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PREFACE

Development of air pollution isopleths and population exposure analysis
are components of the "Air Monitoring Strategy for State Implementation Plans"
(EPA-450/2-77-010).

The guideline document is intended to provide assistance

in performing these activities.

A companion "Users Manual" describes existing

computer software applicable to these tasks.
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ABSTRACT
This guideline document provides an overview of methodologies that exist
for constructing pollutant isopleth displays and for estimating population
exposure to air pollutants from air monitoring data.

Actual examples of the

methodologies are presented for applications to data for the New York-New JerseyConnecticut area and for the Los Angeles area.

This report is to assist the EPA's

Regional Offices and States in reviewing their data bases to determine feasibiltiy
of performing isopleth/population exposure analyses, and to guide regional, state,
and local air pollution control agencies in actually conducting such analyses.
Spatial presentation of air quality

mo~itoring

information in the form of

isopleth maps is useful to air pollution control agencies and highly informative to the public.

Steps that must be taken to obtain an isopleth map from

air monitoring data measured at widely separated monitoring stations as well
as from dispersion-moae1-sirnulation outputs are described.

Currently available

methods of developing an isopleth map are documented for three types:
drawn maps, character-printed maps, and line-drawn maps.

manually

Problems associated

with each type of isopleth map are discussed.
A population exposure analysis, which combines air quality data and demo-

graphic data to estimate population exposure to air pollution, is outlined.
Data-set preparation and analysis methods are explained for estimating both
long-term and short-term exposure of the population to air pollution.

Exposure

to long-term average concentrations is described by the percentage of the
population exposed above an annual National Ambient Air Quality Standard
(NAAQS).

Exposure to short-term (e.g., 1 hr or 24 hr) concentrations is

quantified by the distribution of the population who are exposed above an
hourly or 24-hour NAAQS at various percentages of the time (hours or days).
iv
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CHAPTER 1.

INTRODUCTION

This guideline document is to assist the U.S. EPA, States and local air
pollution control agencies in displaying air quality information in a geographical context and reporting air quality progress to the public in a more
meaningful and understandable form.

This report provides guidelines on

developing contour lines of air pollution levels (isopleth map) from air
quality data and presents an outline of the methodology that has been
developed for analyzing population exposure to air pollution.

To assist air

pollution control agencies in actually doing such analysis, examples of the
methodology and the computer programs developed in recent applications to
the New York-New Jersey-Connecticut area and to the Los Angeles area are
presented.
Isopleth maps are often used to illustrate the spatial variation of air
quality and other environmental variables.

An isopleth map can be drawn

manually, or it can be drawn mechanically by using a readily available computer program such as SYMAP [l].

Because environmental variables are measured

at widely separated monitoring stations, the performance of the spatial-interpolation scheme being used may significantly affect the isopleth map.

Therefore,

numerous interpolation schemes employed in meteorological mapping and in other
areas are reviewed to determine their suitability for air pollution applications.

The state of the art of spatial interpolation is discussed in regard

to preparing isopleth maps for air pollution studies.
Although several reports [2,3,4,14] have recently been published on population exposure, the methods used need to be thoroughly explained before
they can find wide application in various geographical regions.

This report
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outlines the population exposure methodology that we have developed and
discusses problems that have arisen in two applications -- one for the New
York-New Jersey-Connecticut area and one for the Los Angeles area.

Because

a population exposure analysis may be performed under a variety of situations,
alternative methods, as well as the currently applied methods, are discussed.
1.1

ANOTHER WAY TO STUDY AIR QUALITY
The nation's air quality is routinely measured by some 4,000 air

monitoring stations all over the United States.

While most studies of

air quality data have been made fer individual stations, important know1edge
can be gained by collectively studying air quality information provided by
an entire network of monitors in a specific geographic area.

Conventional

tabulations and graphs of air quality summary statistics, given separately
for individual stations, do not provide a convenient basis for studying
these spatial patterns of air quality.

When air-quality monitoring infor-

mation is presented in a geographical context, say +:hrough use of ar1 isopleth
map, one can readily comprehend the spatial variation in air quality.
A few economists and geographers have combined air quality data with
socio-economic data, studying air pollution in relation to economic and
demographic variables [5,6,7].

Following their lead, air pollution researchers

have developed methods to quantify ambient air quality in terms cf population
exposure

to air pollution instead of concentration units

[2,3,8,9,14].

methodology to perform population exposure analyses is described in this
report.

The
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1.2 POTENTIAL BENEFITS
Geographically oriented air-quality presentations supplement conventional
tabulations of air-quality surrrnary statistics.

Therefore, an isopleth map

of air quality data is very effective for providing:
•

A visual perspective of the spatial variation in air quality and
patterns of human exposure levels;

•

A meaningful reference for
to population-growth

~va1Jcting

pat.:ti~~·:1s,

air quality trends in relation

C1r1d tempor.;:i ·.:ind spatial em1ssion

trends;
1

A spatia11y representative
and modifying

rc9u1C<.t~!~/

b~~eline

of air quality for evaluating

•,1·r:.gra111s (0.g .• State l!llµleMentation Plans

and new source reviews).
Nation.:i1 Ambient Air ?u,-,~ity Standards (NAAQSs) have t>een set to protect
the public health and welfare.

;u~ient

air quality data provide the basic

rnean::. of quantifying whether th· µur1ic benefits by trends in air pollution
levels.

To make this quantificJtion directly relatable to Public health, it

is useful to report air quality in terms of population expc·sure levels.

To

do so requires synthesis of pop1dat'io11 anJ air quality data bases.

Air pollution cuncentrathrn:: alone

<ll'E'

not indicative of population

health risks. because they do not sµecify \vhat fraction of the population
i:, exposed to various concentration levE'ls.

For example, it rnay be more

nEaningful for residents of an urban areJ to learn that the percentage of
the urbdn population livin9 in areas above the primary national standard
for pa1·ticulates decreased from 6lH. in 1970 tL1 lo·;. in 1<'175,

th~n

to lParn that

thP annual mean pollutant concentrations decreased from 69.5 ·.:g/m 3 to 64.3

~.~;m 3
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NAAQS (75 µg/m 3 for the primary and 60 µg/m 3 for the secondary) may misinterpret
the implications of meeting the primary NAAQS but failing to meet the secondary
standard in both 1970 and 1975.

The former statement tells people, regardless

of their knowledge, that the particulate air pollution in the urban area
improved from 1970 to 1975 and that the number of people exposed to health
risks from particulate matter was less in 1975 than in 1970.
The Population Exposure Methodology discussed in this report focuses on
exposure to air pollution above established air quality standards.

Exposure

to long-term average concentrations is characterized by that percentage of
the population exposed to air pollution above the yearly average NAAQS.

Ex-

posure to short-term (e.g., one hr or 24 hr) concentrations is quantified by
the average percentage of the time (hours or days) that people were exposed
above the short-term NAAQS.

A more complete characteri:rntion of population

exposure is given by cumulative distributions of people s exposures to long1

term average or short-term concentrations.
1.3 PERFORMING A SPATIAL ANALYSIS

To develop an isopleth map from air monitoring data, a network of
air monitoring stations must adeq·1ately cover the area of interest.
required size may vary from one pollutant to another.

The

If sufficient

monitoring sites are not available, isopleth analysis might depend on the results of a calibrated dispersion model.

As few as three stations may

be needed for estimating a spatial concentration distribution of photochemical
oxidant and other secondary oollutants.

For the primary pollutants such as
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CO, TSP, and

so 2,

a larger number of stations are required to obtain a

meaningful isopleth map over a study area.

In addition, these stations

must be clustered so that concentration in the neighborhood of the monitoring sites can be inferred from those measured by the stations.
Isopleth maps can be used in several ways to describe air quality.
First, an isopleth map for a single year can be used to inform the public
of the spatial variation in air quality.

Second, a series of isopleth maps

for selected years can be used to present the trends in the spatial patterns
of air quality over time. Third, by computing the land area within each
isopleth level, both the regional air quality level and the percentage of
land area above the NAAQS can be determined.

Fourth, by combing air quality

data with demographic data, exposure of the population to air pollution can
be dete.-.mined.
In obtaining an accurate isopleth map or in determining population

exposure to air pollution, a ratl1er :: lc;bo ....ate Jni"?ys 1s method and some
computer

so~tware

are required.

The lnalysis metbod for

1sopleth rr:c.p is discussed in Chapt?r

exposure analysis

i~ descrihe~ i~

r;

that f•Jr

C Jp+er 3.

dev~lopiny

perfc,r'fl'lir"1g

an

a popt.dati.:m

The computer programs for

actually doing sucli analyses are pre<,2rited in a separate volume of the

User's ManL!al.
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CHAPTER 2 SPATIAL DISPLAY OF AIR QUALITY INFORMATION
Ambient air quality in most major U.S. cities is routinely measured
by a network of air monitoring stations.

The display of air quality monitor-

ing information in a spatial context is useful to air pollution control
agencies and highly informative for the public.

However, many factors have

to be considered in displaying air quality data from a finite set of monitors on a spatial scale.

Considerations may include the number of stations,

configuration of monitoring sites, spatial gradient of pollutant concentrations, emission source inventory, geographical features, and local climatic
characteristics.
When air monitoring stations are too few, too far apart or clustered
in too small an area, a spatial display of air quality monitoring information cannot be made in a meaningful manner.

A spatial analysis might depend

on the results of a validated dispersion mode.

The first section discusses

items to be included in checking feasibility of a

sp~tial

display of monitor-

ing information.
The simplest method of displaying monitoring information in a spatial context is to plot monitoring sites and air quality values on a map and to manuall
draw an air-quality isopleth map.

In drawing an isopleth line, one employs

either consciously or unconsciously, an "eyeball estimate 11 of air quality
at nonstation locations from air quality values measured at nearby monitoring
stations.

This eyeball interpolation involves all the considerations of

pollutant-concentration dispersion characteristics that the person perceives.
The importance of these subjective factors in drawing an isopleth map is discussed in Section 2.2.
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Isopleth displays have been used more frequently for dispersionmode1 outputs than for air monitoring data.

The main reason is that air-

quali ty monitoring information was not adequate for developing an isopleth
map in many urban areas.

In recent years, however, the air monitoring network

in metropolitan areas has expanded considerably and its data quality has
improved measurably.

Section 2.3 discusses two alternate methods of estimating

air quality at nonstation locations by 1) spatially interpolating air-quality
monitoring information, and 2) applying an air quality dispersion model.

Pro-

cedures involved in each of the two methods are described in separate subsections.

Advantages and disadvantages of each method under various situations

are also stated.
Modern computer graphic techniques can be used for drawing an isopleth
map after air quality values are estimated at sufficiently dense grid points.
Section 2.4 presents an overview of currently available computer mapping
techniques

and several examples of computer-drawn isopleth maps of air

quality parameters.
2.1

FIRST STEP IN SPATIAL ANALYSIS - FEASIBILITY
Given a study pollutant and a geographical area, the first thing to

be considered is whether an isopleth analysis will be feasible.

It is

suggested that the isopleth analysis be based on monitoring data. This is
the easiest way to establish trends over time and orovides a basis for
convenient updates.

If this is n0t possible, then the isopleth analysis

might be based on the believable results of a calibrated dispersion model.
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Several items are useful for establishing the feasibility of an
isopleth analysis based on monitoring data.

These items include previously

published isopleth maps, monitoring location maps and a check of data completeness.
As obvious as it may sound, a good starting point is to check if
isopleth maps have been previously published.

These could be based on a

past year of monitoring data or the results of a modeling exercise.

This

basically indicates that an isopleth analysis can be done and will provide
a basis for comparison of relative spatial patterns with new analysis. This
comparison will also ensure that contradictory new results won't be produced.
Another important item is a map which shows the location of existing
monitors plus those which previously produced historical data.

This will

show if monitoring data might serve as the basis for the isopleth analysis.
This map will help to establish the spatial

cove~age

of the monitors and

also help to define the boundaries of the possible study area.

Some hints

on locatirrg monitoring sites on a map is discussed in Appendix A.

Next, air quality data completeness must be checked for all candidate
monitors.
a.

The check list must include:
Validity .of air monitoring data over a time period of interest,

say a year or a season, and
b.
analyses.

Historical continuity of data over several years for a trend

9

2.1.1

Spatial Coverage of Monitoring Data
Suppose that 5 stations report hourly CO concentrations with an

acceptable data quality at three locations near highway and at two urban
background s it~s.

In this case, it may not be feasible to draw a concen-

tration isopleth map from the CO monitoring data because each station readin; of CO concentration is representative for such a small area (less than
1 mi around a station) that CO concentrations at a place apart from a station
site may differ considerably from concentration readings at that station.
On the other hand, if the above example is for Ox, it is quite possible
to develop an isopleth map
between stations.

by

interpolating the station readings to places

The reason is that the concentration gradients of Ox are

generally so small that Ox concentration at any place within the urban area
can be estimated reasonably w.::11 from concentration readings at the nearby
stations.
A "representative area" of a monitoring statirm may be defined as a
distance from the station at which a poi1utant concentration remains almost
constant, say it does not change more than ±20% from the reading at that
station.

Then, based on expected pollution gradient of long-term concen-

tration statistics (e.g., annual mean and annual percentile concentration),
the "representative area" presented in Table 1 may be used as a guide of how
far from a station air monitoring data can be extrapolated for various
pollutants.

The representative areas specified in Table

and are open to user modifications.

are only a guide

For example, a site affected by local

emission sources may have a much smaller representative area than the representive area listed in Table l.

Similarly, a monitoring site in a high
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pollution gradient area (e.g., due to complex terrain or due to high emission
density) may have a smaller representative area.

On the other hand, a

representative area by a monitor located in a uniform land use zone (e.g.,
agricultural land) may be substantially larger than the typical representative
area of Table l.

As a matter of fact, areas with a similar land use tend to

have a similar level of air pollution.

In many cases, a land use map will

be quite useful for refining a representative area on a site-by-site basis.
Although a representative area for the primary pollutant is influenced
strongly by a particular site characteristic> this may not be a problem
with the secondary pollutants (e.g., Ox and
gradients tend to be moderate.

so4)

whose concentration

One exception is that Ox concentration

gradient near a heavily traveled highway is quite sharp.

Therefore, Ox

monitoring site near a busy highway will have a much smaller representative
area than the typical representative area for Ox monitors.
Using the representative area listed in Table 1, one can check the
feasibility of an isopleth analysis for a given set of air monitoring stations
and a given pollutant.

Various configurations of air monitoring stations

are given in Figure 1 to illustrate how to check the feasibility of an
isopleth analysis and to determine the study area.
Suppose that, after quality and completeness of air monitoring data
have been checked, the stations whose locations are designated by dots in
Figure 1 have been se1ected for a spatial analysis.

By drawing a circle around

each station, with the radius being equal to the representative area, one can
determine a potential study area for a given configuration of station sites.
Figure 1-a shows that the stations are located so far apart from each other
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compared to the representative area for TSP that one cannot form a contiguous
study area.

On the other hand, Figure 1-b shows that although two stations

are too distant from any other station, the rest of the stations form a conti guous study area.

Table 1.

Typical "Representative Area" of a Monitoring Station Estimated
for Each Major Pollutant from the Expected Pollution Gradients
of Long-Tenn Concentration Statistics.

Pollutant

Representative Area
Distance from a Station

co

Less than l mi

so 2

3 mi

TSP

3 mi

N0 2

5 mi

ox
so=

10 mi
20 mi
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Figures 1-c and 1-d are for Ox.

Although the stations of Fig. 1-c are

scattered as far apart from each other as those of Fig. 1-a, the large
representative area for Ox monitoring sites makes it possible to form a
contiguous study area.

In Fig. 1-d, the three stations are so far apart

from the rest of the stations that the study area is split into two areas.

0
0

0
01

0
•

•

•

•
•
•

4

b

•

•

•
•

•

•

•

•

. '!.

•

•

•
c

Figure 1.

Determination of Study Area from a Set of Monitoring Stations by
Using the Range of Influence (a and b for TSP, c and d for 0x ).

......
N
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When a set of monitoring stations cannot form a contiguous study area
covering the region of interest, the spatial distribution of pollutant
concentrations must be estimated by knowledge about pollution behavior
in addition to the air monitoring data.

If it is known that the pollution

levels are intennediate between those of adjacent monitoring stations, then
these areas can be estimated by a credible interpolation fonnula.

Also a

dispersion model may be helpful for depicting a spatial concentration distribution of a primary pollutant.

In addition, pollution level in areas

with no monitors may be guessed from the concentration readings of monitors
in areas with the same or similar land use and similar adjacent emission
sources. AQDM [10] and COM [11] computer models are useful for so 2 and
, TSP, while APRAC [12] and HIWAY [13] computer models are useful for CO.
The use of these dispersion models for estimating a spatial distribution
of concentration is discussed in Section 2.3.2.
2. 1.2 Completeness of Air Quality Data
When air monitoring data are used for developing an air quality isopleth
map, credibility of the monitoring data must be checked.

The check list

must include a) completeness of air monitoring data over a time period of
interest, and b) historical continuity of data over several years for a
trend analysis.
In reporting a seasonal or annual air quality, we have to check, for
each station, the number of valid concentration measurements during the
period of interest.

In distinguishing valid stations from invalid stations,

we need a specific criterion as to the minimum number of valid concentration
measurements per station-year or station-season.

The criterion for a valid

l4

station-year used by the U.S. Environmental Protection Agency's National
Aerometric Data Bank (NAOB) will serve as a preliminary data screening
tool.
The NADB uses separate criteria for continuous and intermittent moni,For continuous monitoring, a year (or quarter) of data is valid

toring.

if at least 75% of the total number of possible observations were recorded.
For intermittent monitoring a year of data is valid if it has four valid
quarters of data.
required.

For a valid quarter, a minimum of five observations is

In addition, if one month has no measurements, the other two

months must have at least two observations.
In order to establish air quality trends, spatial analysis of air
monitoring data would be perfonned for a multi-year period rather than for
o.

year.

s~ng1e

This would entail at least two isopleth maps

\·rith~n

a

several year study period. A series of maps would show the change in the
spatial pattern of air quality and can specifically show the change in the
study area having air quality values above established air quality standards.
Idea'lly. only 11 trend 11 stations meeting the valid . . tation-year cr·iteria
1n every year during the study period shouid be selected for the analysis.

In actual situations, however, such stations are usually too few to adequately depict the spatial variation in air quality.

One solution to this

problem is to use those stations that reported air quality data in several
years.

Then the air quality at stations in the missing years can be estimated

from other data.

If isopleth maps were developed only from the reporting

stations in a given year some bias might be introduced into the trend
analysis.
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There are several possible approahces for estimating missing values.
If the changes in air quality is gradual, then linear interpolation of air
quality values between neighboring years might be used.

Because of the

problem of what to do with missing data in the start and end years, an
alternate approach is to make use of the region-wide average change in air
quality between successive years.
The average year-to-year change can be established from all sites with
data for each successive two year period.
to estimate missing values.

This change can then be applied

A third potential approach is to use a gener-

alized linear model with class variables for years and sites.

Unfortunately,

this analysis of variance procedure will probably involve an unbalanced
' design due to the missing values and this may not be computationally convenient without the aid of a statistical analysis computer package.

The

missing values would be estimated from a term which describes the average
air quality value for each year and from a term which describes the average
air quality value for each site.

For each of the above procedures, we can

make use of emission density and/or land use maps to select an appropriate
subset of sites that should be used for the estimation procedures.
2.1.3 Other Considerations
An adequate "area representativeness" of each monitoring site is
essential to correctly estimate a spatial distribution of air quality from
air monitoring data.

If a monitoring station reports ar. extraordinary con-

centration caused by a local "hot soot", that station must be given special
consideration in the analysis.

The "hot spot" might be indicated on the

isopleth maps as a localized condition.

Because it is not representative
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of a wide area, it should not be included in a spatial analysis that
estimates air quality by spatial interpolation from neighboring monitoring
stations or in a population exposure analysis to be described in later
sections of this guideline.
Site characteristics are another important factor.

Since a pollutant

concentration varies greatly with height above the ground, some adjustment
of air monitoring data might be necessary to account for the height effects
on concentration readings.

Concentration readings at an elevated monitoring

site, say, 50 ft above the ground, could be low because of the greater dilution at that elevation compared to the one at 5 ft above the ground.

The

height effect is great for CO and the other primary pollutants, but is not
so great for Ox aTid the other secondary pollutants. Therefore, careful consideration of site characteristics such as height and local emission influence must be given for selecting a set of stations reporting concentrations
of a primary pollutant.

2.2 MANUALLY DRAWN ISOPLETH MAPS
When air monitoring data are available at

se·~eral

station sites, the

first step necessary for obtaining an isopleth map is to plot the station
locations and concentration (or other air quality parameter) levels on a
skeleton map as shown in Fig. 2.
Figure 2-a illustrates a standard procedure for drawing an isopleth map
when one has concentration/station site information only.

Starting with the

stations where the highest concentration occurs, straight lines are drawn
connecting adjacent station sites.

When the concentration levels at two
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adjacent station sites are considered, an intermediate grid point is assigned
to one or more location on the edge where one or more isopleth levels fall.
To find such an intermediate point between two stations, we use an eyeball
interpolation of the two station values, which is usually similar tc a linear
interpolation.

As seen in the second illustration of Figure 2-a, we car. di·dw

an isopleth line around the station with the highest concentration bJ
necting the intennediate points with the isopleth level of 50.
the next isopleth level, 40.
near 40, plus

con·~

Then, proceed to

Now, we consider all stations with concentratfons

their neighboring stations.

By repeating the above procedure,

an isopleth map is completed in the third illustration of Figure 2-a.

Here,

intermediate points and station values are removed to have a clear isopleth map.
The procedures described above are quite similar to those used in computer
software for drawing an ·isopleth map.

Figure 2-b illustrates a typical

isopleth-drawing procedure employed by an air pollution expert and an
experienced meteorologist.

These experts also plot the station locations

and concentration levels on a skeleton map.

However~

because they know the

geographical feature of the area and its effect on the concentration field,
they incorporate their subjective considerations in ur{'i,dng an isopleth map.
In Figure 2-b, the 1ocations of mountains are designated
Because an air pollution expert knows

by

hatched areas.

that a polluted air mass on one side

of the mountains does not mix with the one on the other side of the mountains,
he may draw an isopleth line separately for each of the two polluted valleys
as shown in the second illustration of Figure 2-b.

With his subjective con-

sideration of the mountains, his final isopleth map, shown in the third

19

illustration of Figure 2-b, is totally different from the isopleth map obtained
without considering the mountains (Figure 2-a}.
The above example considers only the effect of mountains on a concentration
field.

An air pollution expert may also consider potential effects on a con-

centration field of wind-flow patterns and configuration of major emission
sources.

Because the effects of mountains, emissions, and wind patterns on

a pollutant concentration field are difficult to quantify, very little elaboration has been made in incorporating the subjective considerations mentioned above in a computer-drawn isopleth map.

A technique to incorporate

some of the subjective considerations in a spatial interpolation scheme is
discussed in the next section.

2.3 SPATIAL REFINEMENT OF AIR QUALITY INFORMATION
The estimate of the spatial variation of air quality can be refined
by two methods -- spatial interpolation of air monitoring data, and air
quality simulation by a dispersion model.

The fonner method is appropriate

when air quality data are available at closely spaced network points.

The

latter method is more suitable when air quality data are not available at
all (e.g., future air quality) or are available only at a few sites.
For most applications, a spatial distribution of pollutant concentration was obtained from dispersion-model outputs.

The reason has been that,

in early years of air quality surveillance, there were only a few air
monitoring stations even in a large metropolitan area.

Therefore, it was

almost impossible to estimate a spatial distribution of pollutant concentration from concentration readings at a few widely separated monitoring sites.
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The monitoring data have been used to validate the model calculations. However, in recent years, most major U.S. cities and metropolitan areas have
a large and dense network of air monitoring stations.

Because of this

development of air monitoring networks, we can now develop an isopleth

~~p

of various air quality parameters from air monitoring data and monitoring
site information.
2.3.l

Spatial Interpolation of Air Monitoring Data
To obtain a reproducible air quality isopleth map from air monitoring

data, a credible spatial-interpolation scheme must be used to estimate concentrations at places other than monitoring sites.
The most commonly used interpolation scheme is linear interpolation.
There are two types of linear interpolation formulas: _true l'inear interpolation and pseudo linear interpolation.

When applied to estimate a con-

centration at a place other than monitoring sites, the linear interpolation
formulas may be written as

c.l =

11here

~a

f

(, j-1 J.c J./d J·)/(' j=l a J./dJ·)

{1 )

dj is the distance between the ;th grid (or receptor) point and the jth

station site.

Cj'

j=l,2,3, is the observed air quality at each of the three

stations nearest to the ;th grid point.

The sign parameter a1 takes only
oJ
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+1 inside the triangle formed by the three stations for both the true
·1inear and pseudo linear interpolation formulas.

However, outside the

triangle, aj of the true linear interpolation formula takes either +l
or · 1 depending upon the position of the grid point, while aj of the
pseud_o linear formula takes +1 only irrespective of the position of the
grid point.
The performance of the linear interpolation formulas, Eq. (1), is
shown in Figs. 3 and 4 for a hypothetical case where observed concentrations
of 85, 15, and 60 (in arbitrary units) are assumed at points A, B, and C,
respectively.

In both figures the spatial distribution of the interpo-

lated concentrations inside the triangle is generally in fair agreement
with what we would expect from the concentrations at A, B, and C.

Outside

the triangle, however, the true ·interpolation formula tends to overextrapolate the concentration values assigned at A, B, anJ C (Fig. 3).
This over-extrapolation tendency of the true linear interµolation formula
is very undesirable for air pu'iiution applications.

The pseudo linear

interpolation formula does not show such over-extrapolation tendency (Fig. 4).
In the resulting isopleth i.1ap, however, we miss both the highest observed
concentration, 85, and the lowest, 15.

Therefore, the pseudo linear inter-

po1ation formula is said tc be over-smoothing particularly for its application to air quality mapping.
To avoid the problems of

over·~smoothing

as well as over-extrapolation,

the performance of various candidate interpolation formula.s was examined.
Among the interpolation formulas examined, the parabolic interpolation
formula, given by Eq. (2), showed the most satisfactory performance [2].
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Ci

=

( 3l 2/3l l/d~
C ./d.
j=l J J / j=l

)

(2)

.

The concentration isopleth map obtained by the parabo1ic irit·
formula is shown in Fig. 5.

1

:T•0 1 ;1ti 11 n

It shc\tS the isopleths 0f the highr·;-'

lowest, 15, observed concentrations.

Although the parabulii'...

formula is not perfect in its performance, it certainly

85,

~r-1

'1ntew~o 1 ~tion

mininiz~

rhc prob-

lem of over-smoothing as seen in the pseudo linear interpolation formula
(Fig. 4).

The conservative characteristic that no estimated value exceeds

the maximum observed concentration nor is any estimated value less than
the minimum observed concentration is also desirable for air po11ution
applications.

Although some interpolation schemes use more than three data points, we do
not recommend-to include more than the three nearest stations for interpolating the Goncentration at a non-station grid point.
follows:

The reason is as

when more than three stations are useJ, the interpolated concen-

trations near the center of the triangle could become either higher or lower
than any of the observed concentrations at the stntions A, B, and

r~

depending

upon the concentration levels at the other stations included in the summation.
Most computer mapping programs, e.g., SYMAP [l], employ linear inter-

interpolation formula given by Eq. (2) should be used to interpolate air monitor·
ing data to strategically located grid (or receptor) points before any computer
mapping program is applied to the air monitoring data.

The computer map drawn

to air monitoring data at the station sites and estimated air quality at the
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Performance of the Parabolic
Interpolation Fonnula [2].
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grid points should be closer to the real spatial d1stribution of air qua1ity
than a computer map drawn to the air monitoring data at the stations a1or1e.
Any interpolation formula by itself cannot incorporat:-. the effects
of mountains, prevailing wind patterns, and configuration of major emission
sources on the concentration pattern.

Some computer algorithrr!S (e.g., SYMAP,

LPEM, and Sl-'tM in user:s Manual) can incorporate into air qua11t.:r interpolation schemes the effects which geographical features exert on
concentration fields.

~ol

For example, when stations are located on

!utant

boch

sides

of mountains, the interpolated concentration at a receptor point will be
determined primarily from the concentration readings at the stations located
on the same side of the mountains as that receptor grid point.

This effect

can be acc0mplished by imposing a penalty distance to the stations on the
opposite side of the mountain.

This penalty distance simulates the difficulty

of an air mass crossing the mountain.

The location of mountains or other

barriers would be approximated by a series of

pif~cewise-1inear

functions having a particular penalty value at eai:h node.

penalty

The technique can

be applied to take into account the effects of the prevailing wind pattern,
the configuration of large bodies of water and major emission sources.
These techniques are incorporated into spatial interpolation schemes used
in LPEM and SPEM computer models as well as the SYMAP graphics package (see
User's Manual).
Spatial interpolation of air monitoring data should not be appl'led
without constraints imposed by the physical reality of air pollution.

The

concentration reading at a station is representative only of a specified
area about that station.

As discussed in Section 2.1, the "representative

area" depends on the type of pollutant and emission source pattern and is
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inversely associated with concentration gradient.

A valid interpolated

concentration will be limited to a receptor point lying within the representative area from the nearest station.

Interpolated concentrations at

receptor points outside the representative area of the nearest station
should be denoted by some warning symbol (e.g., asterisks (*)).

In this

manner, the air quality in the study area will be estimated from concentration readings at appropriate monitoring stations.

The study area

,,-;a.y turn out to be one of the four cases illustrated in Fig. 1.
t~

fl-e), we would have to resort

In case

a dispersion model or some other method

than spatial interpolation of air monitoring data to estimate air quality
dt intermediate non<>tation grid point.
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A dispersion model should first be calibrated by comparing the simulated values with the observed air quality at the monitoring station(s).
Air quality at places including but not limited to the station sites would
then be given by the predictions of the calibrated model.

For additional

details on modeling, refer to an upcoming OAQPS Guideline on Air Quality
Models.
A dispersion model can be used to estimate the spatial distribution
of future air quality when a proposed project is completed or when a proposed control strategy is implemented.

First, the dispersion model is

applied to the present emission inventory and present meteorology to simulate present air quality.

Second, the simulated values are compared with

the observed air qualities at several monitoring stations to calibrate
the dispersion model.

Then, the calibrated model is applied to the

oostulated emission inventory and multi-year average meteorology to simulate
the air quality likely in the future.
A critical limitation of a climatological dispersion model is that it
cannot be applied to complex terrain.

When applied to flat or gentle terrain,

a climatological dispersion model does generate useful spatial information of
pollutant concentration, although it may not predict accurately a level of
pollutant concentration.

Therefore, there exists a possibility of obtaining

a more accurate isopleth map by combining the spatial information from air
monitoring data and from dispersion-model outputs than an isopleth map obtainable from air monitoring data or dispersion model outputs alone.
The following discussion presents a conceptual approach to accomplish
the above objective.

Specific guidelines are not yet available at this time.
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Suppose that a predicted value

overe:iti"1~..i-~-::

a

corr.'-'ntr~.ti•1n

level at

one monitoring site in the south and underestimates at the other two monitoring
sites in the north.

Further, suppose that the emission inventory data used

for a dispersion model are so complete that at least the spatial distribution
pattern of predicted concentration is believable.

One could then obtain a

better isopleth map by superimposing the spatial distribution over an error
field, as shown in Fig. 6.

The error field is a plane that passes through

the three points (xm' Ym' em),m=l,2,3, where (xm,ym) is the x-y coordinates
of the mth monitoring station and em is the prediction error at that station,
i.e., the observed concentration minus the predicted concentration.
When there are more than three monitoring stations, the study area should
be divided into several sub-areas fanned by three adjacent stations.

Then,

the above adjustment can be ma.de separately on the predicted spatial distribution for each sub-area.

When a dispersion model is applied to complex

terrain, the study area should be divided into several flat segments.

Then,

the adjustment can be made separately for each flat segment.

2.4 COMPUTER-DRAWN ISOPLETH MAPS
Before deciding to use a computer for drawing an air quality isopleth
map, one has to consider advantages and disadvantages of employing a computergraphics technique to his particular problems. Although a computer-drawn
isopleth map is neat and objective, it requires some familiarity with computer

,

graphics and a lot of data-basP preparation.

When prepared carelessly, a

computer-drawn isopleth map can be quite erroneous.

As mentioned in Section 2.2,

one can incorporate into his hand-drawn isopleth all the considerations of
pollutant-dispersion characteristics in a particular geographical area.
These subjective factors often play a vital role in determining a pattern
of isopleth lines, as demonstrated in Figure 2.
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Adjusted Concentration Field

Simulated Concentration Field

Error Field

Figure 6.

Adjustment of a Simulated Concentration Field According
to Differences Between the Observed and Predicted Concentrations.
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To draw an isopleth map by computer, all the data points and data values
must be numerically specified in either computer cards or magnetic data tape<;.

In addition, isopleth levels and boundary of a study area must be numerica11y
specifiecl.

This preparatory work requires substantial time and effort.

Therefore, it may not be practical to use a computer for drawing a single
isopleth map.

Computer mapping is the most advantageous for

many

drawi~g

isopleth maps repetitiously for similar applications. Here, a study area
.
does not have to be the sam~ as long as the type of isopleth mapping is

.

s i mi 1a r.

Two types of

computer-draw~

maps are discussed in this report:

printed maps and line-drawn maps.

character-

Character-printed maps are produced

by a

standard computer printer, which prints typewriter-like characters on

a pen plotter or a cathode ray tube (CRT).

A brief description of the two

types of computer mapping is presented in the first two subsections.

In

the third subsection, a hybrid method incorporating manually drawn and computerdrawn isopleth maps is explained.

Computer software for these applications

is presented in the User's Manual of this guideline document.

2. 4. 1

Character-fri nted Maps

Character-printing--given access to a standard highspeed computer--is
probably the r;;os t cor7:::cn r.eJ.ns of drc.1·1i r.g an i sop 1eth r;-ap,

hidely useC.: cor;;:iJter progrc.:-;

IOr'

•
•
•
..
c:ra.nng
a vu.ne1..y

is used, the basic requirer;en:s are to specify the

0.(:1

~ap

SYi''..!\P is a

1
..rD.
..."'•• a-ps [1 J. \.,•:..,,pn
- 5vr1
1...,

boundaries nuri:eri-

ca lly and to se 1ect the type of i sop 1eth map from among three options:

Conformal, Contour and Proximal [l ].
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In each of these maps, the study region is represented as a series of
polygons.

The polygons can be used to depict sub-areas such as counties.

These polygons must be numerically specified and are used as basic input
data of the package. l.leographical features can also be incorporated into
the resultant figure.
When the Conformal option is chosen, each polygonal area must be
associated with a data value.
option.
division.

Figure 7 is an example of the Conformal

In this case, each polygonal area represents a sub-county census
Solid lines, showing the boundaries of various counties, are

overlayed over the Conformal SYMAP output.

The SYMAP program simply

compared each data value with the ranges of average earnings of male workers
and printed the appropriate character in the polygonal area.
The Contour option is based on a concentration field established by
linear interpolation among existing data points.

With this option, the

points at which data values are available must be specified
coordinates.

by

the X-Y

The contour intervals are pre-specified and interpolated

values at intermediate data points are compared with the specified ranges
of the variable.

Then,

the computer prints the appropriate symbol at

each data point.

The print positions at boundaries of one contour 1evel

and another can be left blank so that the shaded region of one contour
level is clearly separated from the other shaded regions by a blank space.
Due to the use of linear interpolation, spurious results can occur in areas
of sharp pollutant gradients among existing data points.
Figure 8 is an example of the Contour option.

Ir.the figure, the

geographical boundaries of the United States are featured by including Mexico
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av

DISTORTION IS CAUSED
COMPUTER SYSTEM LIMITATION.
RESULTING IN APPROXIMATE SCALES OF 1 IN.= 19 Ml.(VERTICALI
AND 1 IN.= 24 Ml.(HORIZONTAL).

TRI.STATE REGIONAL PLANNING COMMISSION

County Boundaries Overlayed on
Conformal SYMAP Output
1970 AVERAGE EARNINGS OF MALE WORKERS
Less than $ 8000

...
++•
•++

$ 8000 to $ 8999

DOD
000
000

$ 9000 to $10499

•H
HO
OH

$10500 to $12999

......
Figure 7.

$13000 or More

Example of Conformal Option, Showing Spatial
Distribution of 1970 Average Earnings of Male
Workers in the New York-New Jersey-Connecticut
Tri-State Region [12].
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(designated by M), the Nantucket Islands (designated by N), and Cape Hatteras
{designated by H).

The spatial variation of sulfate washout concentration

over the United States is illustrated with the use of five different
characters, each corresponding to a certain range of sulfate concentration.
In the Proximal option, the specifications of map boundaries, data
points. anrl grid-point
Contour option.

interv~l Are

made in the

SB~~

mannPr as in the

When data values are provided at N data points, the

program automatically divides the study region into N subregions, each of
which surrounds one of the data points.

The boundaries of subregions are

given by an imaginary line equidistant between each pair of adjacent data
points.

The SYMAP program simply compares each data value with specified

ranges and prints the appropriate character throughout the corresponding
subregion.
In the Contour and Proximal options, one does not necessarily have to
specify the actual boundary of a study area.
tr'ansparent geographic map

(1f

Instead, one can overlay a

the study area on a )YMAP isopleth map that

is drawn over a rectangular area.

By using a simple copying technique,

one can obtain as nice an isopleth map as that obtained when the boundaries
of a study area were meticulously defined numerica1ly.
SYMAP employs two electives which can iriprove the spatial analysis.
The first e1ective is a search radius applied to edch monitor to detennine
its use in establishing interpolated values,
resentative area discussed in Section 2.1.

This is analogous to the repThe second elective is barriers

which can be used to simulate topographical features like mountains or known
discontinuities in emission patterns.
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Line-drawn isopleth maps can be generated by a number of plotting
devices.

These devices can be separated into two basic categories, Cathode

Ray Tubes (CRTs) and Pen Plotters.

CRTs are usually equipped with a photo-

graphic device so that the desired picture can also be printed on film or
photo-sensitive paper.
Whereas a character-printed map is obtained by using a simple procedural language described in the user's manual of SYMAP, a line-drawn map
usually requires special programming.

To generate a character-printed map,

a computer simply calculates a variable value at every grid point, using a
certain interpolation formula (e.g., linear interpolation), and prints a
particular symbol according to the range in which the computed value falls.
In contrast, to obtain a line-drawn map, the computer must command the
plotting device to draw a contour line connecting the points at which the
computed values are equal to the isopleth value.
Data points can be connected by a number of methods.

From among the

many methods, we recommend using either a piecewise linear fit, which is
used in the computer program called TRICON listed in the User's Manual, or
a splines-under-tension method. computer program for which is obtainable from
the University of Colorado [17].

Under no circumstance should polynomial

fit be used for drawing isopleth lines.

Polynomial fit exhibits very poor

performance with undesirable oscillations.
Figure 9 shows two weather maps produced

by

a CRT.

In this figure,

the first contour map was drawn using a piecewise linear fit; the second
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a.

b,

Figure 9.

Piecewise linear fit

Splines under tension

Contour Maps of Barometric Pressure Drawn by a
Piecewise Linear Fit and by Splines under Tension QB].
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contour map was drawn using splines under tension [18].

The former map

was probably drawn from regularly.spaced data points of barometric pressure
by either writing a small computer program or simply using a procedural
language of some preprograrrmed package for computer graphics.

Although the

latter contour map has more aesthetic appeal than the former, it requires
a large program and considerably longer computing time.
In the above examples, the data values were given at regularly spaced
data points. The mechanism for determining an isopleth line for regularly
spaced data points is illustrated in Figure lOa.

For every edge whose two

vertices have a data value greater than or equal to the isopleth level at
one end and less than or equal to the isopleth level at the other, the
isopleth point is detennined by linearly interpolating the data values at
the two vertices to that isopleth level.

The isopleth line is then drawn

by connecting all those isopleth points.
Air monitoring data (and population exposure variables to be discussed
later) are available only at scattered data points, i.e., monitoring station
sites and/or receptor points.

A method of obtaining an isop1eth map from

such randomly spaced data points involves triangulation of data points as
shown in Figure lOb. The triangulation can be performed in many ways. However, it is recommended that the outlying data poi1ts be connected first by straight
lines to form a polygon, and the triangulation proceed inward.

In forming

a polygon by connecting the outlying data points, it is, to a certain extent,
possible to make the polygonal area resemble the study region.
Once the triangulation is completed for randomly spaced data points,
the steps for drawing an isopleth map are similar to those used for regularly
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a.

Regularly spaced data points

b.

Randomly spaced data points

Figure 10. Concentration Isopleths Resulting from Regularly and
Randomly Spaced Data Points.
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spaced data points.

An isopleth point is determined on each edge whose two

vertices have a data value greater than or equal to the isopleth level at
one end and less than or equal to the isopleth level at the other end.
Then, the isopleth line is drawn by connecting all those isopleth points
(Figure lOb). A computer program doing the above tasks has been developed
by Martin Cohen at Technology Service Corporation.

Listings of the computer

program called TRICON are given in the User's Manual.
Figure 11 shows an example of a computer-drawn isopleth maP for randomly
spaced data points.

In the figure, the boundary of the study area is drawn

separately from the isopleth lines.

The map boundary was drawn for the

input data produced by a digitizer whose pencil-like probe traced the
boundary of the original geographic map, starting from the bottom (note
the small gap there).

When such a convenient digitizing device is not

available, the boundary can be numerically specified by reading off the
X-Y coordinates of major vertices on the boundary line from an overlayed
graph paper.

A simpler approach, as mentioned before, is that of overlaying

a transparent map of the study area on the compuL:r-drawn isopleth lines.
The isopleth lines obtained from the randomly spaced data points cover
the study area quite well.

When data points sufficiently cover a study

area, as seen in Figure 11, data values need not be computed for every
regularly spaced data point; an isopleth map obtained from triangulation
of randomly spaced data points is sufficient for most cases.
2.4.3 Hybrid Isopleth Map
Even when one cannot trust a computer-drawn isopleth map or computer
software to draw an isopleth map is not readily available, a computer
plotting device still can be a useful tool to draw an isopleth map.

For

Figure 11.

Computer-Drawn Isopleth Map, Showing Oxidant Air Quality
over the Los Angeles Region in Percentage of Days on
which the NAAQS was Exceeded During 1973/74 [3].
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instance, a pen plotter will draw a specific symbol at an exact data point
(monitoring station and/or receptor grid point) according to a range of
data values.

Then, one can easily draw an isopleth line by following the

same symbols and procedures described in Section 2.2.
Figure 12 shows an example of a hybrid isopleth map.

Three data sets

are required:
(1)

A set of annual air quality statistics (here, percentage of days the

Ox NAAQS was exceeded during 1973/74 period),

(2) X-Y coordinates of non-uniformaly spaced data points (here, receptor
grid points at which the air quality was estimated from air monitoring
data), and

(3) A set of X-Y coordinates describing polygonal areas that represent
the study region.
The computer sorts each data value into an appropriate range of data values
and corrmands the pen plotter to draw the corresponding symbol at the data
point.

Note that Figure 12 is drawn for the same data used to produce

Figure 11.
With this hybrid approach, one can save some

tin~

by using a computer

and at the same time can manually draw an isopleth map that the person
perceives to be the most likely.

The listing of the computer program to

produce the hybrid map is given in the User's Manual.

----~----

I

----------- ----------

~

J '
I

Symbol
9
8
7
6

5
4
3

% of days
above Ox NAAQS
50-59
40-49
30-39
20-29
15-20
10-14
5-9

Figure 12.

Hybrid Isopleth Map, Showing Oxidant Air Quality over the Los Angeles
Region in Percentage of Days on Which the NAAQS was Exceeded During
1973/74
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CHAPTER 3.

POPULATION EXPOSURE ANALYSIS

One can extend a spatial analysis of air quality information a step
further by combining air quality data and demographic data.

Ambient air

quality can be quantified by the percentage of the population living in
areas above an air quality standard instead of concentration units.
A population exposure analysis can report ambient air quality by a
statement such as, ''The percentage of the urban population living in areas
above the primary national ambient air quality standard for particulates
decreased from 60% in 1970 to 10% in 1975." This statement may be more
informative to the public than telling them that the annual-mean-particulate
concentrations decreased from 69.5 µg/m 3 to 64.3 µg/m 3 in the same period.
The following three different methods have been used to quantify
population exposures from air monitoring information:
1. Associating populations to a monitoring site[5,6,7,14].
2.

Transcribing air pollution isopleth patterns on a map of census
tracts [8,9].

3.

Interfacing air quality and population data at strategically located
receptor grid points [2,3,14].

This guideline document describes the third method that provides the most
objective estimates of population exposure and lends itself to computer
processing.
The proposed population exposure analysis requires several steps.

The

first step is a search for a proper regional map and population data in a
convenient form.

The second step is development of a receptor network of

artificial grid points that are used to approximate the spatially distributed
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population.
Chapter 2.

The study area boundary is detennined by the methods of
The location of the receptor points and the monitoring stations

must be specified in a digital form, based on the coordinate system of the
regional map. The third step involves the preparation of computer-ready
data sets and computation of population exposure variables by computer
software.

The fourth step included analysis of the computed population

exposure variables and presentation of the results.
The details of each step are discussed in the sections which follow.

3. 1 DEVELOPMENT OF RECEPTOR NETWORK
Instead of employing the assumption that the population exposure level
in various parts of a region is represented by the concentration reading at
a single air monitoring station, we propose the use of a receptor network of
artificial grid points.

The development of this network is based on the

spatial distribution of the population and is used to interface the population
data and the air quality data at each receptor point.

A receptor point is

uc;ed to represent the local population in t'le areas where they reside.

The

locati<:..r1 and density of receptor points are se!ect2d so that the distr'ibution
of receptor points reflects the spatictl distribution of population density
and adequately covers the land area throughout the study region.

Air quality

is estimated at each receptor point by spatial interpolation of air quality
observed at neighboring monitoring sites.
To develop a receptor network, one has to have population data and a
regional map.
summaries.

Population data are always obtainable from census population

However, because it takes time and effort to reduce these data

into a form that is practical for population exposure analysis, it may be
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worthwhile to contact a regional planning agency. The regional planning
agency often has not only conveniently aggregated population data into
properly aggregated statistical areas, but has also prepared a regional map
showing boundaries of the statistical areas, cities, and counties.
When such a convenient source of information is not available, census
population data must be used.

Although every census surrrnary contains maps

showing tracts and statistical areas, a regional map covering the entire
study area, say for an AQCR, may not be found in the census sunmary.

There-

fore, it is necessary either to look for other map sources (such as street
and geographical maps) or to create a new

re~ional

map by combining several

maps found in the census surrmaries.
The census population summarires range from detailed demographic data
for each census tract to aggregated population data for each state and each
standard metropolitan statistical area (SMSA).

For a single city or small

SMSA, U;e census tracts provide a basis for establishing a receptor network.
The center of each census tract will serve as a receptor point.

For a

larger study area covering many cities and/or counties, the number of census
tracts included in the study area may become too large.

For the larger areas,

the most convenient census statistics may be the population suJJ1T1aries for
subcounties [19].

These surrmaries provide the population size of statistical

areas that often correspond to administrative jurisdictions such as cities,
towns, villages, or boroughs.
When a planning agency's statistical areas, census subcountry or census
tract population statistics are found to be suitable for the analysis, receptor points are assigned to each "statistical" area according to the size
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of the population and the land area.

Assuming that the population is

uniformly distributed within each statistical area, the location of receptors (in most cases just one receptor) is determined such that the
receptor points represent properly the spatial location and boundary of
that statistical area.

Empirically, we have found that the following

method yie1ds the proper number of receptor points to each statistical area:
1.

Regardless of the size of the population and the land area, each

2.

statistical area is represented by at least one receptor point.
An additional receptor point is assigned for each 50 mi 2 increment
land area or each 200,000-person increment of resident population.

' 3.

Take the number of receptor points representing the larger increment
(land or population).

A question arises here as to why the monitoring stations themselves are
not included as receptor points in computing population exposure variables.
The following two paragraphs provide some explanation.
Because the spatial interpolation scheme used in the population exposure
methodology smoothes out the observed air qualities at the three nearest
neighboring stations to each receptor point, the highest and lowest observed
air qualities among the monitoring stations sometimes do not appear on the
concentrations at the receptor points.

Therefore, a population exposure

analysis may indicate that the study population is exposed to concentrations
either slightly above the lowest observed concentration or slightly below
the highest observed concentration.
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The problem of missing the highest and lowest concentrations, however,
is already inherent in the limited number of monitoring sites.

Although

the spatial interpolation scheme used may further smooth out those highest
and lowest concentrations, the conservative nature of population exposure
methods should be a merit rather than a demerit.

The population exposure

analysis is less affected by the extreme values observed than is the air
quality analysis that is applied directly to the air monitoring data.

The

smoothing effect of a spatial interpolation of air monitoring data is not
necessarily undesirable for estimating population exposure because it is
partially equivalent to people moving around and smoothing out their exposure
levels.
When the receptor network is developed, both the receptor points and
the monitoring stations have to be located on the same digitized regional
map, e.g., a map on graph paper.

To correctly locate a monitoring station

on the map is not as easy as one might think; the regional map used may not
contain any landmarks helpful in locating the station at the right place.
The larger the study region, the more difficult the placement of the stations
on the regional map.

For a large, unmarked regional map, one's prior know-

ledge of the station sites does not work effectively.

A mathematical method

of correctly locating monitoring stations on a skeleton map, discussed in
Appendix}\_~IJQU]d

be used for such a case.
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3.2 PREPARATION OF DATA SETS
The population exposure analysis requires careful preparation of several
data sets.

These include data on the resident population, receptor points,

air quality, and monitoring stations.

The data sets of air quality and

monitoring stations similar to those required for performing a spatial analysis
of air quality.

Air quality data used for a population exposure analysis are

commonly available statistical summaries:

annual mean concentrations for

analyzing long-term average population exposure, and percentage of the time
above the air quality standard or percentile concentrations for analyzing
short-term population exposure.
Population and receptor data sets to be prepared for performing a
population exposure analysis are described in the following two subsections.
These data sets, together with those of air quality and monitoring stations,
are used as input data to one of the two computer software systems (LPEM and
SPEM) described in the User's Manual.
3.2.l

Population Data

Sources of Population Data
National census data are the primary source for almost all demographic
data.

Detailed demographic data are available in both magnetic data tapes

and published reports for some 35,000 census tracts in 241 Standard Metropolitan
Statistical Areas (SMSAs) and the remaining unincorporated census statistical
areas.

However, it is rather difficult to transform these census data into

a form useful for a population exposure analysis.

Unless an in-house capa-

bility of handling the census data tapes exists, a search for pre-existing
sources of conveniently aggregated population data is recommended.
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Census statistical suITTTiaries issued from the Bureau of Census and
local planning agencies are the two major sources of such aggregated population data.

Among the census statistical summaries, the following two

series provide useful population data for performing a population exposure
analysis:

PC(l)-A series [19], which summarizes the number of inhabitants

for political jurisdictions (boroughs, towns, cities, counties, etc.), and
PHC(l) series [20], which provides data on population characteristics
(e.g., sub-populations by age group, nativity, place of work, worker and
nonworker status) for each census tract. These two series also contain
maps showing boundaries of political jurisdictions ·and/or census tracts.
Some of these maps may be useful for a population exposure study.
Local planning,.agencies that may have useful population data include
state highway departments, regional planning agencies, state housing
administrations, and civil defense agencies.

These agencies may have not

only conveniently aggregated population data for regional statistical areas
but also a high quality map showing boundaries of counties and regional
statistical areas.
Sub-Po~tion

Data

Population exposure methodology discussed in this text assumes that
people are locationally fixed at their residence location.

This simplifying

assumption may not be valid for working-age population, but may be good
for sub-populations such as school-age and elderly who tend to stay near
their residence location most of the time.

FurthenTiore, these sub-populations

are believed to be the most susceptible to air pollution. Therefore, population
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exposure analysis should be performed not only for total population but
also for sub-populations including school-age children and elderly people.
Because all statistics of the sub-populations mentioned above are given
for place of residence, the data for sub-populations should be converted to
a percentage of the total resident population in each aggregated statistical
area.

Then, we can perform a population exposure analysis for various sub-

populations by using the same receptor network developed for the total
resident population.
For working-age population, its large diurnal mobility may invalidate
the stationarity assumption employed in the population exposure methodology.
However, a way exists to incorporate population mobility into the current
' population exposure methodology.

It can be assumed that population exposure

during working time occurs at work place, while population exposure during
non-working time,occurs at residence location[3]. To compute exposure of
the workers during working time requires employment statistics that
provide the number of workers at their place of employment.

This type of

sub-population data should be given by the actual size of the sub-population
in each aggregated statistical area, instead of the percentage of the total
population.
Population Data for Off-Survey Years
When the analysis is made for many years, the population statistics should
be computed for each year by interpolating known population statistics or
population projections for other years to that year.

For example, the size

of resident population in New Y ork County (Manhattan borough) in 1965 is
estimated as 1,618,757 by linearly interpolating the 1960 population, 1,698,281,
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and the 1970 population, 1,539,233, to the year 1965.

The 1973 population

may be approximated by the 1970 census population or may be estimated by
interpolating the 1970 population and the population projected to 1980.
When the study period is only for a few years or when the spatial
distribution of population over the study period remains almost the some,
the population data of a single survey year can be used for population
exposure analyses over the entire study period.
3.2.2 Receptor Point Data
In a population exposure analysis, a receptor point is used for several
purposes.

A receptor point represents both the size, the spatial location,

and the spatial spread of the local population.

The spatial location of the

local populace is given by the x-y coordinates of the receptor point in the
digitized regional map.

Specifications for the formats are given in the

User's Manual.
Air quality data measured at air monitoring stations are spatially interpolated to each receptor point and are merged with the population data at the
receptor points to compute various population exµosure variables.

Thus, the

receptor points can also be used to develop an isopleth map of air quality
and population exposure variables from the values computed at each receptor
point.

For example, the isopleth map of long-term exposure to annual mean

concentrations over the study region is developed from the values computed
at each of the receptor points.

Guidelines for producing isopleth maps

of air quality and population exposure variables are given in Chapter 2.
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3.3 CHARACTERIZATION OF POPULATION EXPOSURE TO AIR POLLUTION
Pollutant concentrations over an urban area are constantly changing in
time and space.

Exposure of people to these concentrations can be analyzed

with respect to both long-term average exposure and statistical distribution
of short-term exposures over a long period (usually a year). To make the
analysis tractable, the resident population (the type of data available
from the census summaries) is used, and individual members of the population
are assumed to be locationally fixed at their residence location.
3.3.l Analysis of Long-Term Population Exposure
An annual mean concentration is used to designate the long-term average
• pollution level to which people are exposed. The long-term average pollution
level at each receptor point is estimated by spatially interpolating the
annual mean concentrations observed at the three nearest
to that receptor point by using Eq. (2).

n~ighboring

stations

For a given receptor point,

(xi,yi)' the computer program called Long-Term Population Exposure Model
(LPEM) automatically searches among all the stations used for the
analysis for the three nearest stations, (xj,yj),

j ~

1,2,3, to that receptor

point fsee User's Manual).
Once the annual mean concentration, C;, is determined for each receptor
point. population exposure can be calculated by combining the air quality
and population statistics. The LPEM computer program compares C; with a

.
given
concentration threshold, C* ; enters the local population, P.;
and
1
determines population exposure for the entire region, R.
this can be expressed by

Mathematically,
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P(C)
1...J P. U(C.-C * )/.1.-.J
P.
* = ."'"""
'""
R1
1
.R1
H.:

(3)

1£

where an indicator ster function,U(Ci-C * ), takes the value one for Ci ?C *
and zero for Ci< C* • P.y changing the threshold level, C*, from zero to a
sufficiently large value, the LPEM program produces a cumulative distribution
of the population exposed to various annual mean concentrations.
The annual mean concentrations obtained at both the receptor points
and the station sites are used to draw an isopleth map of annual mean
concentrations over the entire study region. · lnc1usion of the highest
and lowest concentrations observed at the monitoring stations will make the
resulting isopleth map more complete than that which would be produced from
the receptor concentrations only.

Such an isopleth map can be drawn either

by hand or by the spatial computer program discussed in Section 2.4.
The long-tenn average exposure of the populatior. may be expressed
either by a pair of distribution curves as shown Ir Fig. 13 or by a bar
graph as shown in Fig. 14.

The pair of distribution curves is excellent

for illustrating how much the population exposure to a given pollutant decreased (or increased) from one year to another and how the decrease {or
increase) in population exposure is distributed ove•' pollution levels.
For instance, Fig. 13 shows that the percentage of the population exposed
to total suspended particulate above the national primary standard (75 µg/m 3)
dropped from 58% in 1971 to 17% in 1974.
The bar graph shown in Figure 14 is convenient for illustrating yearto-year variations in population exposure over a long period.

The increase

in population exposure during the middle years, 1967-72, is evidenced by the
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longer black bars indicating the percentage of the population exposed to
annual mean N0 2 above 130 µg/m 3 The decrease in population exposure in
1973/74 is noted by the shorter black bar and the longer gray bar, which
indicates the percentage of the population exposed to N0 2 between 100 and
130 µg/m 3 .
The LPEM computer program also calculates three regional indices for
characterizing long-term air quality and population exposure:

station average

concentration, space average concentration, and population average concentration. The station average concentration is given by an arithmetic mean
of annual mean concentrations observed at individual stations. The space
average concentration is given by an area weighted average of the concentrations at the receptor points.

The population average concentration is

given by a population weighted average of the receptor concentrations and
indicates the air quality

lev~:

most representati'le

rif

the population.

Mathematically, the space average concentrationJ AQ 5 • and the population
average concentration, AQP,

ar~

L

iER

L

= .

1e:R

expressed respectively, by

S.C.I
1 1.

P.1 C./
1

L s.1

(4)

L

(5)

iER

iER

pi

where Ci is the annual mean concentration at the ;th receptor point,
and S; and P; are, respectively, the land area and the local population
size represented by the ;th receptor point.
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3.3.2

Analysis of Short-Tenn Population Exposure
Analysis of population exposure to short-term peak concentr·ations is

more difficult than the analysis for long-term average concentrations.

The

reason is that long-term average exposure involves only one pollution variable,
i.e., concentration level, but short-term exposure involves at least two pollution variables, i.e., concentration level and frequency of occurrence or
duration of that concentration level.
It is extremely costly to compute each instantaneous exposure level in~ividually

over a long time period.

:entra ti on

Vil 1ue,

Instead of using each instantaneous con-

a percentage of the time that the short-term ( 1-hr or 24-hr)
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spatially interpolates the percentile concentrations at the monitoring stations to those at receptor points.

Then, the SPEM compares each of the

eight interpolated percentile concentrations with the air quality standard
to determine the risk frequency at each receptor point (see User's Manual).
The risk frequency computed at each receptor point is used to draw an
isopleth map of risk frequencies over the study region.

The risk frequency

map is an excellent aid in visualizing the spatial variation of short-term
air quality levels.
When the risk frequencies are determined for all the receptor points,
short-term exposure levels can be calculated for the entire study region.
Both computer programs (LPEM and SPEM) compare the risk frequency, Fi, at
each receptor point with a given frequency

t~reshold,

population, Pi; and scan the entire study region. R.

F*; enter the local
Mathematically, this

process can be expressed by

p . u(F . - F*) /
~

where an indicator step function
and zero for F;<F*.

l

i:ff
~\
i

L

•cP
,,

1,

p.

( 6)

l

-F*\, takes tbe value one for F1->F*

By changing the threshold level, F*, from 0% to 100%,

both programs produce a cumulative distribution of the population exposed
to air pollution above the standard at various frequencies.
The short-term exposures of the population over a long period may
be expressed either by a pair of distribution curves as shown in Fig. 15
or by a bar graph as shown in Fig. 16.

The pair of distribution curvP.s
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i1lustrates how much the population exposure decreased (or increased) in
a given time period, how the decrease (or increase) in popu1ation exposure
was distributed over the population, and how the frequency of dangerous
exposures changed.

For jnstance, Fig. 15 shows the percentage of the

population exposed to total suspended particulate above the national
seconddry 24-hr standard (150 µg/m 3) at least 10% of the days dropped
from 33% in 1971 to 4% in 1974.
The bar graph shown in Fig. 16 is convenient for illustrating yearto-year variations in population exposure over a long period.

The increase

in population exposure during the middle years, 1967-72, is represented by
the

:~orter

white bars, indicating the percentage of the population ex-

posed to hourly N0 2 above the California standard less than 6% of the
days. The decrease in population exposure in 1973/74 is noted by the
longer white bar and the shorter gray bar, indicating those who were
exposed above the California standard between 6% and 12% of the days.
Both computer programs compute two regional indices for characterizing

short-te~

air quality and population exposure:

the percentage of

time (hours or days) exceeding the standard, area weighted average over
the study region; and the percentage of time exceeding the standard, population weighted average over the region.

The latter quantity is the

average percentage of time the standard is exceeded among all the people
in the study region.

Mathematically, the two regional indices,

Fs and

Fp,

are expressed, respectively, by

Fs

=

L: s.1

it: R

Fp = iL:
Et{

F.1 I L: s.
. R l
lE

p. F. I
1
1

L

P.•
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lE'
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APPENDIX A.

USE OF COORDINATE TRANSFORMATION FOR
LOCATING MONITORING STATIONS ON A SKELTON MAP

When the study region is large, a

m~thematical

method of iocatirig

monitoring stations on a skeleton map of the study region often works
more effectively and more accurately than heuristic methods, such as
::~,ose

based on the street address of station site or on knowledge · •

relative location of one station to another.

•·

The mathematical method

utilizes the UTM coordinates given in the SAROAD format and applies a coordinate transformation on

t~e

UTM coordinates of an individual station.

When the mathematical method is used, the first step is to locate
the two most familiar stations on the skeleton map.

The location of

other stations on the map is then determined by a coordinate transformation of their UTM coordinates into the

coordinate~

used in the map.

The map coordinates (x, y) of a statiori whose UTM cocrdinates are (p, q)
are given by the following equations:
(A-1)

and the slope, m, is given by

x1y 2 - X~l
m =---------

{p1-P2)Y2 - (ql-q2)x2

'

(A-2)

where (x ,y ) and (x 2,y 2 ) are the map coordinates of the two known stations
1 1
and (p 1,q ) and (p 2,q 2 ) are their UTM coordinates.
1
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