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ABSTRACT

This research diagnoses the exposure of the residential population
and the vulnerable groups of children and elderly people to air par-
ticle pollution in urban Beijing. We surveyed the air particle pollut-
ant concentrations in the field. We used a universal kriging model in
a geographic information system to interpolate the spatial distribu-
tions of each pollutant. Spatial patterns of air particle pollution were
overlaid to community-level population distributions to identify the
community exposures to high air particle pollution. Spatial and sta-
tistic modeling reveals that high concentration of ultra-fine air parti-
cles of particulate matter (PM) 0.3 mm is strongly associated with
high-population urban communities in the southwest and central
western areas in the winter season. By contrast, all the other particle
sizes surveyed (PMs of 0.5, 1.0, 3.0, and 5.0 mm) indicate that high
concentrations in the summer are associated with high-population
communities. Reversed spatial and temporal patterns between PM
0.3 mm and other particle sizes suggest that PM 0.3 mmmay have dif-
ferent sources of origin.
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INTRODUCTION

Airborne solid particle or aerosol contributes one of the major urban
air pollution sources. High concentrations of fine and ultra-fine par-
ticulatematter in the airmay cause respiratory diseases, such as asthma
and bronchitis, and also increases probability of human lung cancer
and cardiorespiratory mortalities (Schwartz, 1994; Goldberg et al.,
2001a, b; Pope III et al., 2002; Solomon et al., 2003; Houssaini et al.,
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2 Spatial Analysis of Population Exposure to Fine
2007; Kan et al., 2007; Neuberger et al., 2007; Babin et al., 2008).
Researches also indicated that air particle pollution is associated with
metabolic syndrome and diabetes (Kan et al., 2004; Chen and
Schwartz, 2008). Recent studies indicated that most ambient air
particles in urban settings are of anthropogenic origin (Dolinoy and
Miranda, 2004;Heal et al., 2005; Song et al., 2006;Quan et al., 2008).
In comparison to developed countries, developing countries world-
wide have evenmore anthropogenic air particle pollutants, such as ur-
ban smog and dust storms (Davis and Guo, 2000; Zhao et al., 2004;
Yuan et al., 2008). This is mainly due to the rapid economic develop-
ment and intensive land use activities, particularly in the urban areas.

Recent economic growth and industrial development in China
have intensified the air and water pollutants despite the increased
government regulation of the pollutant emissions and the effort of
environmental remediation. Beijing, the capital of the country and
one of the largest cities, encountered tremendous population in-
crease and subsequent traffic congestion. Urban smog and dust pollu-
tion are commonly reported (Chan et al., 2005; Huang et al., 2006).
One of the major challenges of the investigations in environmental
epidemiology is to accurately identify the population at risk from ex-
posures to environmental pollutants (Poulstrup and Hansen, 2004).
Previously, Pine and Diaz (2000) created community-based environ-
mental health profiles by applying a geographic information system
(GIS) spatial database. Speer et al. (2002) conducted a GIS-based
study of leukemia and multiple myeloma. Cyrys et al. (2005) pro-
posed a GIS-based particulate matter and NO2 dispersion model.
Liu et al. (2007) characterized the traffic-source-specific air pollution
exposure for the population of a large region. The research mainly ap-
plied a Gaussian dispersion model to predict particulate matter and
NO2 distributions. Molitor et al. (2007) assessed uncertainty factors
of GIS models of health effects of air pollution.

This research attempts to apply a GIS to visualize the spatial dis-
tributions of air particulate pollution and its spatial relations to con-
centrated population areas in an urban region through field survey of
the fine particulate matter concentrations in the air. The objective of
our approach is to diagnose the exposure of residential populations,
particularly the vulnerable groups of children and elderly, to air pol-
lution levels in the urban region in Beijing. A universal kriging model
was applied to interpolate the air particle data of the field survey.
Spatial patterns of particulate pollutant were overlaid to total popu-
lation and populations of vulnerable groups at the community level
to identify the geographic areas of high risk.
METHODS

Beijing is located at 39°50′ latitude north and 116°02′ longitude
east. The city is situated at the northern edge of the north China
Plain and surrounded from the north, west, and east by the Yanshan
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Mountains. The climate of the region is typical mid-
latitude semiarid monsoonal with hot moist summers
and dry and cold winters.

A Kanomax handheld laser particle counter (model
3886 GEO-a) was used to sample particulate matter
(PM) 0.3, 0.5, 1.0, 3.0, and 5.0 mm during summers
of 2007 and 2008, and in the winter of 2007. The field
measurements were conducted within a 2-week period
and in a dry weather environment without precipitation
within the last 48 hr. The standard field sampling time
using laser particle counter was 3 min, and the flow rate
of sampling was 2.83 L/min. Seventy-eight measure-
mentswere conducted randomly across the urban areas
bounded by the fifth ring road of the city in the summer
and winter of 2007 and the summer of 2008 (Figures 1,
2). The measuring sites were weighted to insure every
part of the study area is covered. A global positioning
system was applied to accurately identify the locations
of the samplings. Each of the measurements was con-
ducted either in the corner of a street intersection, or
on the side of a highway, or in an open space site of a resi-
dential community, or at the gate of a factory. The height
of each measurement is roughly 1.2 m (3.9 ft) from the
ground. Population and population distribution data
were obtained from the Beijing Municipal Census Bu-
reau collected during the national population survey of
2003. The communities and townships, the largest scale
or most detailed geographic units of population distri-
bution in the census database, were used in this research.

Population and Population Distribution in the
Study Area

The total population in Beijing was 13,569,194 accord-
ing to the 2003 survey (Beijing Municipal Census Bu-
reau, 2003), including rural districts and counties,
which fall into the jurisdiction of the municipality.
Among this population, the total urban population is
Figure 1. Map of the field particulate matter (PM) concentration sampling site distribution.
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11,509,595. The total urban population of the geo-
graphic area of our field surveys is 9,309,154. The study
area contains the urban core of the city, including either
the entire area or partial area of the following 12 districts
or counties: the East Urban, West Urban, Chongwen,
Xiuwu, Chaoyong, Shijinshan, Haidian, Mentougou,
Fangshan, Tongzhou, Shongyi, and Changping. The
study area excludes the rural counties and satellite cit-
ies, such as the Huairou District and Miyun County
(Figure 2). The study area contains residences of 81%
of the total urban population of the municipality.

Air particle pollution exposures of children ages
0 to 14 yr and elderly people greater than 65 yr old
were also analyzed. According to the Beijing Municipal
Census Bureau, the total population of children under
age 14 in the urban area in Beijing is 1,447,299, and of
this, 1,075,343 is covered by this research. The total ur-
ban population of elderly people at age 65 or older is
1,142,864, and the elderly population covered in this re-
search is 813,191. Population data of the entire munici-
pality were joined to the base map according to the
4 Spatial Analysis of Population Exposure to Fine Particulate Air
community names. The population density of the study
area and the entire Beijing area of jurisdiction is shown
in Figure 2. One hundred sixty-four communities or
townships in the urban core of the municipality were se-
lected for this study. Spatial analysis of air particle pollu-
tion exposure was conducted for the total population
and both the populations of children and elderly peo-
ple. These communities were classified into eight cate-
gories by their population density using the method of
equal interval. The highest populations for each of the
eight community classes of the three population groups
(total, children, and elderly persons) are shown in Table 1.
The reason for doing this classification is that the objec-
tive of discriminant statistic analysis is to specify the min-
imum andmaximumvalue of a variable or a few variables
by a grouping variable. In this research, the population
distribution in the community level is the grouping vari-
able. The distribution of air particle concentrations is
the numerical variable to be specified.

Population density analysis indicates that the distri-
bution pattern of the children group is generally similar
Figure 2. Spatial patterns of the total population distribution by community in the study area and entire Beijing area of jurisdiction.
Pollution, Beijing



to that of the total population (Figures 2, 3A). The high-
density areas of children are more spread toward the
outskirts of the urban core. By contrast, the elderly peo-
ple are more densely concentrated into the downtown
urban areas in Beijing, and the spatial distribution pat-
tern is different from that shown in the total popula-
tion (Figures 2, 3B).
Spatial and Statistic Analyses

Ageostatistic or spatial statisticmodel of universal kriging
was applied in this research to interpolate the spatial dis-
tributions of fine and ultra-fine particle pollution. In this
research, the fine particles were defined as particle size
PM 0.5 mm through PM 5.0 mm, and the ultra-fine par-
ticles were defined as PM 0.3 mm or smaller. In compar-
ison to simple and ordinary krigings, universal kriging is
an unbiased spatial statistic tool that can yield a linear
trend of the variable distributions across the study area.
Simple kriging estimates a constantmean of the sampled
Figure 3. Comparison of (A) children and (B) elderly population distributions by community in the study area.
Table 1. Population Classification of the Communities by Equal

Interval*
Population
Class
Highest Total
Population in
a Residential
Community
Population of
Children under

Age 14
Population of
Elderly People
Greater than

Age 65
1
 30,072
 4431
 2126

2
 56,567
 8235
 4186

3
 83,061
 12,040
 6245

4
 109,555
 15,845
 8304

5
 136,049
 19,649
 10,363

6
 162,544
 23,454
 12,423

7
 189,038
 27,258
 14,482

8
 215,532
 31,063
 16,541
*Equal interval classification scheme divides the total range of attribute values
into equal-size subranges from minimum to maximum.
Tang et al. 5



values, whereas ordinary kriging hypothesizes that an
unknown constant mean exists among the samples of
the variable. Universal kriging applies polynomial func-
tions to predict nonconstantmeans of the variable across
the space (Kastelec and Košmelj, 2002; Gundogdu and
Guney, 2007).

Kriging uses a semivariance model to estimate or
predict the unknown values using the sampled known
values of a study area. Semivariance is a measure of the
degree of spatial dependence between samples. The
magnitude of the semivariance between points depends
on the distance between the sampled points. A smaller
distance yields a smaller semivariance and a larger dis-
tance results in a larger semivariance. Semivariances as
a function of distance can be plotted in a semivariogram.
6 Spatial Analysis of Population Exposure to Fine Particulate Air
Examples of spatial prediction semivariograms of air
particle pollution in this research are shown in Figure 4.
The semivariogram is defined as Y(si,sj) = 1/2 var(Z[si] −
Z[sj]), where var is the variance. If two locations, si and sj,
are close to each other in terms of the distance measure
of d(si, sj), which identified that the sample points are
located on the left hand side along the x axis in Figure 4,
they are expected to be similar, or in other words, the dif-
ference in their values, Z(si) − Z(sj), will be small. As si
and sj get farther apart, they become less similar, so
the difference in their values, Z(si) − Z(sj), will become
larger. This is indicated along the y axis in Figure 4. The
ultimate goal of this research is to generate pollution
distributionmaps and visualize the spatial and temporal
patterns of the pollution distributions.
Figure 4. Examples of semivariograms of
air particle pollution in this study.
Pollution, Beijing



Universal kriging-generated digital maps of partic-
ulate pollution were converted from raster- or pixel-
based format to vector format. Then, the digital vector
maps were overlaid on the population distribution maps
inGIS to reveal the population exposure to the air pollu-
tion. Both spatial and statistic analytical methods were
applied to explore the severity of the pollution. The data
resulting from GIS analysis were fed into the statistic
analysis platform.We applied discriminant statistic anal-
ysis to explore the degrees of association between the
concentrations for each of the five particle pollutant
categories, namely PM 0.3, 0.5, 1.0, 3.0, and 5.0 mm,
and population groups. Discriminant analysis constructs
a predictive model for groupmemberships of a variable.
The model is composed of one or more discriminant
functions based on linear combinations of the predictor
variable or variables that provide the best discrimina-
tion between the groups. Given a set of independent
variables, discriminant analysis attempts to find linear
combinations of those variables that best separate the
groups of cases. These combinations are called discrim-
inant functions and have the form displayed in the fol-
lowing equation.

Dik ¼ B0k þ B1kXi1 þ . . .þ BpkXip

where Dik is the value of the kth discriminant function
for the ith case, p is the number of predictors, Bjk is the
value of the jth coefficient of the kth function, andXij is
the value of the ith case of the jth predictor.

The grouping variable of this study is the popula-
tion class with the minimum class being the one with
the lowest community population, and the maximum
class eight being the highest community population.
The spatial distribution and likelihood of population
exposure to high concentrations of air particle pollu-
tion were analyzed by digital maps in GIS and con-
firmed by the values of coefficient of discriminant
statistic analysis.
Figure 5. Modeled air particle pollution distributions of summer 2008: (A) 0.3 mm and (B) 3.0 mm.
Tang et al. 7



RESULTS

The field survey shows that the particulate matter con-
centrations are very high. Using PM 3.0 mm as an exam-
ple, the highest value measured in the summer was
153.72 mg/m3 and that of the lowest was 15.75 mg/m3.
The mean value was 34.71 mg/m3. During the winter
season, the highest was 149.14 mg/m3 and that of lowest
was 8.87 mg/m3. The mean value was 38.93 mg/m3.

Results of the universal kriging modeling indicate
that the spatial distribution patterns of air particle pol-
lution are reversed from summer to winter. High sum-
mer concentrations of air particle pollution was mea-
sured compared to a relatively low concentration during
the winter (Figures 5–7). In addition, the distribution
patterns of ultra-fine particles of PM 0.3 mm are oppo-
site to the distributions of other particle sizes. The dis-
tribution of the ultra-fine particles of PM 0.3 mm in-
creases from the southwest to north and northeast in
8 Spatial Analysis of Population Exposure to Fine Particulate Air
the study area of the municipality in the summer but
decreases from the southwest in the winter. By contrast,
the distributions of other particle sizes, namely PM 0.5,
1.0, 3.0, and 5.0 mm, increase from the north to south-
west and east in the summer, and decrease from the
northeast to southwest in the winter (Figures 5–7).
Both spatial locations and degrees of air particle pollu-
tion to the local population on the community level
were analyzed. Examples of air particle pollution expo-
sures by total, children, and elderly people populations
are shown in Figures 8–10.

The trend of the PM 0.3 mm particle concentration
in the summer increases from the southwest to north-
east. The highest concentration is 2.60 mg/m3, which is
located in the northeastern part of the study area. The
major categories of population density in this area are
class one and class two, the two lowest. The coefficients
of discriminant functions of class one and two are 0.241
and 0.128, respectively. By contrast, the coefficients of
Figure 6. Modeled air particle pollution distributions of summer 2008: (A) 0.5 mm and (B) 5.0 mm.
Pollution, Beijing



population categories three through eight are negative
values and increase as population class number increases.
This suggests that the high concentrations of ultra-fine
particles in the summer are likely associated with com-
munities of low population in the northeast region of
the city (Figure 8A). In the winter, the ultra-fine parti-
cle concentration pattern is reversed that the high con-
centrations are coincident with high-population commu-
nities in the central west and southwest (Figure 8B). The
highest concentration is 3.81 mg/m3 in the winter sea-
son. Strong positive coefficients occur to population
class five and six, and these are 1.156 and 1.111, respec-
tively. The results suggest that the ultra-fine particle
distribution might be strongly related to seasonal wind
pattern shifting. Meanwhile, because the field mea-
surements were made around 1.2 m (3.9 ft) from the
ground, which is in the boundary layer of the climate
environment, the distribution patterns are unlikely to
be directly impacted by the seasonal wind pattern
changes. However, further studies are needed to quan-
tify the relationship. Importantly, we want to point
out that currently the field survey data of the winter
season cover a relatively smaller area, excluding the geo-
graphic areas of population classes seven and eight. The
results suggest that the high concentrations of ultra-fine
particles (PM 0.3 mm or finer) are likely associated with
high-population areas in the central west and southwest
of the study area during the winter season.

The study results of spatial and discriminant statistic
analyses show that the high concentrations of PM 0.5
and 1.0 mm particles are strongly associated with high-
population areas in the central western, western, and
southwestern regions in the summer. The highest con-
centration of PM 0.5 mmparticles is 7.78 mg/m3 and that
of PM 1.0 mm is 33.54 mg/m3. The highest coefficient
value of discriminant statistic functions of PM 0.5 mm
particles is 1.498 and that of PM 1.0 mm particles is
2.489. Both of them are associated with the highest
Figure 7. Examples of modeled air particle pollution distributions of winter 2007: (A) 0.3 mm and (B) 5.0 mm.
Tang et al. 9



population class in the study area, the class eight. The top
three population classes by coefficient ranking are cate-
gories eight, six, and five. By contrast, the high concen-
trations of these two particle sizes are likely coincident
with relative low-population communities in the north-
eastern and eastern parts of the study area during winter
seasons. The highest concentration of PM 0.5 mm parti-
cles in the winter is 7.50 mg/m3 and that of PM 1.0 mm is
31.42 mg/m3. The highest coefficient of PM 0.5 mm par-
ticles in the winter is 0.529 and that of PM 1.0 mm is
0.647, and both of them are associated with population
class one, the lowest in the study area. The three values
of highest ranking coefficients of the population classes
in the winter are categories one, two, and four for PM
0.5 mmparticles, and one, two, and three for PM 1.0 mm
particles during the winter season.

The high concentrations of PM 3.0 and 5.0 mm sizes
are more trending toward the southwestern part of the
study area in the summer where both high-population
communities, such as the Huangcun District, and sev-
10 Spatial Analysis of Population Exposure to Fine Particulate A
eral less populated communities exist (Figure 9A).
Therefore, the degrees of strength in association with
the highest population class (class eight) are decreased,
and that with classes of six and five are increased. The
highest coefficients are still associated with class eight
for both particle sizes of PM 3.0 and 5.0 mm. The value
of the former is 0.844 and that of the latter is 0.445. The
highest particle concentration of PM 3.0 mm is 153.72 mg/
m3 and that of PM 5.0 mm is 159.11 mg/m3. However,
the concentration distributions of these two particle sizes
in the winter season seem more complicated than the
finer ones. High concentrations are mainly located in the
northeastern part with relative low-population-density
communities and in the central-northern part with high-
population-density communities in the study area in
the winter (Figure 9B). The highest concentration of
PM 3.0 mm is 149.14 mg/m3 and that of PM 5.0 mm is
152.50 mg/m3. The highest coefficient of PM 3.0 mm is
associated with community population class one, and the
second highest is associated with class six. The former is
Figure 8. Comparison of PM 0.3 mm measured concentrations with total population distribution: (A) summer and (B) winter.
ir Pollution, Beijing



0.498 and the latter is 0.261. By contrast, the highest
coefficient of PM 5.0 mm is associated with community
population class six, and the second highest is associated
with class one in the winter. The former is 0.339 and the
latter is 0.139.

In comparison to the total population distribution,
the high children population distributions at commu-
nity level trend more toward the western and south-
western parts of the study area. This spatial pattern
yields stronger association of high ultra-fine particle
pollution of PM 0.3 mmwith the highest children popu-
lation class in the winter (Figure 10A, B). This suggests
that children encounter higher risk of ultra-fine particle
pollution in the winter season than adults in Beijing. The
highest coefficient of discriminant statistic function in
the winter season is 2.416 and that is coincident with
the class six, largest children population class in the
study area. In the meantime, the high concentrations
of ultra-fine particles are coincident with low-children-
population areas in the summer season. In contrast, the
children population encounters higher risk of expo-
sures to all the other particle-size pollution such as
PM 5.0 mm in the summer than that in the winter be-
cause of the change of spatial distribution patterns
(Figure 11A, B). The degrees of the exposure of chil-
dren to these particle sizes are similar to that of total
population analysis.

The spatial distribution of the elderly population
in Beijing departs from that of the total population
(Figures 2, 3B). The elderly population is more concen-
trated toward the urban core areas of the study region.
The highest elderly population distribution occurs in
the Yuetan Community in the downtown area, which
is surrounded by high elderly population communities
from the west, north, and south. Spatial and discrimi-
nant statistic analyses indicate that the elderly popula-
tion at the community level has higher risk of exposure
to ultra-fine particles (PM 0.3 mm) than that of the total
Figure 9. Comparison of PM 5.0 mm measured concentrations with total population distribution: (A) summer and (B) winter.
Tang et al. 11



population in the winter season (Figure 12A, B). The
highest coefficient of discriminant statistic function of
the winter season is 1.444, which coincides with the
class eight, the highest elderly community population
class in the study area. Similar to the total population,
the elderly population experiences higher exposure of
air pollution of other particle sizes that were surveyed,
namely PM 0.5, 1.0, 3.0, and 5.0 mm, in the summer
season than during the winter season (Figure 13A, B).
DISCUSSION AND CONCLUSIONS

Point-based field sampling of air pollution and GIS-
based spatial interpolation are effective approaches to
visualize the spatial distributions of the pollutant con-
centrations. Recent interests of applying GIS to study
environmental epidemiology and GIS spatial modeling
12 Spatial Analysis of Population Exposure to Fine Particulate A
of air pollution exposures demonstrated that spatial anal-
ysis is an important approach in understanding the
cause and effects of air-pollution-related diseases (Vine
et al., 1998; Dolinoy and Miranda, 2004; Poulstrup and
Hansen, 2004). Our study presents the first evidence
of its kind to associate field-surveyed air particle pollut-
ant concentrations to community-level population dis-
tributions in the core urban region of one of the world’s
largest cities. The geographic resolution of this study is
at the community level with detail and vigorous field
survey of air particle pollution concentrations across the
urban areas in Beijing. A universal krigingmodel was ap-
plied to interpolate the spatial distribution of air particle
pollutant concentrations. Overlay of the vectorized spa-
tial patterns of air particle pollution on the community-
level population distribution enabled us to pin point
how much pollutant concentrations affect how many
people at which place. Discriminant statistic analysis
of the output data from spatial overlay in GIS helps
Figure 10. Comparison of PM 0.3 mm measured concentrations with population distribution of children: (A) summer and (B) winter.
ir Pollution, Beijing



quantify the likelihood and degrees of high population
exposure to high air particle concentrations. The meth-
odology developed in this study can be widely applied
to analyze the impact of air particle pollutant concentra-
tions to residential humans in a geographic region. Fur-
ther studies based on this methodology and field survey
of environment-related infectious diseases can generate
quantitative evidence of health impacts caused by air
particle pollution.

Because of the limited number of field survey
equipment available, the field survey of air particle pol-
lution of the current study was only conducted in a pe-
riod of 14 to 21 days in the summer of 2007 and 2008
and winter of 2007. Currently, only 8-yr-long air qual-
ity monitoring stations managed by the Beijing Munic-
ipal Environmental Conservation Bureau are conduct-
ing continuous survey across the city. The geographic
resolution of air quality monitoring data yielded by these
venues is now not large enough to conduct detailed spa-
tial analysis, such as this research. More permanent air
particle concentration and air quality monitoring sites
are needed in Beijing to facilitate further detail researches
of pollutant generations and distributions.

The results of this research indicate that the con-
centrations of air particle pollution in the study area
are very high. These concentrations are higher than
those reported previously in the studies from devel-
oped countries (Heal et al., 2005; Neuberger et al., 2007;
Kauhaniemi et al., 2008). In particular, the highest con-
centration reached more than three times of those re-
ported in the above researches. However, further studies
of year-longmonitoring in Beijing are needed tomake the
data more comprehensive in comparison to the studies
elsewhere worldwide. The spatial distribution patterns of
population exposure to air particle pollution indicate that
high concentration of ultra-fine particles of PM 0.3 mm is
associated with large population communities in the
winter season. The average concentrations in the winter
Figure 11. Comparison of PM 5.0 mm measured concentrations with population distribution of children: (A) summer and (B) winter.
Tang et al. 13



are higher than that in the summer. This suggests that
the generation of ultra-fine particles less or equal to
PM 0.3 mm may be directly related to heating facilities
that operate during winter. Meanwhile, winter air mass
in Beijing tends to be more stable than that during the
summer, which prevents further dispersion of ultra-
fine particles. By contrast, the distribution pattern of
PM 0.3 mm during the summer is reversed where the
high concentrations are coincident with relative low-
population communities in the northeast. Spatial distri-
butions of PM 0.5, 1.0, 3.0, and 5.0 mm are in general
opposite to those of PM 0.3 mm. High concentrations
are associated with large population communities in
the central western, western, and southern part of the
city in the summer but are likely to trend to relative
small population communities in the east and northeast
in the winter. The concentration values of all the four
particle sizes are higher in the summer than that in the
winter. This suggests that the generation of these air pol-
14 Spatial Analysis of Population Exposure to Fine Particulate A
lutant particles is more likely related to the human land
use activities, such as construction, which are intensified
in the summer. Further studies are needed for the cli-
mate influences of this pattern change. All of the field
air particulate matter surveys were conducted before
the large-scale government efforts in limiting the air pol-
lution prior to the 2008 Beijing Summer Olympic
Games.

Our approach demonstrated that GIS spatial anal-
ysis and modeling are effective ways of conducting en-
vironmental epidemiologic studies. In conclusion, the
new methods significantly enhance the ability to study
the impact of atmospheric environmental pollution fac-
tors on the cause of respiratory diseases and disabilities.
The evidence suggests that the spatial pattern of hu-
man exposure to air particle pollutant concentrations
not only changes by particle size but also varies from
season to season. In the future, more vigorous and ex-
tensive field surveys need to be conducted and more
Figure 12. Comparison of PM 0.3 mm measured concentrations with population distribution of elderly people: (A) summer and
(B) winter.
ir Pollution, Beijing



investigations need to focus on spatial modeling the re-
lationships of air particle pollution to specific respira-
tory diseases.
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