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Introduction

The ambient air quality at a particular location or region is @enerally vTiable with time,

this variation being caused by a number of factors, especially me
ditions, topography and patterns of emissions.

eorological con-

Such circumstances may require that a large number of measurements be made over a
long interval of time to ensure that a sufficiently wide range of condIions is covered.

Stratified sampling is one method which-reduces the number of meas!

rements needed

to assess certain aspects of ambient-aif\quality. This technique has [peen applied for
example in ambient air quality survéys-and in noise surveys!!! (see examples given in

annex B).

The basic aim of stratification and stratified sampling is to reducs
measurements needed to>obtain results with a desired precision, o

the number of
to improve the

precision of the resultsiwithout increasing the number of measureménts.

To do this, infermation is necessary on the conditions which are like

ly to give rise to

high, low or intermediate values of the ambient air quality characteriItic of interest in

the area being studied. This information is used to introduce a st

atified sampling

scheme it which the total number of measurements made is distributed among the dif-

ferent-strata in such a way that the variance of the data obtained
stratum, is reduced compared with the overall variance.

within a given

The reliability of the stratification scheme selected will depend upon the extent and

validity of a priori knowledge, covering emission sources and tH
topography and meteorological conditions on atmospheric dispers
results from previous measurement surveys or from specially mount

e influences of
on. The use of
ed pilot surveys

can be extremely helpful in the choice of strata 2], as can the applicatipn of ambient air
quality models. Data from existing ambient air quality monitoring stations which are

sited to be representative of the area under examination can be used

in the method.

The main body of this International Standard outlines principles t¢ be applied for
obtaining a meaningful stratification scheme. Annex A outlines the m¢thod to be used

for carrying out the calculations.
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INTERNATIONAL STANDARD

1ISO 9359 : 1989 (E)

Air quality — Stratified sampling method for-assessment

of ambient air quality

1 Scopg

This International Standard specifies a method for the assess-
ment of cerfain aspects of ambient air quality in terms of per-
centiles and| means using the principle of stratified sampling.

This is by elstimating percentiles and means of thefrequency
distribution [of measurements of ambient air ‘quality charac-
teristics. The application to the estimation of'means, however,
is restricted [to cases where certain assumptions about the fre-
quency distfibution of the ambient air,quality characteristic can
be made usng a priori knowledge or.when a sufficient number
of statistically independent measuréments are available (see
ISO 2854 ar|d ISO 2602).

The results ay be used toassess ambient air quality during the
period of tHe measurément survey. (For length of period see
also ISO 7168.) By.using information on the longer-term occur-
rence of thg various strata, an assessment for a longer period
can be obtajnied)using the same database.

to investigate the possibility of applying the mopt recent editions
of the standards listed below. Members of IEC and ISO main-
tain registers of currently valid International §tandards.

1ISO 2602 : 1980, Statistical interpretation of] test results —
Estimation of the mean — Confidence intervdl.

ISO 2854 : 1976, Statistical interpretation off data — Tech-
niques of estimation and tests relating to means and variances.

ISO 3534 : 1977, Statistics — Vocabulary and symbols.

ISO 7168 : 1985, Air quality — Presentatiory of ambient air
quality data in alphanumerical form.

3 Definitions

For the purposes of this International Standafd, the following
definitions apply.

Thus, although meteorological conditions have a profound
effect on the concentration and distribution of air pollutants,
stratified sampling enables results which are independent of the
actual meteorological conditions prevailing during the interval
of time of measurement to be calculated for a longer term.

2 Normative references

The following standards contain provisions which, through
reference in this text, constitute provisions of this International
Standard. At the time of publication, the editions indicated
were valid. All standards are subject to revision, and parties to
agreements based on this International Standard are encouraged

3.1 percentile: The value Xp which separates the range of
the population of a parameter into two groups at the level of
the percentage P.

3.2 fractile; quantile: The value Xp which separates the
range of the population of a parameter into two groups at the
level of the fraction f = P/100, where P is a given percentage.

3.3 stratified sampling: Of a population which can be
divided into different sub-populations (called strata), sampling
carried out in such a way that specified proportions of the
sample are drawn from the different strata. [ISO 3534]

3.4 stratum: Sub-population of a population characterized
by certain features.
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w;, appropriate to the long-term situation should be used to
weigh the strata data, and not weighting factors, w;, for the in-
terval of time of measurement. In a similar way, it is possible to
use the method for prospective assessments of ambient air
quality — as might be required, for example, in relation to pro-
jected increases in traffic flow — and it would then be
necessary to use predicted weighting factors, w;.

Often, there will be some uncertainty in the weighting factors,
w;, and the effect this has on the calculated percentiles or
means will need to be determined by using equations (A.6) and
(A.7) (see annex A).

4 Symbols

Symbol Meaning

f weighted fraction of the values of f;

S+ upper confidence limit for the weighted fraction

f lower confidence limit for the weighted fraction

Ji fraction of the ith stratum being below (or above) a
given value

k number of strata

n total number of measurements

n; number of measurements in the ith stratum

m; number of measurements having a value below a
given value in the ith stratum

P; pefcentage of the ith stratum being below (or
abpve) a given value (P; = 100 f;)

s2(f) esfimate for the variance of f

s2(¥) esfimate for the variance of X

Szz(fi) estimate for the variance of f;

slz(x,-j) esfimate for the variance of Xjj

ty1—q talulated value of the r-distribution for the one-
sided test at the significance level a and for v
degrees of freedom (for tables see ISO 2602)

Uy _q taljulated value of the standardized normal distribu-
tiop for the one-sided test at the significance level o

x weighted mean of the values of X;

X4 upper confidence limit for the weighted mean

X_ lower confidence limit for the weighted mean

X; arithmetic mean of measurements within the ith
strptum

Xjj Jth measurement in the ith stratum

w; prgbability of occurrence of the ith stratum given as
a weighting factor

Xp pefcentile ; fractile (or quantile)

a significance level

1-a copfidence level

Y| mdrgin of error

u mdan of population

U; mdan of the ith-stfatum

v nufnber of degrées of freedom

a?(f;) vafiancé of f;

a,z(x,-j) vafiance of x;;

For a satisfactory stratification, a priori information| is required
relating the magnitude of the ambient air quality characteristic
of interest to those factors which affect it,or result from it. This
information is used to estimate u;, g;f-and w;. Thq factors on
which this information is usually based are the temporal and
spatial patterns of emissions, transport and dispersjon, associ-
ations with other ambient airpolldtants, and effectg of the am-
bient air pollutant of interest: Examples of ways in Which these
factors could be used togsét up stratification are given below.

5.1 Patterns{of émissions

Certain emissions show obvious variations with timg or in their
spatial pattern.

EXAMPLES

T Emissions of sulfur dioxide and other combustign products
produced as a result of space heating have a strong seasonal
variation. It could be appropriate to define strata cpvering dif-
ferent periods of the year, e.g. summer and wipter, if the
assessment of ambient air quality being made is likgly to be af-
fected by these emissions.

2 Road traffic exhaust emissions usually have a strong diurnal
variation ; their source can be considered to be linear in the case
of a major road or areal in the case of an urban area| If airborne
lead levels were being assessed in the vicinity [of a main
highway, then the strata used could be based on digtance from
the highway and time of day in relation to peak fraffic flow
periods. A spatial or temporal stratification could |pe used to
assess carbon monoxide levels in an urban area.

5.2 Transport and dispersion

5 Guidelines for stratification

The stratification scheme should be designed in such a way
that the strata means, y;, are different from each other and the
variances are smaller than the variance of the population. The
probability of occurrence of each stratum, w;, should be known
in advance (see 5.1 to 5.6). To calculate final results it is
necessary to use weighting factors, w;, which refer to the time
period for which the assessment of ambient air quality is being
made.

If a long-term assessment is needed, based on only a relatively
short interval of time of measurement, then weighting factors,

When selecting criteria for a stratification scheme related to the
transport and dispersion of air pollutants in the atmosphere, it
is necessary to decide whether long-range transport of air
pollution, governed by synoptic factors, or nearby sources,
meteorological effects and topography, is the dominant in-
fluence on the ambient air quality characteristic of interest.
Stratification may then be based on factors such as

— local topography;
— air temperature;
— wind speed and wind direction;

— atmospheric stability;
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— mixing height;
— solar radiation;
— weather type;

— air mass type;
or on results of dispersion models. These models using
emission and meteorological data predict the temporal and

spatial pattern of ambient air quality which may be used to
devise stratification schemes.

EXAMPLES

1ISO 9359 : 1989 (E)

5.5 Pilot surveys

If it is not possible to devise a stratification on the basis of
existing knowledge of ambient air quality and the factors
governing its variation in the area of interest, then it may be
necessary to set up a pilot survey of ambient air quality, or to
carry out calculations using ambient air quality models, which

are themselves based on stratification.

5.6 Ambient air quality models

Ambi

1 Considering the effects of a single emission source at some
distance from the area under examination, a stratification based
on wind spped and wind direction may be useful (see also
clause B.1).

2 An assegsment of ambient air quality may be required in an
urban-industrial basin area with many emission sources. Here,
a variety of parameters could be examined for their suitability,
e.g. atmospheric stability, seasonal effects, wind speed and
wind directipn (see also clause B.2).

3 If concentrations of carbon monoxide need to be assessed
at street levgl in an area with tall buildings, e.g. in the central
part of a large city, then wind speed and wind direction may be
used along ith the time of day (see also 5.1, example 1).

4 |If oxidarjts are being assessed, a stratification based on
solar radiatipn, wind direction and temperature may be useful.

5 For intertregional or long-range transported air pollutants;
the air masg concept may be used.

5.3 Assoriations with other ambient air
pollutants

Some ambig¢nt air quality characteristics_dre )indicative of at-
mospheric donditions or are associated with other ambient air
quality chardcteristics of interest. The(concentrations of certain
ambient air pollutants may be closely) correlated and stratified
sampling fof the ambient air pollutant of interest may then be
carried out gn the basis of thé level of the indicator ambient air
pollutant.

EXAMPLE 1 The concentrations of the ambient air pollutant
of interest, [as measured for example at a fixed, continuous
monitoring $tation, can be used to define strata within which
random sanpling can be performed (see also clause B.3).

data to predict the temporal and spatial emi
ambient air quality, may be used to deyise st

6 Measurement guidelines

6.1 Number of strata and number of
measurements per stratum

to decide howvmany strata are to be used,

meteorological
sion patterns of
atification.

and how many

Having decided-0n a stratification criterion, itI then necessary

measurenients are to be made within each str
desired confidence limit in the assessment.

Experience with the stratified sampling techn
that the reduction in variance obtained by
number of strata, k, soon falls off, and that
usually sufficient.

If the probability, w;, and the estimate of the
stratum, s,z, are known from a priori knowledg
or a pilot survery (see 5.5), the total number o
n, for a given margin of error, 4, is given by

k
2tv;1—012 2
n=|——— E w; S;
4

i=1

The theory of stratified sampling shows that
number of measurements to be made has bee
it is possible to allocate these among the diffg
to achieve a minimum variance in the results d
population.

If the arithmetic mean is determined, then th

um to achieve a

ique has shown
increasing the
k = 2,3, 0rdis

variance of each

e (see 5.1t05.4)
measurements,

equation (1) :

(1)

, once the total
h decided upon,
rent strata so as
alculated for the

s optimum allo-

+1 ia-—achiavad haon
Catorm oatrmtvyCt—whth

5.4 Effects

The effects of ambient air pollution may lend themselves to
establish a stratification.

EXAMPLES

1 Effects on plant growth or crops could lead to an areal or
temporal stratification.

2 Frequency and occurrence of complaints from the public
about odours, for example, could also be used.

3 Plants and growth periods.

Wi Si

And if fractions are determined, then

wiNF (1 = f)
=n
k
2 w4 = f)

i=1

n;

. (2)

. 3)
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In other words, a large number of measurements should be car-
ried out in a particular stratum if that stratum has a higher prob-
ability of occurrence, as given by w;, or a large variance, as
given by s? or f; (1 — f;).

To calculate the number of measurements in the ith stratum,
n;, precisely, knowledge of both w; and g; (or f;} is needed.
While the weighting factors, w;, may be established before the
measurements begin, it is likely that there is little or no infor-
mation on g; (or f;). Consequently, it is advisable to refine n;
as the measurements proceed, by calculating s; (or f;) and then
making use of these in equations (2) or (3).

way in which these are to be allocated among the different
strata, it is then necessary to decide on a scheme for obtaining
measurements within each stratum which are random in time
and space, respectively. The interval of time of measurement
should be less than the expected duration of the stratum con-
dition.

NOTES

1 Randomness in time can be achieved simply by using random
number tables, but for purely practical reasons it may be necessary to
limit intervals of time of measurement to, for example, normal daytime

NOTE — The validity of some of the equations given in annex A will
depend upon the|number of measurements made in a particular
stratum. Thus equagtion (A.9) requires that n; > 15 since it is based on
the approximated |pinomial test; if this is not satisfied, then exact
theory must be uded. The equation giving confidence limits for the
weighted mean [equation (A.10)] is always valid if n; > 5. n; may be
less if the frequendy distribution of the air quality characteristic in the
ith stratum is gaugsian.

In cases where infdrmation about the variance is not available, propor-
tional allocation to|w; may be suitable.

6.2 Independence of measurements

In order to appl
specified in this
measurements tg
be assumed to b

NOTE — Ambient|
ment site are often
to ensure intervals
ments. For examp|
central Europe for
employed, indepe
shorter intervals o
from one stratum

y the equations and methods of calculation
nternational Standard, it is necessary for the
be carried out in a manner such that they may
e independent.

air quality measurements at a particular measure-
highly auto-correlated and it may thus be necessary
of time of sufficient length between the measure+
e, strong auto-correlations have been observed(in
periods up to six days. When stratified sampling is
dent measured values could well be obtained at
time, because correlation effects dueito changes
o another have been eliminated.

6.3 Interval ¢f time and site of measurements

Having establish

bd a stratification, the\number of strata to be

used, the numbdr of measurements\te’ be carried out and the

WoTRINg hours. T thisSTase, great care 15 needed 1o ensare that bias is
not introduced to the measured values due to a temporal pattern in the
air quality characteristic being assessed, e.g. the~diurngl variation in
traffic exhaust emissions. A temporal form of stratificatipn should be
decided upon if considerable influence is topbe expecfed. This will
necessitate measurements being carried_out ‘outside nofmal working
hours.

2 If randomness in space is usedyit'can be achieved by identifying a
large number of measurement\sites using a grid, from Jhich the ac-
cessible measurement sites are then listed and nufnbered. The
measurement sites to be used for measurements can thep be selected
by using random numbgr tables.

An alternative method of measurement site selection mpy be used if
sufficient information is available from previous studies t¢ make possi-
ble the identification of representative measurement sitef, which may
allow a reduction in the number of measurements.

7 Methods of calculation

Estimates for fractiles, means, and fractions of the population
are calculated as sums of the corresponding weidghted values
for the various strata. The variances of these sums are obtained
by calculating the respective weighted sums of the yariances of
the strata. These are usually less than or equal to the variances
which would be obtained by random unstratified sampling 12!,

Appropriate formulae to be used are set out ih annex A.
Examples of how this International Standard can|be applied,
together with calculated results, are given in annek B.
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nex A

(informative)

Mathematical equations

ols used in this annex are as defined in clause 4.

below the value of the fractile Xp is determined

from equation (A.1):

k
where Z w; =1

i=1

m;
fi=
n;

The arithme

. (AT)

ic mean of the measurements in the ith stratum is

obtained from equation (A.2):

5 1

L= — ]2 Xii

i i
n; v

The estimatg

i
... (A2)
=1

for the variance in terms for the fraction in the ith

stratum is given by equation (A.3):

S2H) =10 = f) ... (A3)
and the egtimate for the variance of x; is given by
equation (A {4):

R
2 _ =\2
stog) = — Y by - %) A
j=1
The estimat¢ for the fraction from the population isfound by

calculating the sum of the weighted fractions'\from equation

(A.5):

k

where 2

i=1

The mean of
the weighteqg

W, fi ... (A5)

the ‘population, u, is estimated by the sum, x, of
arithmetic means from equation (A.6):

: 1989 (E)

The variance for the weighted fractiom).is’pstimated using

equation (A.7):

K w? s2(f))
s2(f) = 2 L
n;

i=1

k
where 2 w; €A1

i=1

... (A7)

The caenfidence limits for the weighted fractipn are given by

equations (A.8):

fo=f+ (s(f) Uy_q + i)
2n

1
f_ =f—(5(f) Ug_g T+ E)

... (A8)

The variance for the weighted mean is g¢stimated using

equation (A.9) (see also note to 6.1):

2, k w? s,z(xij)
s9(x) = E _
n;

i=1

K
where Z wi = 1

i=1

... (A9)

The confidence limits for the weighted medn are given by

equations (A 10) (see also nate ta 6.1} |

WiX; ... (A.6)

X, =

=]

+ 50x) 1,14

=1

X_ =

- six) tv;1—a

} (A.10)
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Annex B
(informative)

Examples of application

B.1 Single emission source located near to
rural community

how to allocate them among the strata. However, bearing in
mind the high confidence limits, it is considered that up to 100
measurements may be needed and a broadly similar number of
measurements should be carried out within each stratum.

B.1.1 Task

A small chemicdl plant has installed new gas cleaning equip-
ment to reducel emissions of a specific compound, C. An
assessment of bient air quality is required to demonstrate
that, in the nearpy small rural community, values of the mass
concentration of|C in ambient air are less than 190 ug/m3 for at
least 85 % of thpe time, with a confidence limit of 90 %.

There are other emission sources in the area and at a greater
distance influenging the mass concentration of C in ambient
air, but none is ljkely to be as important as the chemical plant.
The stack ends 20 m above roof-top, and the gas temperature
is considered to|be above 45 °C.

On the basis of|dispersion calculations, it is found that high
mass concentratjons of C are to be expected with a wind direc-
tion between nofth and north-east or when wind speed is less
than 1 m/s together with a temperature inversion. Intermediate
mass concentratlons of C are likely with wind directions north-
west to north ol east to south, provided that wind speeds do
not exceed 3 m{s. All other meteorological conditions should
lead to lower levels.

B.1.2 Stratifjcation scheme

Three strata arg characterized, based on thie meteorological
conditions descfibed above, and data for~temperature, wind
speed and winlj direction from a lgng-established nearby
weather station gre used to calculate/the Weighting factors, w;,
as given in table B.1. It is conSidered that errors in the
weighting factorp, w;, are smalllenotigh to be neglected in this
case.

Tabje B,1\>"Stratification scheme

B.1.3 Sampling scheme
Because the size of the area where measurements |are required
is small compared to its distance)from the chemical plant,

stratified sampling (in time) is(carried out at a single measure-
ment site in the communityt

B.1.4 Results

The results of the measurements are summarized |n table B.2.

Table B.2 — Results

Stratum Number of measurements
number <190 ng/m3 >190 llg/m3 Total
1 19 5 24
23 1 24
34 0 34
82

The fractions below the threshold of 190 pg/m3 afe calculated
for each stratum: f; = 0,79; f, = 0,96; f3 = [1,00. Using
equation (A.5)

I

f=10,29 x 0,79) + (0,24 x 0,96) + (0,47 X 1,00)

0,93

Thus, the mass concentration of C will be less thap 190 pg/m3
for 93 % of the time. T

Stratum ) S R s
number Stratum-charaeteristies e
Wind direction 0° to 45°
1 Wind speed < 1 m/s with temperature 0,29
inversion
2 Wind direction 90° to 180° or 315° to 360° 024
Wind speed 1 m/s to 3 m/s !
3 All other situations 0,47
Total number of measurements = 100

No information is available on the variances expected in the
overall data or in the data from the three strata, and thus it is
not possible to calculate how many measurements to make or

To calculate the confidence limits for f, first s2, s and s3 are
calculated from equation (A.3), and s is then determined to be
0,026 using equation (A.7). Using equation (A.8) the 90 % one-
sided confidence limits are determined. As only the lower limit
for f'is of interest, the appropriate value for ¢ is 0,10, for which
uy_, = 1,28. Thus,

f- =093 - 0,04

= 0,89
and the lower confidence limit becomes 89 %, and the objec-

tive set out of achieving less than 190 pg/ms3 for 85 % of the
time with 90 % confidence limit has been met.
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B.2 Multiple emission source situated in an
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Table B.3 — Stratification scheme

urban-industrial area =
. empera-

Wind direction :v::; ture
B.2.1 Task Stratum P gradient [ ;"

angular degrees m/s °C/km
As_par_t of the environmental programme associated with a , 325 to 100 all > _§ 015
major ironworks development, it was decided that measure- 100 to 155 or 255 to 325 <6 > -5 ’
ments should be carried out to determine whether the develop- 325 t0 100 al <5
rpent had a significant impact on Iot_:al ambient air_qu.ality, par- 2 100 to 155 or 255 to 325 <6 <_5 0.40
ticularly on levels of the concentration of sulfur dioxide. 100 to 155 or 255 to 325 -6 all

3 166-to-265- ot all 0,45
B.2.2 Strhtification scheme *) The weighting factors w; were calculated-from long-term data
- from the nearby weather station.

The developfnent took place at a coastal site, on the fringe of a

large urban-
figure B.1).

ndustrial area, with many emission sources (see

It was not pfacticable to carry out measurements which were

random in §
selected not|
was not likel
measuremerny
measuremern
interest.

pace. However, a single measurement site was
close to any sources of sulfur dioxide, and that
to be affected by local topography. Furthermore,
ts carried out in the past had indicated that the
t site was likely to be representative of the area of

A continuougly measuring instrument was used for determining

mass conce
from a nearQ

A consideral]

htrations of sulfur dioxide. Meteorological data
y comprehensive weather station were available.

le amount of knowledge about the dependence‘of

conditions i

the study area could be used to set up-a stratifi-

the mass co:]rcentration of sulfur dioxide on the meteorological

cation sche
curred wherf
towards the
centrations (
from the din

e. For example, relatively high concentrations oc-

the wind blew from the urbansindustrial area
measurement site, while much-lower mass con-
f sulfur dioxide were associated/with air coming
pction of the sea. Thermally-stable atmospheric

conditions t¢nded to produce higher\mass concentrations of

sulfur dioxid

Using this Kk
values of se

b independently of wind-direction.

howledge, a stratification scheme based on the
ected meteorolegical parameters was developed.

The three stiata used-are)defined in table B.3.

B.2.3 Sampling scheme

For the purpose of this study, it was decided to compare mass
concentrations of sulfurdioxide measured at the measurement

site in 1977 and 1978 The data were available

as continuously

registered records’ of a sulfur dioxide monitorifg instrument. It

was decided.to select randomly 300 h of 1977
calculate thechourly mean mass concentration
from the.records.

EachCof these values was assigned to one of
according to the meteorological conditions {
the hour concerned. As there was no infg
variance in each stratum (SIZ) no attempt was n

and 1978 and to
of sulfur dioxide

the three strata
revailing during
rmation on the
hade to optimize

the distribution of data between the three strata, although this

could be done in any future study based on the
here.

B.2.4 Results

Table B.4 shows the fractiles, Xp, for three dif
centrations of sulfur dioxide for the two year
their 80 % confidence limits. These results we
follows.

From the mass concentrations of sulfur diox
each stratum, the value of f; was calculated
three threshold concentrations of 50 pug/m3,
200 pg/m3. Corresponding values of f and P
mined simply from equation (A.5) and the fact

results obtained

erent mass con-
5, together with
re calculated as

de collected for
for each of the
100 pg/m3 and
ivere then deter-
that P = 100 f.

Table B.4 — Calculation and result

Year Stratum 0 /i below threshold concentrations f below threshold concentrations *)
Xp =150 pg/m3 | Xp =100 ug/m3| Xp =200 ug/m3| Xp =50 ug/m3 | Xp = 100 ug/m3| Xp = 200 pg/m3

1 90 0,800 0,91 0,967

1977 2 100 0,740 0,830 0,930 59,6% £39% | 793% £35% | 947% £2,0%
3 93 0,398 0,720 0,957
1 55 0,854 0,964 0,982

1978 2 90 0,900 0,967 0,989 683% +3,1% | 842% +2,6% | 945% £ 1,8%
3 151 0,405 0,689 0,894

*) 80 % confidence limits indicated.
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Figure B.1 — Map of the area showing the topography and the position of the measuring site
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