task of preparing the first draft on the basis of a number of
suggestions and ideas. This draft was distributed among about 12 institutes and experts
with a request to provide comments and, if possible, additional material. Dr J. Kretzschmar
undertook the task of incorporating the comments received into a second draft. A WHO
consultation group met in April 1979 at the Institut National de Recherche Chimique
Appliquée, Paris, when a number of experts reviewed the second draft. Wherever possible,
the advice given by the group has been incorporated. At the final stage of preparation,
invaluable assistance was received from Mr R. Waller of the WHO Collaborating Centre on
Clinical and Epidemiological Aspects of Air Pollution, Medical Research Council, London,
England, and from Mrs M. Fugas of the Institute for Medical Research and Occupational Health,
Zagreb, Yugoslavia. The financial support for the publication of this book has been
provided by UNEP.

This guide describes methods and procedures for presenting, analysing and interpreting
air monitoring data. Wherever possible, examples are given using urban air pollution data
from the Global Environmental Monitoring System (GEMS), which are published on a biennial
basis (5-7). It is hoped that this guide will promote effective communication at the
national level between air monitoring personnel and experts in allied fields such as
statistics and meteorology.



The analysis and interpretation of air pollution data is a rapidly developing subject,
and some methods and procedures described in this guide are still not in universal use. It
is hoped that the users of this guide will draw attention to the difficulties they encounter
in applying the proposed methods, and address suggestions for improvement, to: Division of
Environmental Health, World Health Organization, 1211 Geneva 27, Switzerland.



1. SUMMARIZING AIR QUALITY DATA

1.1 Introduction

Air quality data, or air quality measurements, as discussed in these pages, are a
series of measurements of air pollution concentrations taken continuously or inter- )
mittently. They may have been collected over a short or a long period of time, from a
single station or from a network of stations measuring at least ome pollutant. Each
individual measurement represents an average concentration over a certain period of time.
As air pollution levels for a given pollutant at a specific site vary in a more or less
pronounced way as a function of time, it is important to report the averaging time used
to obtain a given data set. Commonly used averaging times range from 30 minutes or 1 hour
to 24 hours, and sometimes even 1 month (e.g. for dustfall determinations).

For any particular averaging time, observations either may be repeated in sequence
over an extended period to provide continuous records or may be made intermittently
according to some pre-arranged schedule. In either case the procedures required for
summarizing and analysing the data are similar, although the interpretation of the
corresponding statistical descriptors may be different.

1.2 Presenting raw data

A book-keeping system is essential for every type of air pollution monitoring
programme; tables and graphs are widely used for this purpose. The actual format and
complexity will depend largely on the extent and specific nature of the monitoring
programme. Hourly averages for one pollutant in different stations of the same monitoring
network are noted in daily tables as a function of time and monitoring site. Daily
averages are listed in monthly or even yearly tables for each monitoring station. Although
the format of data presentation may vary depending on the type and purpose of the table or
graph, it is recommended that each table should include the name of the pollutant, measure-
ment technique (e.g., smoke shade), type of data (hourly, 24~hour), location (site number
and city), period over which data were collected, and units of measurement (ug/m3); Table 1
is given as an example.

The information contained in tables of raw air pollution data may become clearer by
constructing graphs or time plots. In such graphs, periods during which data are missing
become evident, outlying data points are easily identified, and frequently occurring
patterns (such as the seasonal pattern for SOy pollution in many urban areas) are reédily
observed. Episodes of high air pollution levels lasting several days can also be clearly
seen on graphs of this type. Figure 1 is a graphic representation of data in Table 1.

Comparing graphs of concentrations in air of a pollutant recorded at different

monitoring stations of a network is sometimes very useful in visualizing common cycles

and trends. When two stations show comparable air pollution levels, except during a
limited period of time, those measurements need special attention. Malfunctioning of an
instrument may be a cause, though local variations in the emission of the pollutant and/or
meteorological phenomena can also cause similar results. It is often useful to compare
time plots of concentration levels of different air pollutants measured at the same
monitoring site; possible interrelationships may be identified in this way. The same is
true of the relationship between air pollution levels and meteorological variables. With
some advice from local meteorologists, it may be possible to extract more information

from such plots. For example, the influence of an important point-source will show as soon
as the wind blows steadily from a certain direction (see also section 2.5). It is clear
" that the averaging time chosen for the air pollution measurements as well as the source
configuration and air pollution emission variability also play an important role.



JTABLE 1. DAILY SULFUR DIOXIDE AVERAGES IN THE CENTRE OF LONDON, ENGLAND, 1977

(GEMS Site 1, acidimetric method, ug/ma)

Day Month Day
Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec.
1 98 250 170 48 149 30 24 77 35 47 79 176 1
2 209 125 112 36 71 49 48 53 65 117 93 206 2
3 417 119 100 48 98 103 72 59 76 53 93 236 3
4 168 143 82 54 104 49 18 36 47 89 150 285 4
5 151 89 82 238 122 55 24 24 76 95 90 267 5
6 374 131 100 315 79 49 18 24 83 36 142 242 6
7 139 125 88 83 55 73 35 18 130 101 72 94 7
8 127 265 .88 101 104 42 18 30 71 71 88 106 8
9 145 115 88 125 116 42 18 77 41 59 88 71 9
10 151 102 88 59 92 30 12 71 35 143 136 65 10
11 229 133 100 119 110 30 24 59 59 48 65 100 11
12 271 133 47 76 79 24 24 18 65 161 41 148 12
13 133 139 76 23 55 36 24 42 95 208 47 152 13
14 181 235 76 94 55 18 24 59 83 178 41 279 14
15 157 170 59 53 61 24 36 77 59 143 78 224 15
16 139 106 29 23 61 18 36 48 30 285 156 97 16
17 217 153 35 94 78 24 30 47 24 250 150 79 17
18 177 112 47 100 72 18 47 42 24 131 168 352 18
19 189 106 35 137 66 36 36 59 47 77 78 394 19
20 165 141 47 113 36 42 30 53 53 113 114 450 20
21 116 117 47 95 30 24 36 53 35 83 72 231 21
22 171 117 106 65 54 84 30 53 94 65 149 89 22
23 202 205 82 71 48 66 12 72 224 77 89 46 23
24 134 182 65 113 42 48 36 60 35 107 107 64 24
25 90 106 70 125 60 30 30 66 77 116 119 70 25
26 115 ‘164 53 107 42 24 12 84 94 104 83 58 26
27 102 188 53 71 60 30 24 54 41 127 125 82 27
28 102 188 65 107 96 24 18 78 76 116 122 28
29 127 65 77 24 24 24 96 47 70 99 29
30 145 54 101 36 30 18 47 23 58 87 30
31 187 24 54 65 99 168 31
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FIG. 1. DAILY MEAN SULFUR DIOXIDE CONCENTRATIONS AT GEMS SITE 1, LONDON, ENGLAND, 1977
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1.3 Statistical summaries

Although some rather simple tables and graphs of the original data can show
interesting features, even the simplest air monitoring programme can quite quickly produce
a large amount of raw data. To manage this situation, statistical summaries are required
to obtain a clear overall picture and to limit the number of numerical values required
to describe the actual air pollution situation. These statistical summaries also form
the basis of the further analysis and interpretation required to extract as much ‘
information as possible from the data set.

The first thing to do with a set of raw data is to rank (arrange) them from the lowest
to the highest value (if the amount of data is large, it is preferable to group them as
shown in Table 2). The difference between the highest (maximum) and lowest (minimum)
value describes the range of the data set. The middle value, or the arithmetic mean of
the 2 middle values, if the number of measurements in the set is even, is called the median.
By extending this idea, quartiles (dividing the set into 4 equal parts) and deciles
(dividing the set into 10 parts) are obtained. The second quartile and the fifth decile
are, of course, equal to the median. By proceeding in the same way, one can define any
percentile P, specifying that P percent of the data set is smaller than or equal to that
Pth percentile. The median equals the 50th percentile, and the quartiles the 25th, 50th,
and /5th percentiles. In a data set of size N the Pth percentile corresponds to the

(P Iaa)th value when the data are ranked. As this ratio is not necessarily an integer,

linear interpolation between the two adjacent values of the data set is a possible way out
of this difficulty. It has the disadvantage of introducing values not actually measured.
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To avoid this, the data can can be ranked first and then the percentile to which each
individual data point corresponds can be calculated - for example the jth value corresponds
to the (100j)tp percentile. For examples of percentiles obtained by interpolation see the

GEMS/WHO air quality data reports (5-7).

TABLE 2. FREQUENCY DISTRIBUTION OF THE DAILY MEAN SULFUR DIOXIDE CONCENTRATIONS
AT GEMS SITE 1, LONDON, 1977.

Concentration

interval ( ug SOp/m>) Number of days Relative frequency (%)

0-24 39
25-49 67
50-74 64
75-99 63

100-124 45
125-149 30
150-174 17
175-199
200-224
225-249
250-274
275-299
300-324
325-349
350-374
375-399
400-424
425-449
450-474
475-499
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Many different air quality standards are specified with percentiles. For example, the
50th and 98th percentile of the 24-hour average sulfur dioxide concentrations could be
limited to 80 ug/m3 and 200 ug/m3 respectively. A line through these points plotted on
log probability paper clearly shows how an actual data set performs against these standard
values (8). The use of log probability paper will be explained in section 3.

Bar plots graphically summarize selected measures of the frequency distributions of a
pollutant over different periods of time. Fig. 2 shows an example of this technique for
carbon monoxide data collected in Chicago, USA, from 1962 to 1973. The percentile points
shown on the plot are the 99th, 90th, 80th, 50th, and 20th, as well as the arithmetic
mean; other combinations of percentiles can also be chosen. Represented in this way, the
plot indicates the following information:

(L in all years represented, the US standard of 9 ppm(10.3 mg/m3) for
8-hour averages was exceeded;

(2) levels have generally declined since the peak year of 1965;
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3) since 1969, fewer than 107 of the observations exceeded the standard
0f10.3 mg/m3 :

(4) from the length of the bar it can be seen that the concentration var1ab111ty
has decreased since 1968;

(5). the arithmetic average has exceeded the median by about 0.6 mg/m3 (0.5 ppm)
each year;

(6) the ratio of the 90th percentile to the 80th percentile has remained nearly
constant since 1968, although the 90th and 80th percentiles have generally
declined since 1969. :

FIG. 2. CARBON MONOXIDE TRENDS (8-HOUR AVERAGES) IN CHICAGO, USA, 1962 TO 1873
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Another way of examining frequency distributions, instead of determining percentiles
as illustrated above, is to work with grouped data and histograms as follows. First
arrange the set of data in the order of magnitude. The data are then distributed into
classes or categories on the basis of frequency distribution, i.e., the minimum to
maximum concentration range of the data is divided into classes, usually 5 to 20, and the
data falling within each of these classes are accordingly distributed; there are several
ways of determining the widths of each class. One procedure is to divide the highest
value by the number of class intervals, but this is liable to yield widths that vary for
each successive set of data. More. commonly, a uniform width is chosen that is suitable
for all ranges likely to be encountered for any given pollutant, with boundaries that can
be related in a convenient way to any standards or guidelines that may exist. The
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relative or percentage frequency distribution is obtained by expressing the frequencies as
percentages of the total number of observations. The data given in Table 1 have been used
With a range extending

to illustrate the concept of frequency distribution in Table 2.
from near zero to about 500 pg SO2/m3, and anticipating that somewhat higher values may

occur in other years, a class width of 25 ug SO,/m° was chosen. The number of observations

exceeding figures such as 250 or 500 g SOz/m3 which features as criteria for health effects
(9) can then be seen readily. The frequencies and relative frequencies are shown in

Table 2.

A histogram is a graphic representation of a frequency distribution.
a set of rectangles having their bases on the x-axis (horizontal), the widths proportional
to the class intervals, and heights (on the y-axis) proportional to the frequencies.
Fig. 3 represents a histogram corresponding to the frequency distribution given in Table 2.

It consists of

preferably one that can be

expressed in a simple mathematical form. The dotted line in Fig. 3 is an example of a
frequency curve. Most air pollution data sets produce histograms and corresponding
frequency curves that show a peak to the left with a long tail to the right (skewed to the
Other forms may occur, but they are exceptional.

A frequency curve is a continuous curve fitted to a histogram;

right), as shown in the example.
Subsequent analysis and interpretation of the data must take into account the shape and
The study of such distributions

symmetry of the frequency distribution one is dealing with.
is essential in the interpretation of air pollution data; further information is given in

section 2,

A HISTOGRAM AND FREQUENCY CURVE OF DAILY SULFUR DIOXIDE MEAN CONCENTRATIONS

FIG. 3.
AT GEMS SITE 1, LONDON, ENGLAND, 1877
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The total frequency of values less than the upper limit of a given class interval
is called the cumulative frequency up to and including that class. Table 3 represents
the data of Table 2 in the cumulative frequency form, and the percentages can be plotted
against the upper limits of the classes to form a cumulative frequency polygon, which
shows at a glance the percentage of observations below any specified value (Fig. 4).
Alternatively, the data can be rearranged to show the proportion of observations exceeding
any given value. TUsually the polygons are smoothed out, as shown, to obtain continuous
curves corresponding to the frequency curves as fitted to histograms.

TABLE 3. CUMULATIVE FREQUENCY DISTRIBUTION OF THE DAILY MEAN SULFUR DIOXIDE
CONCENTRATIONS AT GEMS SITE 1, LONDON, ENGLAND, 1977

. Percentage
Daily mean ‘ Cumulative cumulative
(ug SO, /m3) : -frequency : frequency
Less than 25 39 10.8

o " 50 ' 106 29.3
" " 75 ‘ 170 47.0
" " 100 ‘ © 233 64.6
" " 125 278 76.9
" " 150 308 85.2
moM175 - 325 89.9
" " 200 ‘ 334 92.4
" " 225 341 94.3
" " 250 347 96.0
" " 275 352 97.4
" " 300 355 98.2
" " 325 356 98.5
" " 350 356 98.5
" " 375 358 99.1
" " 400 359 99.4
" " 425 360 99.7
" " 450 360 99.7
" " 475 361 100.0
" " 500 361 100.0

In addition to the information shown by frequency histograms and frequency or
cumulative frequency distributions, a number is usually required that describes the
"central tendency" of the data. There are several common measures of central tendency;
namely, the arithmetic mean, the median, the mode, and the geometric mean.

The arithmetic mean, mean, or average (my) is the sum of all the observations divided
by the number of observations. It reflects all the data and is highly influenced by the
extreme values. A frequent problem in air pollution work concerns the pollution
measurements that are below the detection limit of the analytical method used; these
are usually noted as zero. To resolve this problem, it is common practice to introduce
one half of the detection limit as the numerical value for each of these measurements. For
example, if the limit of detection is 30 ug/m3, a substitute value of 15 ug/m3 is used in
the calculations.
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FIG. 4. CUMULATIVE FREQUENCY CURVE FOR DAILY SULFUR DIOXIDE MEAN CONCENTRATIONS AT
GEMS SITE 1, LONDON, ENGLAND, 1877
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The median is the 50th percentile as defined above. This measure does not incorporate
information from other than the single measurement (or two measurements at most) in the
middle of a series of data points. The median is not influenced by the extreme values and
thus the problem of values below the detection limit is avoided.

The mode is the most frequently occurring value in the data set. If the frequency
histogram or curve clearly shows that several intervals or values show a certain degree of
predominance, one has a multimodal frequency curve with a first mode, a second mode, and so
on. One of the fundamental properties of the most frequently occurring skewed frequency
curves for air pollution data sets is that the mode is smaller than the median, which in
turn is smaller than the (arithmetic) mean.

The geometric mean (mg) is the antilog of the arithmetic average of the logarithms1 of
the data. Problems may arise once again when some values lie below the analysing
instrument's. limit of detection; they cannot be taken as zero since the logarithm of zero
is undefined. Conventionally the value halfway between the limit of detection of the
analytical method used and zero is used for such calculations. This substitute value must
be used consistently for all subsequent calculations.

1 . . .
Logarithms to the base e are used throughout this document. However, logarithms to
base 10 may also be used. :
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Measures of central tendency have a direct application to long—term air pollution
standards, since most of these are expressed as an average concentration value. However,
air pollution measurements are usually highly variable, reflecting changes in source
emissions, meteorological conditions, and atmospheric chemistry. When comparing
measurements taken at several sites, the most variable site is often influenced by a
nearby point-source, whereas the least variable site is either located in a clean environ-
ment or, alternatively, is surrounded by a number of sources such that a change in wind
direction does not necesaarily reflect a marked change in concentrations. Therefore, in
addition to describing data by one measure most representative of it (mean, median, or mode),
it is also necessary to have an indication of the amount of spread or variability in the

observations.

The range, as defined before, is the difference between the highest and the lowest
observation. It is influenced by the extreme values of the data set and, consequently,
has limited application in interpreting air pollution 'measurements.

Standard deviation (o), the most commonly used measure of variability, is calculated
as the square root of the average of the squared deviations of the values from the
arithmetic mean. If the geometric mean is used, the standard geometric deviation (cg) is
the appropriate measure of variability.

A brief review of the properties of standard deviation of a normal distribution will
help to better understand the standard geometric deviation. The normal curve is symmetrical,
and ideally the mode, mean, and median (or 50th percentile) coincide. For a normal curve
it can be shown that 68.27% of the data is contained in the interval y + ¢. It can be
further shown that 84.137 lies to the left of n + o (see shaded area in Fig.5). Fig. 5
shows the standard normal curve with u = o, ¢ =0 = 1.

FIG. 5. SOME PROPERTIES OF THE NORMAL DISTRIBUTION (3)

95.45 Yo ——»

*-—99.73 ¢y —mm ™ ———————»

Similarly, for the lognormal distribution (a distribution for which the logarithms
of the data are normally distributed) 68.277 of the area under the curve lies in the
interval mg/cg to M0, and 84.13% of the area lies to the left of my0g.
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Since the estimates of the mean and standard deviation vary from year to year, day to
day, hour to hour, and location to location, interval estimates of the mean are usually made.
For example, if daily averages for all days of the year are available, the calculated
arithmetic mean and standard deviation (pu and o respectively) will be true values. However,
if an intermittent sampling scheme is followed, the calculated arithmetic mean (my) and
standard deviation (8) are not true values but only estimates. In this case it is important
to know, with some known degree of confidence, the range within which the true mean value
lies. This range is called the confidence interval, and it can be calculated for different
levels of significance. The level of significance most often chosen is 957; this corresponds
to a = 0,05.

The confidence interval is calculated as follows:

ct

m + s

X

2

where t is the Fisher's t and can be read from the table in Annex 1 as ty/2 for n-1

given in the first column of Annex 1, s is the calculated standard deviation, and n is
the number of samples. If sulfur dioxide data from Table 1 are taken, and the arithmetic
mean is calculated taking the daily average for every third day, a value of 94.1 is
obtained for the arithmetic mean (my) and a value of 64 is obtained for the standard
deviation (s). a/2 equals 0.025, which corresponds to a t value of 1.980 in the table
for N - 1 = 120. The confidence interval for the arithmetic mean is:

94.1 + 1.98 x 64/Y121 = 94.1 + 11.4
= 82.7 and 105.5
- in this instance, this means thatmeteorology,source emissions etc. remain constant.

Any departure from this assumption will affect the resulting confidence interval and
hence the interpretation.

Although formulae exist for directly calculating the confidence interval for the
geometric mean of a lognormal distribution, it is easier to use the formula as given above
by first taking logarithms of the statistics and then performing the calculations. For
example, in a sample of size 204, if the geometric mean and standard geometric deviation
are 158 and 1.8l respectively, by substituting these into the formula wheno = 0.05, one gets:

antilog /5.063 + (1.96) (0.593) / V204 /
= antilog /5.063 i_0.0SE] = antilog Zf2.982, 5.14£7 = 145.6, 171.4

1.4 - Geographical summaries

Determination of the pattern of distribution of air pollution over an area is as
important as the measurement of air pollution itself. The tables and graphs that have
been referred to in the preceding sections relate mainly to temporal variations and do not
show the spatial pattern of air pollution distribution. The latter are useful in:

(1) obtaining a visual perspective of the spatial variations in
air quality and patterns of human exposure levels;

(2) judging air quality trends in relation to population growth
patterns; and

(3) appraising the relationship between the configuration of the sources
of air pollution, meteorological variations, and measured or computed air
pollution levels.
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One of the most widely used procedures for representing spatial patterns of air
pollution concentrations are the isopleth (line of equal air pollution concentration) maps.
To develop an isopleth map, a network of air monitoring stations must adequately cover
the area of interest. For primary pollutants, such as sulfur dioxide, carbon monoxide,
and suspended particulate matter for which the so-called representative area for each
monitoring station is fairly small, a relatively large number of stations may be required.
For secondary pollutants such as sulfates and photochemical oxidants the number of statioms
may be relatively small. Other factors to be taken into consideration are the geographical
features of the study area, unusual site characteristics, and completeness of the data (10).

When air monitoring data are available at several stations, the first step in drawing
an isopleth map is to plot the station locations and the corresponding concentrations of
pollutants as the arithmetic mean, geometric mean, 95th percentile, or maximum values on a
map.

In drawing isopleth maps several geographical and meteorological factors may prove
important. TFig. 6a shows a stepwise procedure for drawing such a map when only air
pollution concentrations and monitoring sites are used. Fig. 6b shows a stepwise
procedure for drawing an isopleth map when a geographical feature (in this case mountains)
is considered along with monitoring sites and air pollution concentrations. In the case of
the former, starting from the point showing the highest value, lines are drawn between that
point and the points lying close to it. Taking the example in Fig. 6a, the first step will
be to draw lines between the points 53 and 50, 53 and 37, 53 and 42, and 53 and 36. Then
taking the nearest round figure to the highest value, in this case 50, the point represent-—
ing that value is marked, by way of interpolation, on each of the drawn lines. (Although
there is no rule about this, it is customary to take values in tens; for example the
second contour in Fig. 6a is taken to bé 40.) The next step is to join all the marked
points; in Fig. 6a, when all the points representing 50 are connected an eliptical
isopleth is obtained. Similarly other values are marked and contour lines are drawn through
them.

When a geographical feature is also considered, the isopleth map looks quite different
from the one described above. Basically, the procedure for drawing such a map is the same
as the one described above, but because it is assumed that a polluted air mass on one side
of the mountain does not mix with the one on the other side of the mountain, separate
contour lines are drawn for each of the two valleys (Fig. 6b).-

The above example considers only the effect of mountains on a concentration field.
An air pollution expert may also consider the potential effects on a concentration field of
wind-flow patterns and configuration of major emission sources.

An example of an isopleth map for London is presented in Fig. 7. The data used in the
drawing of isopleths were for sulfur dioxide and came from about 140 sites in the area shown
in the map. The isopleth lines were drawn by estimating the pollution gradients between
sites on the basis of the method described above. :

The highest concentrations can be seen to occur in the central, demsely built-up area,
where much sulfur-containing fuel is used for heating purposes. .There is a general
tendency for the concentration to decline gradually towards the outer, less built-up areas,
and values along the Thames estuary are high, probably owing to the presence of industrial
sources, including oil refineries. Other examples of isopleth maps can be found in
references 9 and 37.



FIG. 6. STEPWISE PROCEDURE FOR PREPAING ISOPLETH MAPS WITH

AND WITHOUT SUBJECTIVE CONSIDERATIONS

°36 °
42
S0 g3
o]
°39
°18
° °
22 16

°36

a. Without subjective
considerations

b. With subjective
considerations



2 3

LONDON WINTER 1976-77

0¢



21

Another example of a geographic summary is illustrated in Fig. 8. The 50th and 98th
percentiles of the daily lead levels in 15 monitoring stations in Belgium are shown (11).
The centres of large urban and industrial areas (Brussels, Antwerp, Charleroi and Lié&ge)
show the highest lead levels.

Finally, the example of the application of pollution roses for the identification of
significant copper-emitting sources in section 2.5 is also noteworthy since it presents a
good geographical summary of air pollution information.

2. ATR QUALITY ANALYSIS

2.1 Introduction

Analysis and interpretation are not only a function of the objectives of the
monitoring programme, but also of the specific nature and quality of the available data.
A few examples will illustrate this. The analysis of diurnal air pollution variations
related to human activity, air pollution sources, and meteorological ana biological
cycles is possible only if the averaging time of the available data is short. As the
averaging time increases, e.g., from 30 minutes to one month, variability in time is
"averaged out", that is, short—term cycles are lost. On the other hand, analysis of air
pollution levels as a function of meteorological conditions and source configuration
becomes impossible when the averaging time of the continuous measurements is too long.
The same is true for the variability in space. A few monitoring stations will not give
enough information to make a reasonable air pollution pattern analysis in an area with
many different sources of varying type and emission strength.

Each monitoring programme has its specific purpose or purposes (1,12) and the analysis
should relate directly to them. It is recommended that planning for analysis should start
before any measurements are taken in order to ensure that the data required for the
analysis will be collected and that ancillary information will be included. This does not
mean that analysis is something static; experience has shown that data analysis and
interpretation procedures change and improve with time.

Critical evaluation of the validity of the collected data is the first step in data
analysis (13). Each measurement must be checked, not only individually but also as a
member of a group of measurements consecutive in time or simultaneous in space. Much of
the data validation is done by carefully examining the data for unusual phenomena. Rapid
or extreme changes in the recorded air pollution levels or in the meteorological variables
need special attention in this context, especially when the occurrence of such changes is
unusual and localized. Spotting anomalies is greatly facilitated by summarizing and
plotting data sets in the form of tables and graphs (see section 1). If anomalies are
found, the data must be rejected or corrected before analysis can proceed.

2.2 Limitations of incomplete data sets

The incompleteness of a data set can be the result of two quite different phenomena.
First, a data set may be incomplete owing to the malfunctioning of the network and as a
result certain data may be lost. If this happens systematically (e.g., during weekends)
or over extended periods of time, the interpretation of data requires special care. On the
other hand, if the gaps in the data are randomly distributed, most statistical techniques
are applicable. The same is true when the gaps in the data set are intentional - e.g., a
network may be programmed to determine a daily average every 5 days. If annual averages
are to be computed, the number of measurements in each quarter of the year should be about
equal. As a convenient rule, it may be assumed that a sample is adequately balanced if
each calendar quarter contains at least 207 of the total observations. The seasonal
patterns that exist for certain pollutants show why this is essential.
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FIG. 8. FIFTIETH AND 98TH PERCENTILES OF THE AVERAGE DAILY LEAD
VALUES IN BELGIUM FROM 1972 TO 1975
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Many investigators have tried to tackle the problem of incomplete data sets from a
pragmatic point of view (15-21) Whatever statistical approach is chosen, a knowledge
of the population distribution laws is essential. The lognormal distribution discussed
in the next section is the most commonly used assumption.

It is clear that the accuracy of the calculated statistical indicators (the arithmetic
mean, geometric mean, standard deviation, etc.) will decrease if the sampling frequency
decreases and the variability of the population from which the samples are taken increases.
If 24-hour samples are taken every other day, the deviation from the annual average obtained
by daily sampling is in practice frequently less than + 2%. Similarly, if samples are
taken every twelfth day, the deviation from the annual average is + 5%Z. 1In the above two
examples it is assumed that the variability does not change. Hence, it is clear that the
control of air quality standards specified as values not to be exceeded can cause problems
in practice. For example, with incomplete data sets air pollution maxima are generally
underestimated.

If a specific sampling scheme is followed, the probability of detecting the maximum
value in a set of consecutive measurements can be calculated., For example, Table 4 shows
the probability of detecting violations of a short-term standard as a function of sampling
frequency. From this table it may be seen that if samples are taken every sixth day, the
probability of detecting two values above the standard is about 0.5 (507) when at a given
site the standard is exceeded ten times in a year. This illustrates the weaknesses
associated with determining maximum values on the basis of intermittent sampling.

Two possible solutions to this problem are: (1) increase in the number of measurements
and (2) use of mathematical equations to estimate from the data the maximum values. This
will be further discussed in section 3.

TABLE 4. PROBABILITY OF DETECTING TWO OR MORE DAYS WHEN SITE IS
ABOVE STANDARD OR PRESET VALUE

Actual no. of Sampling frequency

excursions 2 Every Every Every

per year sixth day third day other day
2 0.03 0.11 0.25
4 0.13 0.41 0.69
6 0.26 0.65 0.89
8 0.40 0.81 0.96
10 0.52 0.90 0.99
12 0.62 0.95 0.99
14 0.71 0.97 0.99
16 0.78 0.98 0.99
18 0.83 0.99 0.99
20 0.87 0.99 0.99
22 0.91 0.99 0.99
24 0.93 0.99 0.99
26 0.95 0.99 0.99

a . . .
—An excursion is an observation above a standard of preset value.
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2.3  Air pollution data distributions’

Frequency distributions and cumulative frequency distributions describe quite
adequately the actual air pollution situation for a specific air pollutant in a given site
for a given period of time, for example, one year. Some number specifying the average
concentration over the measuring period, for example, the arithmetic or geometric mean,
completes the picture. Variability of the individual measurements is specified by an
appropriate standard deviation (arithmetic or geometric). The exact meaning and usefulness
of the latter is determined as soon as the distribution law of the actual data set is
determined. ‘ ‘

The arithmetic mean and the corresponding standard deviation completely specify the
normal or Gaussian distribution, while the geometric mean 4nd the geometric standard
deviation do the same for the two-parameter lognormal distribution. This means that if
the actual data follow a specific distribution law, a very limited number of numerical
values characterizes the complete data set and thus the air pollution situation. The
advantage’' of a data set following a known distribution law is that standard mathematical
procedures can be applied to analyse the data set in order to obtain maximum information.
Many attempts have been made to find a universal distribution law for air pollution data
sets. ' Among those proposed, the lognormal approximation appears to be the most widely
accepted. ‘ ‘ '

2.3.1 2-parameter lognormal distribution

Most air pollution data have skewed distributions, that is, an asymmetric histogram or
frequency distribution curve results when concentration and frequency are plotted together
(Fig. 3). To overcome this difficulty, the data are transformed to a normal distribution
by taking their logarithms. The transformation can be readily carried out by plotting the
data (either raw or grouped) directly on log-paper.

The logarithmic transformation changes a histogram with positive skewness into a
fairly symmetrical one. If the latter is accepted to be normally distributed, the original
data set is said to be lognormally distributed.

Fig. 9 shows a histogram for the 1977 London data from GEMS site 1 plotted on log-
linear paper, from the ranges shown in Table 5. The plot of the corresponding cumulative
frequency distribution on log-probability paper is shown in Fig. 10.

TABLE 5. FREQUENCY DISTRIBUTION OF THE DAILY MEAN SULFUR DIOXIDE CONCENTRATION AT
GEMS SITE 1, LONDON, 1977, ARRANGED IN GEOMETRIC PROGRESSION

Percentage

Daily meau Cumulative cumulative

(usg SOz/m3) Frequency frequency frequency
(0) - 15 3 3 0.8
16 - 21 11 14 3.9
22 - 30 39 53 14.7
31 - 43 30 83 23.0
44 - 62 57 140 38.8
63 - 87 63 203 56.2
88 - 124 75 278 77.0
125 - 176 © 47 325 90.0
177 - 249 21 346 95.8
250 - 353 ‘ 11 357 - 98.9

354 - 499 4 361 (100.0)
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FIG. 9. HISTOGRAM AND FREQUENCY CURVE BASED ON TRANSFORMED SULFUR DIOXIDE DATA FROM
GEMS SITE 1, LONDON, ENGLAND, 1877, PLOTTED ON LOGARITHMIC SCALE
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As in the case of the histogram for the original data (Fig. 3), the number of ranges
and the class intervals can be chosen in several different ways. If, however, equal class
intervals are sought on the logarithmic scale, then the limits of the ranges need to be in
geometric progression and it may also be convenient to include in the series some round
numbers that feature as guidelines or standards for the pollutant concerned. Thus in
Fig. 9, for example, 250 pg SOz /m3 has been selected as one upper limit, and the others are
all obtained by multiplying and dividing this by a fixed factor, chosen here at /2. This
has the advantage of retaining some further round values (e.g., 500 and 1000 ug/m3 ) while
at the same time providing a better classification than would be obtained simply with a
factor of 2. The same principle can be used for observations on any other pollutant, but
choosing a different round number as a starting point if required.

The dotted line in Fig. 9 represents the best-fitting normal curve having the same
arithmetic mean and standard deviation on the logarithmic scale as the transformed data.

A very important property of the lognormal distribution is that the cumulative
frequency distribution is a straight line when plotted on log-probability paper. An
example of log-probability paper is given in Annex 2. This property provides a convenient
and quick method for checking the lognormality of a data set; the procedure is as follows:
determine the actual deciles of a given data set and plot them on log-probability paper; if
they fall approximately in a straight line, the distribution is considered to be lognormal.
Deviations from the straight line frequently occur at the lower and higher percentiles;
this aspect is further discussed below.
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"CUMULATIVE FREQUENCY DISTRIBUTION FOR DAILY MEAN SULFUR DIOXIDE CONCENTRATIONS
AT GEMS SITE 1, LONDON,  ENGLAND, 1877, BASED ON GEOMETRIC MEAN AND STANDARD
GEOMETRIC DEVIATION

FIG. 10.
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Lognormally distributed data can be described by two simple statistical measures -
the geometric mean and the standard geometric deviation. They represent the intercept at
the 50th percentile and the slope of the line representing the cumulative frequency
distribution of the data respectively. The geometric mean concentrations (mg) for a
lognormal distribution falls at the median or 50th percentile point.

In a true lognormal distribution ome standard geometric deviation (sg) above the
geometric mean (mg) corresponds to the 84th percentile point. . This provides a simple means
of estimating the standard geomettric deviation - i.e., the slope of the line. The 84th
percentile point can be obtained by interpolation from the complete data set or it may be
calculated using the following formula:

s = 184

g
_Mg
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Once this is obtained a graph of the lognormal distribution can be easily constructed.
First plot the Xg on the 50th percentile line. Then plot the value Xg.Sg On the 84th
percentile line, and draw a straight line through the two plotted points. The graph in
Fig. 10 has been constructed in this way.

Deciles for the GEMS (site 1) London data of Table 1 are shown in Table 6. They have
also been plotted in Fig. 10. If the deciles fall close to the straight line, as most of
them do in this case, then the closeness of the fit of the deciles to this line constitutes
further confirmation of the lognormality of the original data set. (However, it is
important to note that the concentrations that might be read from the line when it is
extended beyond the 90th percentile point will be somewhat higher than the true concen-—
tration values. This phenomenon occurs frequently, and may lead to erroneous conclusions.)
In this connectinn it should be stressed that a better fit could be obtained with a larger
number of data. In this case only one year of data was used and better precision would be
obtained with, say, five years of data. Other examples can be found in section 4 for
Zagreb, Yugoslavia.

TABLE 6. DECILES, MEANS, AND STANDARD DEVIATIONS FOR DAILY MEAN SULFUR DIOXIDE
CONCENTRATIONS, GEMS SITE 1, LONDON, ENGLAND, 1977

Deciles Concentration
(ug 'S09/m3)
107 24 No. of observations 361
20% 41 Minimum 12 ug SOZ/m
307 53 Maximum 450 ug SO2/m
407 65 Arithmetic mean 93.5
507 77 Standard deviation 68
607 93 Geometric mean 73.7
70% 107 Standard geometric
807 133 deviation 2.02 3
907% 176 84th percentile 148.9 ug SOom
957% 231
987% 285

The wide use of lognormal distribution in the analysis of air pollution data may be
(1) it describes, quite adequately,

attributed mainly to the following three factors:
the general behaviour of the pollution concentrationsj

(2) it can be conveniently

visualized on log-probability paper; and (3) its usefulness as a model in solving specific

problems has been extensively described in the literature (17-27).
is described in the next sectiom.

Analysis of averaging time.

24-hour averages.

One of its applications

Air quality data are frequently reported as l-hour or
Often, however, it is desirable to know what the pollution concentrations

might have been for other averaging times, or what the maximum concentration might have

been if samples were collected daily instead of every sixth day.

If air quality data at

a site are approximately lognormally distributed, an averaging-time model (22-25) can be

used to make such calculations.

This model has three basic characteristics.

(1) Pollutant concentrations are lognormally distributed for all averaging times.

(2) The median concentration is proportional to averaging time raised to an
exponent and thus plots as a straight line on logarithmic graph paper.

(3) Maximum concentration is inversely proportional to averaging time raised to
an exponent and thus plots as a straight line on logarithmic graph paper.

These characteristics are graphically displayed in Fig. 1l-a, the so-called "arrowhead".
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FIG. 1l1-a. AVERAGING TIME MODEL FOR AIR POLLUTION DATA
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Fig. 11-b is a plot of the maximum values for different periods for the sulfur dioxide
data from GEMS site 1, London (Table 1). The values were calculated as the highest average
values for the periods of seven consecutive days, 30 consecutive days, and 91 consecutive
days. The averages, therefore, do not relate to a calendar period - week, month, etc.

From the graph it is also possible to read the l-hour highest average value, which
in this case is 1060 pg/m3. Although this approach is useful in estimating maximum
average values, one must remember that such values may not indicate the real situation,
since the values on which the graph was originally plotted may have been influenced by some
unusual phenomena, and a slight tilt in the slope of the line will considerably change the
pollution picture; this is particularly true in cases where the averaging time is short.
Hence, such values should be considered only as estimates.

Once the geometric mean (mg) and standard geometric deviation (sg) for a pollutant
at a site have been determined for one averaging time, the model (22) can be used to
estimate the mg, Og, percentiles, and the annual maximum concentrations expected for any
other averaging time. C

For example, this model has been used to calculate the table in Annex 3, which gives
ratios of the expected annual maximum and second highest annual concentrations to the
arithmetic mean concentration as a function of the standard geometric deviation measured
at a site for an averaging time of 1 hour, 3 hours, 8 hours, 24 hours and one year (25).
The table indicates, for instance, that if the standard geometric deviation of 24-hour
averages measured at a site is 2.04 (line 11 in Annex 3), the highest annual 24-hour
average is expected to be 6.34 times the arithmetic mean and the highest annual l-hour
average is expected to be 18 times the arithmetic mean. However, such a model must be
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used carefully in order to avoid erroneous conclusions. If one calculates the maximum
annual average for the sulfur dioxide data given in Table 4, on the basis of this model,

a value of 580 ug/m3 is obtained. (A value of 6.2 as the ratio of maximum annual
concentration to the arithmetic mean is obtained by interpolation for the standard
geometric mean of 2.02 (see Table 4). This means that the maximum annual average is 6.2
times the arithmetic mean - which in this case is 93.5 ng/m® . By multiplying 93.5 ug/m?

by 6.2 one gets 580 ug/ms.) However, from Table 4 it can be seen that the measured
maximum annual concentration is 450 ug/m3 .

FIG. 11-b. MAXIMUM AVERAGE VALUES FOR GIVEN PERIODS, 1877, SULFUR DIOXIDE DATA,
GEMS SITE 1, LONDON, ENGLAND
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2.3.2  3-parameter lognormal distribution

Although the lognormal model may serve as a general approximation of the distribution
of air pollution concentrations, it is essential that for any application the validity of
this assumption should be examined for the concentration range of interest. This is
particularly important when using the model to make statements concerning the higher
concentration levels. Without due attention to this aspect the most obvious error in
assuming a lognormal distribution of the data set is the overestimation of the higher
concentrations, and consequently the amount of air pollution reduction required to reach
a specified goal or standard.

It is possible to incorporate an additional parameter that serves as a threshold
value (a minimum value for the distribution). For example, Mage & ott (29, 30) noted
that the two-parameter lognormal model had shortcomings in the tail-ends of the
distribution and proposed the use of the three-parameter lognormal distribution. Since
all air pollution data have certain measurements that are below the detection limit of
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the measuring instrument, this refinement may be useful in making & more accurate plot of
such values. "Fig. 12 shows the plot of the 2-parameter and 3-parameter lognormal
distribution for SO data, taken from Table 6. -

The maximum observation (450) is plotted at a frequency N/(N+1) or 99.77%, where
N = 361 observations for the year 1977. A straight line is drawn through these data
with the geometric mean (73.4) and geometric standard deviation (2.02) as given in Table 6.
It should be noted that the graph as plotted has a consistent downward curvature and the
2-parameter lognormal distribution overestimates the maximum observation by about 137.

The 3-parameter lognormal distribution is fitted to these data by a trial and error
procedure in which a constant is added (or subtracted) to each value in the data until
the curvature of the data changes sign. By adding 21 to each value the transformed data
in Fig. 12 describes a set of points with no apparent positive or negative curvature. A
straight line is drawn through the transformed data by eye such that it fits the
observations over the entire range.

The basic characteristics of the 3-parameter lognormal distribution is that it tends
to straighten the plot that otherwise tends to show as a curveon the log-probability graph
paper. It should be noted that adding parameters to any model should always result in a
better fit of the data points. As a guide, the simplest model with the fewest parameters
should always be selected as long as it fits the portion of the data set where analysis is
most critical. ‘

2.3.3 Stratmann approach

On the basis of the belief that the measurements above the arithmetic mean are the
most interesting from the point of view of public health, and that the lower air pollution
concentrations are quite often too close to the detection limit to be sufficiently reliable,
Stratmann & Rosin (31) proposed the following empirical approach.

For a given data set of air pollution concentration values, the first step is to
determine the arithmetic mean (my). From the original data set with N elements, a new
data set with n elements is prepared by deleting all values smaller than the mean (my) and
by introducing a new element y; = 2m, - x; for each measurement x;j larger than my. This
new distribution is made symmetrical with respect to the arithmetic mean. The arithmetic
mean, the mode, and the median are therefore equal in this new distribution.

The two important statistical parameters for this symmetrical distribution are the
arithmetic mean corresponding to the real arithmetic mean of the measured values, and the
standard deviation of the new data set given by

When this method is applied to the data given in Table 1, the following results are
obtained: =n = 288, my = 93.5 g SOZ/m3, and sy = 91.8., The cumulative frequency curve
based on these values is drawn as a straight line on probability paper as shown in Fig. 13.
On the same figure the crosses represent the actual measured distribution of the values
above the arithmetic mean.
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FIG. 12. 2-PARAMETER AND 3-PARAMETER LOGNORMAL PLOT FOR GEMS SITE 1, LONDON, ENGLAND
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FIG. 13. STRATMANN PLOT BASED ON DAILY MEAN SULFUR DIOXIDE CONCENTRATIONS
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. It must be mentioned here that the percentile values in the Stratmann approach are
not the same as the percentile values obtained with the lognormal approach. The former
are percentiles of a curtailed data set based on the values above the measured arithmetic

-—~-“mean, while the latter are percentiles for the complete set of measured data.

2.4 Time series

A time series is a set of observations taken at specified times, usually at equal
intervals. Continuous measurements, as well as certain schemes of intermittent air
pollution measurements, fit that definition. As explained previously (see the
Introduction), time series, especially when plotted in the right way, are very useful to
detect possible anomalies in the data set, to compare monitoring sites in the same region
or fluctuations of different pollutants at the same site, and to pinpoint individual
measurements or periods of measurements that need special attention and/or further analysis.

Time series for air pollution data sets can be divided into two main types — cycles
and trends. The most commonly observed cycles in air pollution analysis are diurmal,
weekly and seasonal cycles. In temperate regions, for example S0Op cycles owing to the

"heating and non-heating periods are common. Trends in urban areas or long—term movements
refer to the general direction in which a time series appears to be going during a long
interval of time. In practice this is at least 5 years for air pollution data.

Diurnal cycles are caused by a combination of the influence of meteorological factors
and changes in air pollution emission rates. The latter are mostly owing to human activity.
Diurnal cycles can be analyzed on an individual basis - the diurnal cycle for one or more
pollutants on a specific day - or on a statistical basis as averages for all the
observations taken at the same time of the day over a longer period of time. Fig. 14 (32)
is an illustration of the former, Fig. 15 (33) of the latter. For weekly, as well as for
seasonal cycles, the same comments can be made. Fig. 16 is an illustration of a seasonal
cycle for SOy in London over the year 1977. Table 7 shows some typical cycles for major
urban air pollutants.

When analysing cycles it is often very useful to plot specific meteorological
factors or air pollution emission data on the same time scale as the pollution concen-—
trations. For example, the inverse daily temperature plotted over 1 year could show
approximately the same pattern as the average daily SO, concentrations over the same
year (at least in an urban area). A time plot of the traffic density in Wilhelmstrasse
in Wiesbaden would be very helpful in the interpretation of Fig. 15.

The first consideration in determining whether there is a trend in the air quality
measurements is to select the parameter,or parameters, of interest. Useful parameters,
for example, are the annual average and certain specified percentiles such as the 50th
and 90th percentile. The percentage of observations exceeding a given standard may also
be of interest.

The time—frame of the data under consideration can seriously affect the observatiom
of the overall trend. For instance, if concentrations decreased sharply in the four years
from 1960 to 1963, but remained stable in the eight years from 1964 to 1971, then the
12-year trend from 1960 to 1971 would probably be downward, whereas the 8-year trend
1964-1971 would indicate no change. Therefore, the classification of trends clearly
depends on the time-frame under consideration.

The time-frame for evaluation should be selected in an objective manmer. Usually the .
availability of data is the determining factor, but the interval can be pre-selected on the
basis of the knowledge of the pattern of emissions. Often it is useful to perform the
trend evaluation over several different time intervals in order to obtain a more complete
description of the overall pattern, and to avoid the aforementioned problems.
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FIG. 14. DIURNAL VARIATIONS IN NITRIC OXIDE, NITROGEN DIOXIDE, AND OZONE CONCENTRATIONS
IN LOS ANGELES, USA, 19 JULY 1965 ' '
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FIG. 16. MONTHLY MEAN TEMPERATURES FOR LONDON, ENGLAND, 1877, AND MONTHLY MEAN
CONCENTRATIONS OF SULFUR DIOXIDE AT GEMS SITE 1, LONDON, 1877
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TABLE 7. TYPICAL URBAN CYCLES OR MAJOR AIR POLLUTANTS

Pollutant Urban Cycle
Daily Seasonal
Suspended particulate Zgource and location dependens7 Higher winter, lower summer
matter
Sulfur dioxide Higher in early morning Higher winter, lower summer
Carbon monoxide Higher in the morning and Higher summer near roadway
afternoon traffic hours Higher autumn in industrial
areas
Nitric oxide Higher in the morning and. Higher winter } Primarily
. P ffic hou . £ .
Nitrogen dioxide afternoon traffic hours Higher summer if mobile
source
dependent
Ozone Higher in afternoon Higher summer

When performing a trend analysis, it is very helpful to look at the data in graphic
form. Plotting quarterly or annual statistics over a period of time will usually be
sufficient to depict the basic pattern and the trend may become intuitively clear. To
facilitate the interpretation of the overall pattern, it is useful to determine an
objective trend line for the data. This can be obtained by calculating a moving average
of the observations which will also provide a smoother and simpler representation of the
original data. A moving average is obtained by calculating a series of arithmetic
averages using a small number of consecutive values in a time series. These averages
are calculated by deleting each time the first and adding the next value in the time
series (see Table 8). For quarterly estimates, a moving annual average consisting of
four quarterly estimates will eliminate the seasonal fluctuations and remove much random
variation as well. When considering annual estimates over several years, a 3-year moving
average (of the yearly averages) will smooth out much of the year-to-year variation.

TABLE 8. CALCULATION OF 3-YEAR MOVING AVERAGES FOR DATA IN FIG.17

Concentration of S0y in air (ug/m3)

Annual

Year mean 3-year moving averages
1965 184 -

1966 147 184 + 1;7 + 153 _ 161
1967 153 147 + 123 + 184 _ 161
1968 184 153 » 124 * 5L L 163
1969 151 etc.

For example, Fig. 17 shows a l4-year trend of SO, in Zagreb at GEMS site 3. The
3-year moving averages smooth the data to about the same as one might be inclined to do by
freehand using the plot of the annual arithmetic means. The curve indicates little change
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FIG. 17. TREND IN SULFUR DIOXIDE LEVELS IN ZAGREB, GEMS SITE 1, 1965-7/8
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(owing to irregular variations) over the first 5 years of measurement, but a sharp decrease
in the following 3 years, and a slight decrease in the last 6 years.

Another convenient method to describe the trend over a given time period is to divide
the time interval into two equal parts. For example, if measurements were taken over a
5-year period, e.g., 1973-1977, the first half of the time period (1973-1975) would be
contrasted with the second half (1975-1977). Observe that, as in this example, if there
were an odd number of years, then data for the middle year are used in both time periods.
Once the selection of the statistic is made from which to judge the trend, the arithmetic
average over the time interval of that statistic is contrasted between the two time
intervals. This contrast is usually calculated as the percentage change over the time
period, i.e.

(Average of time period 1 - Average of time period 2) x 100
Average of time period 1

Consider, for example, Table 9 (34) which lists the suspended particulate matter trends
of the 50th and 90th percentiles over the 5-year time period of 1973-1977.

Since personal opinion may bias the conclusions about the magnitude of the trends, a
quantifiable technique is generally recommended for making a strictly qualitative judgement
One such technique, using the Spearman rank correlation analysis, is demonstrated in
Section 2.6.1.



TABLE 9. SUSPENDED PARTICULATE MATTER TRENDS IN DIFFERENT URBAN AREAS 1

8¢

50th Percentile : 90th Percentile
Site .. Site
City ' Commercial Residential Industrial Commercial Residential Industrial
(country) 73-75 75-77 % | 73-75 75-77 % |73-75 75-77 % |73-75 75-77 % |73-75 75-77 % |73-75 75-71 %
Brussels 26.3 21.0 =20 21.3 18.3 -14 21.3 16.3 =23 68 54.7 =20 44,7 37.3 -17 53 38.7 =27
(Belgium)
Vancouver S e 58 56.7 - 2 62.7 67 + 7| 100.7 99.3 -1 ]115 124 + 8
(Canada) )
Prague 210 157 -25 | 118 111.3 - 6 | 139 138.7 - 2 |456 334.7 =27 (237 227.3 = 4 | 257.5 273.7 + 6
(Czecho-
slovakia)
Calcutta 429 400 -7 1397.7 420.7 + 6 |309.3 307.3 -1 |742 690.3 -7 |725.3 670.7 - 8 | 630 606.7 - 4
(India) :
Tel-Aviv 0.47 0.63 +34 0147 0.50 + 6 {0.47 0.43 -9 |1.6 1.9 +19 |1.2 1.2 01{1.5 1.3 -13
(Israel)
Tokyo | 36.7 44.7 +22 |43.3 48.3 +12 |50 50 0 (123.3 117.3 -5 |140 118.3 =16 |136.7 121.3 ~-11
(Japan) : _
Madrid | 157.3 193 +23 | 44 43,7 -1 [224.3 168.7 =25 |378.7 447.5 +18 {165 134 -13 |558.3 384 -31
(Spain)
London 25 23.3 -7 123.3 22.7 -3 (30.3 31.3 + 3 (66 52.7 -20 |65.7 59 -10 |75.7 78.3 + 3.
(England)
Zagreb 147 151.7 + 3 (112 111.3 -1 [146 142.3 - 4 |312 280.7 -10 248.3 226 -9 1266,7 233.3 -13
(Yugoslavia)
Average % change +2.9 -0.3 5.8 -6.5 - -8.7 -9.
Overall average -1.1 7 -8.1

1The 50th and 90th percentile are expressed in different units for different cities. This, however,
does not affect the percentage change.
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2.5 Analysis as a function of the meteorological conditions

The interpretation of air pollution measurements requires information on the
characteristics of the atmosphere. Meteorological and climatological data are commonly
used for this purpose (35-38). Advice and support from the national weather service or a
national meteorological institute is useful if not essential in most cases.

The actual analysis of air pollution data as a function of one or more meteorological
parameters is possible on quite different levels. It has already been mentioned that the
analysis of individual air pollution measurements as a function of a set of simultaneously
measured meteorological parameters is interesting and useful. For example, a plot of the
time series of air pollution and meteorological data can illustrate certain functional
or statistical relationships. The physical background behind this is often quite
complicated owing to the fact that most phenomena are the result of a combination of the
emission of pollutants and the prevailing meteorological conditions influencing each other
simultaneously. The correlation and regression analysis techniques are useful in confirming
these relationships (see section 3.6). Combining meteorological data and air pollution
data in a so-called "air pollution rose" is a commonly used "source detection and
identification" technique (36).

An air pollution rose, for a specific site, pollutant, and period, is obtained by
grouping the air pollution measurements according to the average wind direction that
occurred during the measurement. When this is done over a period of time (e.g., one year)
each wind direction class has a sufficient number of concentration values to start a
statistical analysis. For each class the cumulative frequency distribution, extreme
values, average and standard deviations are determined. Specific statistical parameters
(e.g., the arithmetic average and number of percentiles needed for further analysis or
interpretation) are recorded in the form of a table as a function of the wind direction
classeés. Table 10 illustrates this for a set of half-hourly SO, averages measured over a
period of one year. Air pollution data corresponding to wind speeds too low to define
a meaningful wind direction were not included in this analysis. The wind speed and wind
direction were measured at about 15m above the ground-level at the SO, monitoring site.
Wind direction classes with a width of 10° were determined.

Although Table 10 shows that there are two distinct directions (70° and 220°) from
which important SO, pollution is transported towards the monitoring site, the data become
more clear when they are plotted as illustrated in Fig. 18. For each of the selected
statistical parameters (X gg, m and X gg) the values are plotted as a function of the wind
direction in the same way as is done for wind roses (air pollution values in the direction
from which the wind is blowing). This explains the term "air pollution rose" and the
importance of the S02 pollution corresponding with the different wind directioms is
obvious. A normal wind rose, based on the numerical values given in the second column of
Table 10, completes the picture. This information is required for further interpretation,
since it shows how frequently the different wind directions occur. It also reveals the
relative importance of the concentration levels given in the pollution roses. For example,
a large peak from a less frequently occurring direction is generally considered to be less
important than the same peak from the dominant wind direction.

Before using the air pollution rose technique one must be certain that the wind
direction data are representative for the air pollution monitoring site(s). Depending
upon the (topographical) complexity and size of the region where the monitoring is done,
one or more sites with meteorological instruments may be needed. Attention should also be
paid to the local meteorological conditions, such as the frequency occurrence of a land-sea
breeze, which could complicate the analysis very much. It is generally recommended that
the local meteorological staff be consulted both when establishing a monitoring operation
and when analysing and interpreting the resultant data.
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TABLE 10. SULFUR DIOXIDE POLLUTION IN MOL, BELGIUM, AS A FUNCTION OF WIND DIRECTION

50th ‘Arithmetic 95th
Wind Number of percentile mean percentile
direction samples (ng/m3) (ng/m3) (ng/m3)
10 204 13 28 107
20 156 13 41 163
30 219 S 13 40 168
40 215 13 33 125
50 228 ‘ 30 48 164
60 486 58 84 241
70 245 124 161 428
80 221 93 126 328
90 314 63 ‘ 78 190
100 230 67 80 200
110 : 200 71 81 182
120 195 40 58 164
130 149 31 40 132
140 146 25 ' 30 82
150 278 13 31 69
160 280 13 24 60
170 303 13 19 44
180 . 369 13 22 66
190 387 13 22 74
200 520 13 25 70
210 598 28 _ 40 . 118
220 786 81 _ 109 v 298
230 708 53 . 74 233
240 665 30 40 105
250 466 26 33 82 .
260 364 ‘ 33 _ 39 89
270 412 25 31 77
280 237 13 30 71
290 139 13 28 87
300 192 13 27 87
310 100 13 20 67
320 156 13 22" o 72
330 ‘ 265 13 22 66
340 305 13 19 46
350 226 13 19 59
360 269 13 23. 72

For proper source 1dent1f1cat10n, several monltorlng sites with corresponding air
pollution roses are needed. When these are shown on a map of the region concermed, a
picture emerges which is helpful 1n 1dent1fy1ng the air pollutlon contributions of
different industries.
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FIG. 18. SULFUR DIOXIDE POLLUTION ROSES FOR THE 50TH PERCENTILE (MEDIAN), THE
ARITHMETIC MEAN, AND THE S5TH PERCENTILE LEVELS

X50 X X5

— = 30 pg SO3/m3 — = 50 pg SOz/m3 — = 100 pg SO2/m3

A detailed analysis, as given for the previous example, is possible only when short-—
term averages are available (30 min to 3 h). If only daily air pollution averages are
available, the air pollution rose concept becomes more difficult to apply, since for a
majority of days average wind directions over 24h do not make much sense. A possible
solution to this problem is the introduction of the concept of 'day with steady wind
direction", where steady has to be specified - e.g., by imposing a maximum width for the
wind sector over one day.

To illustrate this, we may take a network for determining the ambient levels of
selected metals (24h averages, high volume sampling on cellulose filters). After 5
years of uninterrupted operation, the data of 5 monitoring stations covering a region
of 500 km2 were analysed as a function of wind direction, to determine if it was possible
to identify the most important copper (Cu) sources in the region. As 24h-averages were
involved, the '"day with steady wind direction" concept was introduced. A day with steady
wind was defined as a day during which the 24 successive hourly (average) wind direction
observations all fall within a sector of 70°.

Taking a practical example, it is assumed that the average hourly wind directions are
measured in units of 10°. For the first day the following hourly average wind directions
were measured: 10 times 20°, 2 times 30°, 6 times 40°, 3 times 50°, and 3 times 60°.

As the total width of the sector is 509, this was obviously a steady day, and the measured
Cu-level (daily average) is attributed 10 times to the direction of 20°, 2 times to 309,
and so on.

On the second day the wind fluctuated as follows: 10 times 90°, 3 times 120°, 4 times
140°, and 7 times 180°. The total width of the wind sector for that day was 100°. This
meant that the direction was not steady and the measured Cu-level could not be taken into

account for further analysis. The third day was again steady, the fourth also, the
fifth not, and so on.
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When this analysis is carried out over a long period of observations, a sufficient
amount of data for each wind direction are obtained, and meaningful averages for each
wind direction can be calculated. Plotting the results as a function of the wind
direction, exactly in the same way as this is done for a normal wind rose, gives a
pollution rose.

Fig. 19 illustrates this for the Cu-levels measured continuously as 24h-averages in
5 different sites over a period of 5 years (1972-1977). The figure clearly shows that
there is an important point source of Cu somewhere between the upper monitoring sites.
The lower sites show that the influence of this source is readily seen at distances larger
than 50 km.

FIG. 18. IDENTIFICATION OF AN INDUSTRIAL CD?PER SOURCE BY MEANS OF POLLUTION
ROSES BASED ON 24-H AVERAGES

- o

SOURCE

0 10 20 30 z.p 50 km

2.6 Correlation and regression techniques

In many situations it is desirable and useful to determine whether there is any
functional or statistical relationship between two or more of the parameters observed
in air pollution monitoring networks. The degree of relationship between variables is
evaluated by means of the correlation theory, and the specific mathematical expression
for that relationship is obtained by means of regression analysis techniques. Both
techniques are well-known and commonly used. Most textbooks on statistics describe them
in detail (4, 5, 39), and the reader is referred to them for further information. )

The simplest and most frequently used application in air pollution work is the linear
regression and correlation technique. The more common applications of this technique in
the field of air pollution are the following:
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(L) comparison between the results of different instrumental or analytical
techniques used to measure the same pollutant (40);

(2) reproducibility testing under laboratory and field conditions (41);

(3) comparison of levels of different pollutants at the same site or between
levels of the same pollutant at different sites (12);

[EN) validation of mathematical models for dispersion studies (42, 45);
(5) validation of outliers in the data sets (43); and

(6) network optimization by identifying the monitoring stations that
essentially give the same information and eliminating duplicate effort (44).

The scatter diagram in Fig. 20 is an illustration for network optimization. Average
daily SOy concentrations measured over the same period but at two different sites in the
same city, show a significant linear correlation (r = 0.95 for N = 166). 1If the
evaluation of the actual SO7 concentrations in that city had been the only purpose of the
monitoring network, site 1 (or site 2) could have been eliminated, especially if the data
obtained over several years showed consistently the same relationship.

A good review of other applications of correlation and regression techniques in the
interpretation of air quality data is given in the works cited in references 44 and 46.

2.6.1 Quantifying trends

Techniques that measure the statistical significance of trends usually involve
correlation of the concentrations in air of the pollutant with the sequence in which they
are observed. Since the time interval between observations is not comsidered, missing
observations can be ignored. A technique often used is the Daniel's test for trends
using the Spearman rank correlation coefficient (39, 48). To utilize this procedure, at
least 4 time periods should be available. Given time period xj, ..., Xy and their
corresponding value (e.g., yearly average 1, .... yearly average n) ranked from the
lowest to the highest, the test statistic is calculated as the rank—correlation
coefficient:

1z

r, = 1 - [6

2
42 1 [ -

i=1
where d; is the difference between the x variable (time starting with period one through
period N) and the y variable ranked by measured concentration for the ith observation.

The absolute value of rg, the coefficient of rank correlation, is compared with a
critical value W, in a statistical table of Spearman rank correlation coefficients
(Annex 4). If Irs I>WP then a trend is declared significant. A negative value of rg
indicates a downward trend..

To compute rg, make a list of the years in the data. Next to each year, enter its
rank over the total time record. Determine the various values of di’ which is the
difference between the two ranks. Square each d;, and then sum all values of d;© to
obtain N 2 Then enter this value and the value of N (the number of time periods)

i=1 *
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FIG. 20. CORRELATION BETWEEN THE DAILY SULFUR DIOXIDE LEVELS MEASURED IN TWO
DIFFERENT MONITORING SITES OF -THE SAME NETWORK
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directly into the above formula. For‘example, suppose we are interested in testing
the presence of the trend in the 90th percentile for the 5 years''data (N = 5) in Table 11.
The first step is to put the data in a convenient format as shown below:

90th percentile Lowest to highest ranked
Year yi X Xi o di = (%i7yi)
1973 1 365 5 4
1974 2 286 4 2
1975 3 285 3 0
1976 4 276 1 -3
1977 5 281 2 -3

ro=1-(6:d.%) / (WO-N) =1 - [6(16+4+0+9+9)] / [53-5] = 1 - [6 (38)] / [125-5]
= (120-228) / (120) = -108/120 = -0.90
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To test the significance of this correlation for small sample sizes, one must compare
the calculated value with the values given in Annex 4. Since the value in Annex 4 for
5 (N =5) is 0.90, we may conclude that the downward trend is significant at the 0.05
level of confidence. If N>10, compute t = rg v (N—Z)/(l—rsz) and compare with ty.

3. INTERPRETATION OF AIR MONITORING DATA: AN EXAMPLE

3.1 Introduction

Once the measurements are taken and analysed, the results of the analysis must be
interpreted. The objectives of the monitoring programme provide the framework within
which the interpretaton is made. For example, if the primary purpose for collecting data
is the determination of trends, both the analysis and interpretation are directed towards
answering questions pertaining to trend. For example, is there a trend? If so, why
(causes), and what will be the impact on future monitoring and health assessment studies?

There is, in fact, no well-defined distinction between analysis and interpretation.
The only fundamental difference between summarizing and analysing on the one hand and
interpreting on the other is that, while summarizing pertains to the manner in which the
data are summarized and analysis to computing the required parameters, interpretation
pertains to the significance of the results.

To illustrate how some of the techniques and theories presented in the previous
sections are used for interpretation, data from one of the cities involved in the GEMS
network are used. The data for suspended particulate matter for Zagreb obtained by the
gravimetric method (6, 7, 8) are summarized as cumulative frequency distributions in
Table 11.

3.2 Data summary
A rapid survey of Table 11 leads to the following observatioms.

(1) Some 40-70% of the possible measurements have been taken. Before drawing any
conclusions, the individual data sets have to be checked to see whether the data are
missing in a rather random way - e.g., owing to a planned intermittent sampling
scheme - or whether the data for certain longer periods of the year are missing.

(2) The minimum levels in site 2 decreased considerably during the last three
years. This point may need explanation.

3 Percentiles do not change much from one year to another, but maximum values
do. Absolute maxima over the five years occur in different years for the three
monitoring sites. If a plot of the time series had been available, it would have
been interesting to check whether the maximum levels for a given year occur on the
same day in the three sites, and whether the maximum daily averages for each site
occur each year in the same period. Further interpretation of extreme values would
require analysis of meteorological and air pollution emission data.

(4) Arithmetic and geometric means do mot vary very much from one year to another.
The same is true for the geometric standard deviations, except for 1977 in site 2
and site 3.



TABLE 11. SUSPENDED PARTICULATE MATTER FOR GEMS SITES 1, 2, AND 3, ZAGREB, YUGOSLAVIA, 1973-1977

(Membrane sampler, gravimetric ug/m3)

Percentiles

Year a  Min. Max. Arithmetic Geometric

10 20 30 40 50 60 70 80 90 95 Mean SD Mean SD

73 202 47 8 99 108 122 138 152 201 258 361 381 611 181 113 155 1.72

site 1 74 213 35 81 97 113 123 140 153 180 221 286 325 806 167 101 145 1.67
city centre 75 205 39 101 116 133 149 162 173 197 234 285 353 486 179 82 163 1.54
(commercial) .6 906 42 88 102 118 134 152 171 195 219 276 343 623 170 82 153 1.58
77 149 31 88 103 117 126 141 157 173 214 281 333 893 167 97 149 1.59

73 196 29 70 85 95 103 117 135 152 189 271 308 596 144 84 125 1.66

Site 2 74 195 27 60 74 84 99 110 127 141 16l 232 - 287 374 129 .73 113  1.67
residential 75 202 7 61 80 89 98 109 124 142 171 242 282 483 130 73 112 1.76
suburb 76 198. 9 63 75 94 104 117 129 144 166 207 262 316 127 62 112 1.77
77 177 4 51 75 84 95 108 131 164 187 229 271 386 131 76 108 2.03

73 233 13 78 101 121 138 151 169 195 229 286 344 517 168 84 149  1.69

Site 3 76 237 25 81 101 117 130 144 157 174 214 270 362 719 168 98 147 1.64
city centre 75 251 8 73 92 112 126 143 158 176 203 244 285 445 153 73 135 1.69
(industrial) .0 59 19 67 89 102 117 137 150 163 184 209 245 579 141 67 126 1.64
77 227 49 91 112 120 137 147 159 179 205 247 288 418 161 64 150  1.46

9%
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(5) On an average, site 1 seems to have the highest pollution levels, closely
followed by site 3. Site 2 is significantly lower but shows almost systematically

the highest variability in the daily levels (see geometric standard deviation).

It is interesting to note that site 1, which is classified as city centre (commercial),
has higher pollution levels than site 3, city centre-(industrial). This is somewhat
surprising since suspended particulate matter is often thought to be industry related.

3.3 Frequency distribution analysis

Most of the information given in numerical form in Table 11 can be plotted on log-
probability paper as shown in Fig. 2la to 2le. The percentile values reported in Table 11
are plotted as individual points in these figures, The straight lines are based on the
calculated geometric mean and geometric standard deviation (SD) as given in the last two
columns of the same table. The goodness of fit with the distribution based on the reported
percentiles (®, 0 and X) illustrates how well the calculated lognormal distribution fits
the measured data. Notable deviations from lognormality are seen at site 1 in 1973
and site 2 in 1977. For the former, this was already clear from the data in Table 11,
as there is a difference of more than 107 between the 50th percentile and geometric mean;
for a perfect lognormal distribution there should be no difference between the two. For
the latter the unusually high geometric standard deviation (2.03) with respect to the
previous years was already an indication of a somewhat unusual situation.

Noteworthy, also, is the similar behaviour of site 1 and site 3 in 1973, 1974, and
1977 (Fig. 2la, 21b, and 2le) on the one hand and the differences in 1975 and 1976 (Fig.
21lc and 21d) on the other. Site 2 is definitely less polluted, although the highest
percentiles come close to those of site 3.

FIG. 21-a. CUMULATIVE FREQUENCY DISTRIBUTION OF THE DAILY SUSPENDED PARTICULATE
MATTER LEVELS AT GEMS SITES 1, 2 AND 3, ZAGREB, YUGOSLAVIA, 1873
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FIG. 21-b. CUMULATIVE FREQUENCY DISTRIBUTION OF THE DAILY SUSPENDED PARTICULATE
MATTER LEVELS AT GEMS SITES 1, 2 AND 3, ZAGREB, YUGOSLAVIA, 1874
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FIG. 21-c. CUMULATIVE FREQUENCY DISTRIBUTION OF THE DAILY SUSPENDED PARTICULATE
MATTER LEVELS AT GEMS SITES 1, 2 AND 3, ZAGREB, YUGOSLAVIA, 1975
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FIG. 21-d. CUMULATIVE FREQUENCY DISTRIBUTION OF THE DAILY SUSPENDED PARTICULATE
MATTER LEVELS AT GEMS SITES 1, 2 AND 3, ZAGREB, YUGOSLAVIA, 1976
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FIG. 21-e. CUMULATIVE FREQUENCY DISTRIBUTION OF THE DAILY SUSPENDED PARTICULATE
MATTER LEVELS AT GEMS SITES 1, 2 AND 3, ZAGREB, YUGOSLAVIA, 1977
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