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A spatial analysisof air pollution and environmental inequality in
Beijing, 2000-2010

JingMa, Gordon Mitchell, Liu Bochu, Chai Yanwei and Guanpeng Dong

Abstract

Whilst air pollution is a major problerm China, little is known about how it
distributed socially and how such distributions are givan over time. We use
population census and air quality data for 2000 and 2010 to exquore-spatial and
temporal inequalities in air pollution for Beijing. We dirthat clear environmental
inequalities exist with respect to measures of aadisadvantage, such as hukou
migrant status, very young children (aged 0-4 years),tendlterly (aged 65 years).
Our temporal analysis reveals that environmental inequatitgases for migrants and
the elderly, who bear a disproportionate and rising sharectihiohg air quality from
2000 to 2010. Regression results emphasise the spatial and dkwvggations in
environmental inequalityas the associations between air pollution and social
demographics differ between different urban zones of Begind their geographic

patterns change significantly over time.
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Introduction

Reducing health inequalities is a major internationaktbgment goal that has long
received public policy support. Much evidence exists to showntaaginal social
groups (poor, ethnic, children) bear unequal environmental burdedshence
experience above average environmental health risk$@stpr et al. 2005; Brulle and

Pellow 2006; Walker 2009)although the contribution these environmental inequalities

make to health inequalities has received relatively little atteriPearce et al. 2010).
Analyses of environmental inequality at fine-grainedtispacales witha temporal
dimension are rare, with few developed for China, deggii@ing40% of the world’s
premature deaths due to poor air quality (Lim et al. 2012). listtkmown about how
this health burden is distributed spatially and socially, ev tieese distributions are
changing over time. As a result, there is very limitedensi&nding of environmental
inequalities in China, significantly inhibiting the démement of health sensitive
environmental policy.

Environmental justice (EJ) is a key concept at the intersedtiemvironmental
sustainability and social justice discourses that seeks toectisat all people enjoy
eqgual access taclean environment and equal protection from environmeiaizdrials
irrespective of ethnic and socio-economic status (Cutter 1995). This pogfitatiah
address the two most common conceptions of EJ, distributiveguastit procedural
justice. Distributive justice is concerned with the fair distidou of environmental
impacts and access to environmental goods and services, whdstipral justice is
concerned with ensuring fairness in decision making thattaffee environment, and
equal access to judicial redress in environmental mattergrims of distributions,
justice theories are used to articulate and differentidtege® unequal and unfair. An

unequal distribution (e.g. of environmental quality) mayieeved as unfair/unjust (or



not) depending upon the position subscribed to, whether thattili@rianism,
libertarianism, ora Rawlsian egalitarianism conception based on need, desert, or
entitlement. The scope of EJ continues to evolve beybesetcore interests, with
growing attention to issues of recognitioas (participative justice relies upon
recognition and respect for all those involved), as alinterest from post-structural
geographers including the use of performative practices to studlyunderstanéJ
(Jamal and Hales, 2016). Walker (2009) and Schlosberg X26ti@éw and discuss
recent developments of environment justice theory.

Globally, the EJ literature is large and remains dominateditributional
studies, with earliest analyses from the USA, showing that nexmalustrial facilities
and waste treatment and disposal plants were predonyit@sdted in communities of
colour (e.g. UCCCRJ 1987; Bowen 2002). This evidence led to arutixe Order,
requiring the promotion of environmentally just developtnand the establishment of
The Office of Environmental Justice in the US EPA to coordifiederal efforts to
integrate environmental justice into all policies, programs, atditees. EJ policy
subsequently spread internationally, with for example, thicedton of the UN ECE
Arhus convention on the environment (UNECE 1999).

As indicated above, socially unequal environmental burdensamecessarily
unjust and many argue that addition to how a ‘fair’ distribution is conceived,
consideration must also be given to how unequal distributiewslab. Insight into
processes producing environmental inequalities has been sought thratgti&s) that
add a time dimension, and which are thus better able to ¢estel about how unequal
distributions arise (see Mitchell et al., 2015 for a review). Theanigude: overt and
historic discriminatory siting of environmental hazards, {ststg population

dynamics (e.g. movement of minorities to an environmentardaor area benefits



such as work or better housing; movement away from a hhydhibse that can afford
to, leaving a concentration of minorities who cannatpacity for collective action to
resist environmental hazardous, and cultural risk theory, hatiseholds trading off
environmental risk for other benefits the area offers or simgoloring the risk.

Understanding how unequal distributions arise is then impontajudging
whether inequality is also unfair. However, where enviramtalempacts are likely to
be injurious to health, and particularly where legal emmmental standards are
breached, claims of environmental injustice are better supportedhelllidmd Dorling
(2003) showed that in the UK in 2001, about 2.5 million people liveateas where
air quality did not comply with national (EC) standards; oséhgeople, over half were
amongst the poorest in the country. Because air qualitdatds, intended to protect
public health, are agreed as part of the social contedwelen the state and its citizens,
it can be concluded that this @ environmental injustice which policy makers and
planners need to address.

Although EJ research has broadened its scope to addreske@ramge of
hazards, this interest in air pollution remains high, githenclear health links and
prevalence of poor air quality. Evidence for the health ohpé poor air quality is
strong, and the Global Burden of Disease project ranked outdoquality (fine
particulates) as the ninth greatest threat to humdthhgdabally (fourth in East Asia)
with 3.2 million premature deaths and 76 million years ofthgdife lost each year
(Lim et al. 2012). The European Environment Agency estimatad 18-21% of
Europe’s population experience particulate concentrations exceeding the EC standards,
with an estimated average loss of healthy life of 8 monthpgrson (EEA 2012). EJ
studies imply that the poor and other marginal groups will @e@sproportionate share

of thesehealth burdens. For example, the latest estimate of UBnadtilisease burden



attributed to outdoor air quality is 40,000 (+ 25%) prematigaths each y& (RCP
2016), with distributional analysis revealing that of those pemsliglent in areas that
failed annual average fine particulate standards in 2011, 85% wihie poorest 20%
of the population (Mitchell et al. 2015).

Where data permits, EJ analysis can be extended ovetotigagn insight into
the evolution of environmental inequalities. Mitchell e{2015) presena dynamic
analysis of air pollution change in Britain between 2001241d., with results showing
that air quality improvement is greatest in morduaffit areas with deprived areas
bearing a disproportionate and rising share of desimair quality, a pattern that they
concluded would exacerbate respiratory health inequaliteugh a reduced disease
burden overall was expected). However, such dynamic EJ studiearar hampered
by a lack of coherent longitudinal data, and have te Baen limited to developed
countries, predominantly North America, Europe and Japan€seswin Mitchell et
al. 2015). Many of the most pressing public health relate@d@mmental inequalities
are emerging in developing countries, including Chyed these countries are almost
absent from the EJ literature.

Serious air pollution is probably the most pressing enviromahessue in China,
and a major public health concern. Air quality in Chinese<is among the worst in
the world, with 1.2 million premature deaths due to poogaality in 2010 (Lim et al.
2012). Understanding how this environmental burden is sociallybdistd, who is
most impacted, and how these distributions have evolved over iBnkey in
determining how to better protect the health of the mobterable social groups in
China. China also presents a particularly interestingindee EJ field, as it is a country
pursuing a social market economy (and is the fastest ggos@nsumer economy in the

world, with a rising middle class) yet holds to an egaditapolitical doctrine which



implies that all environmental inequality is unjust. Explimraof public health and EJ
issues in this context is likely to be both fascinating, sugportive of environmental
and public health policy (Ma et al. 2017).

However, the development of economic, environmental and sabikty
policy in China gives little attention to social equity camseand their links with public
health, and the evidence base is poorly developed. Prior sthedie focused on
environmental inequalities at a coarse spatial scale (citiesctistand conclusions
cannot be applied to the finer scales important to unahelisi. public health impacts
and inequalities without invoking the modifiable areal unit problé&wan 2012)
Others studies focus on correlation between perceived enverdahiazard and health
outcome (Chen 2013), but employ a static analysis that etrstur understanding of
the evolution of environmental inequality over time, ammde its implications for
health inequalities.

As the nation’s capital and one of China’s largest metropolitan areas, Beijing
has undergone rapid urbanisation since the 1980s, and its urban poprddt has
risen from 77.5% in 2000 to 85.9% in 2010 (Beijing StatisticakBu 2010). However,
China’s megacities are less dense than other international megacities, and Beijing’s
urban sprawl has been accompanied by large increases use&acreating serious
problems of traffic congestion, energy consumption and aingomil (Ma et al. 2014).
Air quality in Beijing is amongst the worst in the world, mihe annual average BM
concentration reaching 80.4g/m® for 2015 (Greenpeace East Asia 2016). For
comparison equivalent annual averd&jd. s standards are 3&g/m? in China (a 15
ug/m? standard exists for areas requiring special protectioh, asicesorts), 2bg/m?

in the EU, 12ug/m? in the USA, whilst the WHO guideline value is A@/m?. Clearly



Beijing’s severe air pollution has potentially highly significant environmental, social
and health impacts, but these remain largely unquantified.

Therefore, in this research focused on Beijing, China, we ciesise the spatial
and social distributions of air quality (fine particulate BMoncentrations) at fine
geographical level and explore the nature and evolati@mvironmental inequalities
This is achieved through combining recently released highuteso (1 x 1km grid)
air-quality data from the Atmospheric Composition Analysis Groap @onkelaar et
al. 2016) and the population censuses of Beijing at the subztistrel for 2000 and
2010. Spatial econometric models are also employed to inviestiya relationships
between air pollution and socio-economic disadvantagetbeatecade. We present an
urban environmental inequality study based on observed (rétther perceived)
environmental data in China with a fine-grained spatiopteral analysis, and thus add
a new dimension to the environmental justice literatvwddwide. More importantly,
this research improves the understanding of environmee@lality needed to inform

the Chinese governments’ environmental and public health policy.

Data and methods
Air quality data

China records air quality data via the official real-time aifytion monitoring station
network, where hourly ground concentration data for sevenabbutants are recorded
by the Ministry of Environmental Protection of China.Wé&ver, these data are only
available from 2013 and for Beijing are limited to just a fewnitoring stations,
masking geographical variability (Ma et al. 2017), and matieglata unsuited for our
purpose. Therefore, here we use model-based annual concentxtajomsnd-level for
2000 and 2010 from the Atmospheric Composition Analysis Group (van Rainlet

al. 2016). We focus on the finest particulate matter fsacPM s), thought to make



the greatest contribution to the global disease burdeinaétd to poor air quality, some
3 million premature deaths in 2013 (Forouzanfar et al. 2015). Tadidn is also
strongly associated with combustion sources including vehiaféctrwhich emits
primary particulates plus other gases (e.gxN8) that react to produce secondary
pollutants including nitrate and sulphate particulates. Dankelaar et al (2016)
estimated global surface level BMconcentrations by combining satellite based
observations (Aerosol Optical Depth) with a chemical trarispodel, with results
calibrated to ground-based observations of,PMsing Geographically Weighted

Regression. The PM concentrations are available for 1998 to 2015 (at

http://fizz.phys.dal.ca/~atmos/martin/?page_id31d0a spatial scale of about 1 x 1

km, much finer than previously available for China. We agWedge that there are
limitations when applying 1B global-scale pollution data in a specific city due to
different meteorological condition§Ve have conducted a validation check using the
PMz 5 concentrations derived from real-time air quality monitgrstations in 2013
(when such data firlgt become available) with a block-Kriging approach (Bivaral.et
2013). This shows that the calculatehll> 5 concentrations from block-Kriging are in
line with the global surface level PN concentrations, as indicated by a Pearson
correlation coefficient of 0.83. Therefore, we argue thatube of this model-based
pollution measure is not expected to cause serious issues to our results.

On the basis of these data, we then calculate annual average PM
concentrations at the sub-district (or Jiedao) scale in Befpng2000 and 2010
separately. The sub-district is the basic administrative un@hma. Sub-districts
contain neighbourhoods, and in Beijing the 318 sub-districts had a population of about
86,000 each (standard deviation 45,000) in 2010, against a citpopddation of 19.6

million. Thus sub-districts are geographically still quite large doatthe finest spatial


http://fizz.phys.dal.ca/~atmos/martin/?page_id=140

unit at which the population census and geographical boudd#ayare available. We
overlay the Beijing sub-district polygon data with thd kmPM. s concentration grisl
and then calculate the weighted annual averagB8/efconcentrations for each sub-

district as:

Si
Cy = Zﬁ15_: Ci 1)
where G represents the calculated annB& s concentration for sub-district k, m
refers to the number of gisfalling within (or intersecting with) sub-district kk & the

area of grid i falling in sub-district ki $efers to the total area of sub-district k, and C

refers to thd®Mz.s concentration level of grid i.

Demographic data

The demographic data is from the fifth and sixth populatersas of Beijing for 2000
and 2010 at the sub-district geography. All residents areregfjto answer short
census form containing basic information on the household andidadi socio-
demographics (e.g. gender, age, education), while a saofipl®% of the total
population in each sub-district are randomly selected to céergleng census form,
which elicits additional information on attributes such as mgusrea, employment
and occupation. In particular, residential status, or hukouegahrecord for regulation
and administration of residents in mainland China, winegisters basic socio-
demographic information, original and current residentieation, and the rural or
urban residence status. In many cases, the hukou system deckgaan entrenchment
of rights for local or urban residents only. Migrants and ruraidemts are thus
restricted in their access to particular goods and services ¢hieyato social welfare.
These include admission to certain schools and hospital seraivgsthe right to

purchase a private house or a car. The hukou system is widely atid@setool that



blocks social mobility and exacerbates rural-urban inégsacross China (Wu and
Treiman, 2004). Accordingly, we derive the social metrics of eesidl status (or
hukou), very young children and the elderly who are padity vulnerable to air
pollution, as well as employment status (unemployment fiate) the 2000 and 2010
population census data, to determine the social distribatiain pollution. In line with
Ma’s (2010) equity analysis of industrial facilities in Henan proginf China, we do
not address ethnicity in our analysis, as many western EJ studigs aoout 96% of

the population of Beijing are Han people.

Analytical methods

This research involves both descriptive analysis and mublitearegression analysis.
First and foremost, we use a GIS to map the spatialldistvns of air pollution and
proportions of the disadvantaged social groups of migrants, vangychildren (aged
0-4 years), the elderly (aged 65 years and above), achth of unemployment for
each sub-district in Beijing, and then relate the aiflupon data and social
demographic data at the sub-district geography for B60O0D and 2010. The PM
concentrations by sub-districts in 2000 and 2010 have been aksignéhe
corresponding demographic census populations at the sub-districtdenspresent
their exposures to air pollution for 2000 and 2010, respectivalyZ@li and Jerrett
2003; Milman 2006). We then conduct a preliminary investigatioanefronmental
inequality by plotting air quality against relevant sociatmes in deciles of equal
population. Specifically, data are analysed by rankingwab-districts by residential
(migrant) status, very young children, the elderly and eympént status for 2000 and
2010. The sub-districts are then divided into equal population deeled sorted into

ascending order for each demographic attribute, so that ther wjgriles are
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characterised by the greatest proportion of people offkeified attribute. Average
PMz 5 concentrations for each decile are then calculated thersub-districPMz 5
values for 2000 and 2010, respectively. This is a widely used tydestobutional
analysis in the EJ literature and although statisticallpkms a powerful analysis as
it deals with the entire population rather than relyingcomparison of a population
sample to national averages.

Next, we employ a set of regression models to isolate assosi&ietween key
socio-economic variables and air pollution, while contrgllifor locational and
industrial structure attributes of each sub-district. To deal thi¢ spatial pattern of air
pollution, two analysis strategies are implemented. Firsggbend-order polynomials
of the coordinates (Easting and Northing) of sub-districtsredtaded in our model to
capture the global spatial smoothness trend of air polluenond, a popular spatial
econometric model, the spatial error model (SEM) is §pdcfor the air pollution
model to tackle the remaining spatial correlation (or auto-atioel). The importance
of spatial econometric models in environmental equity reksesrdighlighted by
Laurian (2008). Following Anselin (1988), the SEM is specified as,

Pollution = ay + X'y + L'B + f(Easting, Northing) + w;

w=pWw+¢& (2)
where Xrefers to the socio-economic variables of interedi represents some control
variables including spatial location (e.g. distance to ciyreeand city zonal variables),
population density, and industrial structure; f (Easting, Northisgthe spatial
smoothness terms applied to the coordinates of eachsanalyit, 5 and y are two
regression coefficient vectors to estimatis, a vector of independent random residuals
each following a Normal distribution, N(@?); @ is the model error vector, specified

as a simultaneous auto-regressive spatial process with a multiviiateal
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distribution, MVNQ, [(I — pW)'(I — pW)]™1). Wis a row-normalised spatial weights
matrix specifying the connection structure of analysis uaiitd p the estimated spatial
auto-regressive parameter. We extract W based on geogilapbintayuity of sub-
districts: w; = 1 if sub-districts k and j share a border, and 0 otherwise.

The causal associations between spatial distributions of sociad@nomic
disadvantage and air pollution, evidencing environmem@djuality, are complex
arguably more so than previously recognised. Bailey &2 8 2how that, driven by a
mix of socio-economic processes including path dependenckemsorting and
heterogeneous residential locational preferences, theiassodetween aggregated
patterns of air pollution and deprivation (or povertysirotland varies both spatially
and temporally. To address such potential spatial heterogesfiigitys, our study area
is delineated into four city developmental zones (Tablactprdingto the Beijing
Statistical Bureau (2010), allowing spatial variability in @ammental inequality to be
analysed. We implement SEM by using an open source soffaiage spdep
(Bivand et al. 2013) in R. To reduce the potential hetedastieity and multi-
collinearity issues, all variables except for zonal dummy variabdesansformed to a
standard Normal distribution in our modelling analysis. idédns and summary

statistics of key variables are presented in Table 1.

[Table 1 about here]

Results
Spatial Distribution of Air pollution and SocEsonomic Disadvantage in Beijing
Figure 1 maps annual averad&M>. s concentrations at the sub-district geography for

Beijing in 2000 and 2010. The area wide annual mean valB&1e§ concentration is

12



64.1ug/m?in 2010, compared to 53u4/m? in 2000, a significant increase (about 20%)
reflecting urban growth, industrialisation and motorisatiorerothe decade. The
number of sub-districts where BMconcentrations belowWhina’s limit value of 35
ug/n? for fine particulate matter (MEP 2012) has decreased signifiy, from 16.3%

in 2000 to 8.5% in 2010. In contrast, there are 37.6% of sulbetistrith annual mean
PMz s concentrations above 6§/m? (no sub-districts above 8@/m?) in 2000, rising

to 57.1% of sub-districts above &Bm® and in particular 13.5% above 80/m® by
2010 in the Beijing metropolis. However, possibly due to theeometogical factors
(e.g. temperature and wind speed) and domestic coal cotisontbere is a significant
seasonal variation dPM.s concentrations in Beijing, which were much higher in
winter than in summer as reported by Sun et al (2004 .highPM. 5 concentrations
in Beijing is partly due to meteorology that creates thek akert smog episodes

(especially in wintervhich push up the annual average.

[Figure 1 about here]

The average P& concentration by sub-district also varies significantly, with
a clear division ofPMz 5 concentrations from the northeast to southwest across the
metropolis. Annual averageéM. s concentrations in most sub-districts of north and
southwest Beijing are relatively low, ranging from 20gfm3 to 46.2ug/m? over 2000-
2010. In contrast, averad®Vl> 5 concentrations are much higher in southern Beijing,
with most sub-districts exceeding 6:6/m3 in 2000 and 79.@g/m? in 2010. This
division is possibly due to higher vegetation and mountaiere@e in north and west
Beijing, a prevailing northwest wind (especially in smoggyters) and more pollution

sources (e.g. heavy industries) in south Beijing. AveRges concentrations in the
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central urban and inner-suburban zones of Beijing are notably mgioér hhan in the
outer-suburban and city fringe zones for 2000 and 2010, probably dbheho
population density and growing car use in these urban areas (M2@14).

Figure 2 illustrates the spatial distribution of socio-ecoicadisadvantage for
the sub-district geography in Beijimg 2010. It shows that geographic variation of the
proportions of migrants, very young children (0-4 years), ttergl & 65 years) and
the rate of unemploymems evident across Beijing. For instance, clustering of sub-
districts with a high proportion of migrants and very youndgdchn are mainly located
in the inner-suburban zone, where work opportunities exist and hoissinmgpie
affordable than the central urban zone. In contrast, teeofatnemployment is higin

in the outer-suburban and city fringe zones, particularly in westejim@

[Figure 2 about here]

Social Distribution of Air Pollution for 2000 and 2010
On the basis of air pollution and population census dataystaenvestigate the

social distribution oPM. s concentration by hukou status in Beijing for 2000 and 2010
We define migrants as residents who departed from theinatiregistered residence
more than six months ago, and who now live in a differezat away from their original
registered residence, without local hukou. Figdiustrates the distribution Mz 5
concentration for migrants in 2000 and 2010. All deciles by hukouiexge breaches

of China’s limit value for PMz s concentration of 3ag/m?, although those with a high
proportion of migrants experience more extreme exceedance2000gattern shows

a steady increase M2 5 concentration as the percentage of migrants increases. The
sub-districts where most migrants are resident have an lamwvesage PM.s

concentration of 68.4g/m?in 2000 (D10), compared to 41.§/m? for the sub-districts

14



where the majority are local residents (DIhus areas with a high proportion of
migrants tend to experience a high level of air pollutadfinding consistent with prior
studies that show the disadvantaged migrant group perceiveerhigvels of

environmental hazard than local residents for Beijing (Gieal. 2013; Ma et al. 2017

[Figure 3 about here]

By 2010, many groups experience a significant increaB#liy concentration
The sub-districts where the majority are local resident3 €Rperience the least serious
air pollution, with an annual averagdl..s concentration of 48.bg/m? in 2010, and a
marginal decline in air quality from 2000. In contrast, mosthefother sub-districts
experience a significant decline in air quality, inclgdithose with thehigher
percentage of migrants whdP®l» s concentrations are at least double the annual limit
value of 35ug/m? (more than 7mg/m? for D6-D10). These data display a clear social
gradient in air pollution in the Beijing metropolis, with migtaitending to be resident
in the most polluted areas.

Figure 4 shows that there are significant variationBNf2 s concentrations for
very young children (aged 0-4 years) in 2000 and 2010. Eoiled with a high
proportion of very young children the mefail, s concentration is 66,89/m?* in 2000,
well above that of thefew very youngchildren’ sub-districts (D1 has the fewest
children aged 0-4, and a mean annB&2 s concentration of 42.7Zg/m? in 2000),
indicating that very young children are likely to residénighly polluted sub-districts.
This general pattern is repeated for 2@4i€h a notable increase B> s concentration
(e.g. D9 increases by 24%, from 61.5 to 7agm?, 2000-2010), and a rising

prevalence of very young children is associated with hiBiMers concentrations. This
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might suggest that, with the relaxation of hukou system in Beay2010, very young
children are more likely to live with their adult pareintshe more polluted urban areas
(Figure 2) where work opportunities exist and housing is moferdable. A
consequence of this demographic process is that very youfldreohiwho are
particularly vulnerable to air pollution, will experiendeclining air quality and rising
health impacts. It might then be anticipated that cugrgambposed relaxations of the

hukou system might exacerbate this problem.

[Figure 4 about here]

Figure 5 shows the PM distribution of the elderly (aged 65 years and apove
for 2000 and 2010. The general pattern of the elderly is simildratoof very young
children (aged 0-4 years), that is, areas with a high propaofithe elderly also have
a much higher mean annual Pitoncentration compared with thfew elders sub-
districts. However, in 2010, the social gradient becomes steelper, where the higher
deciles experience increasingly large riseBMp s (e.g. D8 rises b$8%, from 66.9 to
78.7 ug/m3, 2000-2010), with one decile (D1) experiencing a marginal incréase,
47.6 ug/m3 to 49.3ug/md. Furthermore, in 2000 annual average concentrations in the
sub-districts with the highest proportion of the elderly (b§@3% above that of those
districts with few elders (D1), rising to 59% in 2010. This eas growing

environmental inequality in Beijing over the decade.

[Figure 5 about here]
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Similar age based inequality in air quality (B@as first described by Mitchell
and Dorling (2003) for the UK, with the age-gradients being intexgnet the context
of established patterns of rural-urban migration. As people in thagékhey tend to
befirst exposed to relatively high air pollution levels, as birtesat urban areas tend
to be above that of the population as a whole. Very yourdyehiin the UK experience
above average exposure, as couples tend to have childiies mnore polluted urban
areas for work opportunities. The children-exposure patterns fiand3are remarkably
similar. However, a key difference exists for the elderly betwlenMitchell and
Dorling age analysis of the UK, and our observations for BeijingmRhe midlife
(>45 years) onwards exposure levels fall in the UK, reackieg lowest levels
amongst the elderly who are most likely to live furthesayfrom the centres of
pollution. In contrast, the elderl§5 years) in Beijing tend to be resident in the more
polluted urban areas (Figure 2), similar to the exposuterpgor very young children
(aged 0-4 yeajsThis may be due to a combinationfina’s one-child policy (1979-
2016) that affects household structure, and very high housing pmid&sijing that
affect household location. Many of the elgidive with the extended family, providing
child care for their grandchildren and receiving support fronn dinéldren (Cong and
Silverstein 2012) with the family resident in the (more pollutetdan areas for access
to work by the adult children.

Moreover, we use unemployment (distinct from economicakitive) as an
indicator of lack of economic power, and hence disadvant&ggure 6 shows that in
2000 air pollution falls as the rate of unemployment rises. i§Hikely because sub-
districts with a high rate of unemployment in 2000 arettxtanainly in the urban
fringe zone of Beijing, such as Miyun and Huairou to thélmand Mentougou to the

west, where industry was less prevalent and air quality catmpely good (Figure 1)
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(D1 unemployment rate is 6%, D101i8%). However, by 2010, the pattern changes
significantly, with the worst air quality now coincident wittreas of highest
unemployment (D1 unemployment rate is 2%, D100%0). D10, with the highest
unemployment rate has a mean anfMi s concentration of 42,0g/m? in 2000, rising
by 48% to 62.3ug/m® in 2010. In contrast, D1, with the lowest unemployment rate

experienced a 20 reduction from 59.4g/m? to 53.3ug/md.

[Figure 6 about here]

This changing pattern is rooted in the economic restrugtuaimd industry
decentralisation that has been a common feature aofe€hicitiesince the 1980°s,
including Beijing. Historically, the urban centre has been dated by industrial and
administrative functions, with workers housed close to virRanwei compounds.
The rise of the tertiary sector, with many services jobs inghtte (commercial, office,
retail) displaced the traditional industrial base, which suburldmiseapitalise on the
land value of their central location, and which wereoemaged to relocate by the city
government due to the pollution created. As the tradhtiavork unit began to dissolve,
and workers were no longer tied to their Danwei housing, theepso of
suburbanisation was further fuelled, with the old run-down Danwei hgusin
increasingly swept away to be replaced by tertiary ecanaativities and expensive
luxury housing (Wang and Chai 2009). Thus employment opportsihiiee been good
in the central urban districts where tertiary growth hasnbstong, and low
unemployment rates are associated with improved air qualltgwing industry
suburbanisation (evident in D1 of Figure 6). The suburban districesdxperienced

a reduction in unemployment following industrial suburbanisatibut also a
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substantial increase M s concentration. These data illustrate the trade-off betwee
economic development and environmental pollution in Chasawell as the more
complex nonlinear relationship between economy (as urmgmmeint) and air quality
at the sub-district scale in Beijing (Bailey et al. 2018).

Table 2 presents the changes in anRMd s concentration by socio-economic
disadvantage over 2000-2010. While almost all groups (except Duhéonployment
rate) experience an absolute decline in air qualt®10, the relative changes vary
across different socio-economic groups. For instance, decilesaidtwer proportion
of migrants and very young children (eld) experience a greater share of declines in
air quality over the decade, while the decile with the highast of unemployment
(D10) experiencea significant increase (more than 48%) PM. s concentration by
2010. These data suggest that the relationships between theadisggd socio-

economic groups and air pollutioRN/z.s) are not simple linear relationships.

[Table 2 about here]

Statistical Modelling Analysis

Estimation results from OLS and SEM in 2000 and 2010 are reportédhie 3
Despite global spatial smoothness in air pollution being cagtoy polynomial terms
of coordinates of sub-district centroids and the distancéyt@entre variable, spatial
auto-correlation in the residuals of the OLS model is fouhe &tatistically significant,
as evidenced by a Moran’s I statistic of 0.344 with a p-value < 0.001 in 2000A
likelihood-ratio test also supports that the SEM significantly outperforn® i@hdels
in 2010 (Table 3). Moreover, statistical inferences between QIESSEM differ

substantially for a few variables due to the reldyiviarge spatial auto-correlation
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effects indicated by large magnitudescoh both census years. We therefore discuss
environmental inequality and its temporal dynamics basedtonates from SEM over

2000-2010.

[Table 3 about here]

In 2000, it shows that the proportion of migrants is positively gs®sacwith
air pollution (with a significance level of 5%), indicatisgb-districts with higher
proportions of migrants tend to experience, ceteris paribus, highaoliaition in the
outer-suburban zone (Zone 3, the base category). Howevemténaction terms
between zonal dummy variables and migrant variable showhiaahigrant-pollution
association in the inner-suburban zone (Zone 2) differs sigrtiffctom that in the
outer-suburban zone, while the central urban zone (Zone 1) andruyfy fione (Zone
4) do not. This suggests that environmental inequality for migjeasts in Beijing in
2000. For 2010, the estimatsmigrant and its interaction terms with zonal variables
remain consistent with that in 2000, with a key difference gpamincrease in the
magnitude of the pollution-migrant association in the cityge zone.

The proportion of very young children is positively and statiiyica
significantly associated with air pollution in the outer-suburbamezin 2000. The
magnitude of the association witnesses a substantial deoreéhsecentral urban zone,
reaching about -0.11, which is not statistically significadifferentiated from zeroyf
equal to 0.098 with a p-value of 0.755). A statistically sigaifitnegative association
between the distributions of pollution and the elderly is founthe outer-suburban
zone in 2000, suggesting that sub-districts with higher proportiortsedéitierly are

associated with lower air pollution. However, temporal changeenvironmental
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inequality of air pollution are evident over 2000-2010. Foraimse, the coefficient of
proportion of the elderly becomes positive in 2010 from negativé000 (both
statistically significant), suggesting the elderly experiemcksproportionate share of
air pollution in the outer-suburban zone by 2010. By angelahese results show
spatio-temporal variations in environmental inequality tfoe disadvantaged social
groups across Beijing.

As shown in Table 3, there are clear global spatial pattarthe distribution of
air pollution in Beijing as indicated by the statisticalgnificant polynomial terms of
geo-coordinates of sub-districts in both years. These termpaaigally control for the
global smoothness of model-based derivations of air paliud&ta. Also, there is a
significant negative pollution gradient when moving away fribia city centre of
Beijing. Economic structure (manufacturing employment priqgas) becomes
significantly negativly associated with air pollution in 2010, which is likely due to
Beijing’s industrial policies initiated from the late 1990s, forcing most manufacturing
factories to move out of the central urban zone andadglegheir production technology,

to welcome the 2008 Beijing Olympic Gas{Schoolman and Ma 2012).

Discussion and Conclusions

The study presenta Chinese urban environmental inequality analysis based on
observed environmental quality, and includes a temporalrdiime. Our modelling
results reveal that clear environmental inequalitiestexith respect to hukou migrant
status, and age, whilst inequalities are not statisticallyfgignt for the unemployed.
Results also emphasise the spatial and temporal variationgiaranental inequality.
Spatially, environmental inequality for the disadvantagedial groups, including

migrants, children and the elderly, differ between diffectty zones of Beijing, calling
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for a local perspective of environmental inequality redearthis corroborates the
study by Bailey et al (2018), who argue that variant patt#resvironmental inequality
in different areas are likely to be driven by differential and economic processes.
Temporally, the associations between air pollution and sdermbgraphics and their
geographic patterns could change significantly over tameagported in prior studies
(Buzzelli et al. 2003Laurian and Funderburg 2014).

In 2000, migrants without a Beijing hukou and the elderly expegid?Vbs
concentrations that are higher than in areas with the fewest migoants and elders
In air quality exposure terms, the unemployed tenexfmerience better air quality in
2000, due to their more frequent suburban location. Beijing expess major
economic and demographic changes from 2000-2010, a period ithaie quality
declines substantially (c. 20% average increase in annuabavekd s concentration)
Environmental inequality increases for hukou status and thelyel@eeas of high
migrant and elder prevalence have particulate concemtratiabout 60% higher than
low prevalence areas), whilst the gradient for unemploymeverses, with areas of
highest unemployment now experiencing 22Nevels about 17% above those of low
unemployment areas.

These results are interpreted in the context of refonaishiave taken place as
China moves from a centrally planned, to a market econ&egnomic development,
transportation and housing construction are intertwined with et¢her in a region
(Kruize et al. 2007). The capitalisation of land value mizg urban areas has resulted
in shift of the more polluting industries out of the centreahe suburbs (Zhao et al.
2014). At the same time, housing reform, including the relaxatitredanwei system
has seen a dissolving of the tight spatial bonds of home and evedting a residential

property market, a population that commutes further and isiaglg by car, and
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residential sorting of households by economic power. Lankehatynamicscan
induce greater environmental pollution and disproportioeaéronmental impacts, as
market mechanisms tend to locate pollution sources in poghlmmirhoods and
concentrate the disadvantaged social groups in more poditead (Buzzelli et al. 2003;
Laurian 2008; Slater and Pedersen 2009

These processes are consistent with the observations of envitahmen
inequality by age. These are remarkably similar to obilehir quality observations for
the UK, with a process of urban-rural transition evident. That ipromess of
demographic churn in which young adults move to the moteited urban locations
for work and education opportunities, and later start a fafilig notable difference is
with respect to the elderly, who in Beijing experience gheatest levels of exposure
in contrast to the UK where the elderly tend to resideléaner rural and suburban
locations. This difference may be duedisina’s onechild population policy and very
high housing price in Beijing, that causes more of thegite live with their working
age children in urban locations, to care for grandchildren amavescare.

Our temporal analysis develops the understanding of tlatioreship of
environmental inequality to environmental quality. It@nparable UK air quality
analysis, Mitchell et al (2015) found that air quality improventemded to occur where
more affluent groups lived, whilst the more deprived gsagpded to experience most
of any air quality deterioration. In Beijing, environmdnteequality increases for the
disadvantaged social groups, such as migrants and the elderl{2000-2010. With
air pollution policy interventions such as more stringafticle and industrial emission
regulations, as well as relocation of power stations ijinfgethe environmental quality
will improve and the environmental inequality might increase, ‘@ood” environment

is mostly captured by the affluent (Ma et al. 20k begin to see the possible
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emergence of a common pattern linking environmental inequatity changing
environmental quality. There is of course a judgementrthat be made as to where
the problem lies, and what is more importaefjuity or environmental quality? A very
clean environment implies little problem on either count, whitgtossly polluted one
such as we see in Beijing means environmental aiganay justifiably be prioritised
over equity concerns so as to lower disease burden. The greatgsdlities are likely
to occurat the transition between ‘good and bad’ environmental quality, and it is here
that policy makers must decide whether to focus on enwieot and health, or
environment and health ‘for all’. However, to date, no such discourse is evident in
China’s environmental policy discussion, where the topic of environmental inequality
has just started to emerge.

While this research provides a distributional spatio-temlpanalysis of
environmental inequality in Beijing, it does not reveal thechanisms that lead to
higher pollution in some particular areas and establishsdcaprocesses of
environmental inequality (Hockman and Morris 19B8acon and Baxter 2013). Under
the ecological analysis framework and without individuabiity information, it is not
possibleto disentangle potential causal competing mechanisms &t interest,
particularly discriminatory siting of undesirable polhsteversus market sorting
mechanisms that see disadvantaged groups disproportioeapelged following their
movement into polluted areas for cheaper housing and egpé&rtunities, and/or the
movement away of the more affluent (Pastor et al. 20l@haRdson et al. 2010; Depro
et al. 2015%. Due to data limitations, we use sub-district lelR®&l, 5 concentration to
approximate air pollution exposure of populations, and the heafiacts of such
environmental risks has not been investigated, a commaileche in prior

environmental inequality studies (Lakes et al. 2014; Laurian 2008).
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Understanding how such questions are addressed in China presents an
interesting avenue for further research. Other research queassociated with our
analysis include: extending the analysis to other Chicdis to test whether the
patterns observed in Beijing over space and time can alsed; confirming the
role of the demographic, economic, housing and transpadiggbnd trends on the
observed environmental inequalities; linking environmentalguralities to health
outcome data to better understand what drives health inégsiaht Beijing; and
developing the understanding of those other factors relatagktand disadvantage that
contribute further to health inequality. Finally, we ndtattin much environmental
inequalities research, the most exposed yet least abieid pollution (children, the
poor) contribute least to that pollution (e.g. Mitchell andlibg 2003). We suspect
this holds true for Beijing, but such a state of affairs, often tsadpport claims of

environmental injustice, remains to be tested.
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Table 1. Descriptions of variables used in the study.

Variable names

Definition

Distance to city centre

Population density
Percent migrants
Percent children

Percent the elderly

Percent
manufacturing
employment
Unemployment rate
Percent crowd
housing

Zone 1

Zone 2
Zone 3
Zone 4

Easting
Northing

Distances of each sub-district (centroid) to city centre (km)
Population density of each sub-district (1000 persons / km?2)
Proportion of the total number of migrants in a sub-district
Proportion of the total number of children (0-4 years) in a sub-
district

Proportion of the total number of the elderly ( > 65) in a sub-
district

Proportion of the total number of people employed in
manufacturing (e.g. steel, textile, chemistry) industries in a sub-
district

Proportion of the unemployed in a sub-district

Proportion of people with a small house (housing area per capita
<12 m?) in a sub-district

Central urban zone, including Dongcheng and Xicheng districts
Inner-suburban zone, including Haidian, Chaoyang, Fengtai and
Shijingshan districts

Outer-suburban zone, including Fangshan, Daxing, Tongzhou,
Shunyi and Changping districts

City fringe zone, including Mentougou, Yanqing, Huairou, Miyun
and Pinggu districts

X-coordinate of the centroid of a sub-district

Y-coordinate of the centroid of a sub-district
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Table 2. Change in annual PMzs concentration by social-economic groups, 2000-
2010.

Migrant Children The elderly ;Jari(;mployment
Equal Absolut  Relative Absolut Relative Absolut Relative Absolut Relative
population echange change echange change echange change echange change
decile (ug/m3) (%) (ug/m3) (%) (ug/m3) (%) (ug/m3) (%)
1 6.9 16.6 7.4 17.3 1.7 3.6 -6.1 -10.2
2 19.7 42.2 17.2 34.3 16.8 36.9 8.8 15.8
3 18.3 33.8 11.8 20.3 15.3 29.8 9.6 16.1
4 9.1 14.4 14.2 24.9 22.0 42.4 12.2 21.8
5 7.9 12.7 10.7 16.9 16.6 27.9 9.9 18.0
6 13.5 209 11.5 18.4 8.7 13.3 12.9 23.2
7 11.0 16.3 12.4 19.2 11.7 18.1 17.2 32.9
8 11.3 17.0 139 22.2 11.8 17.6 13.8 26.5
9 8.9 13.3 14.9 24.2 9.4 13.5 13.4 25.8
10 6.7 9.7 8.4 12.5 9.8 14.3 20.3 48.4
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Table 3. Model estimation results for 2000 and 2010.

Year 2000 Year 2010
OLS SEM OLS SEM

Intercept -0.262™ -0.448™  -0.129"  -0.224"
Distance to city centre -0.42* -0.845" -0.561" -0.855™
Population density 0.122™ 0.017 0.147* 0.039"
Percent migrants 0.218™ 0.116™  0.062 0.122*
Percent children 0.076 0.860"  0.063 -0.127"
Percent the elderly -0.263™ -0.183"  0.065 0.219*
Percent manufacturing employment 0.083" 0.023 -0.108" -0.111™
Percent unemployed -0.045 -0.013 -0.021 -0.01
Percent crowd housing 0.07* 0.017 0.008 0.038
Zone 1 x Percent migrants -0.204 -0.106 -0.052 -0.097
Zone 2 x Percent migrants -0.094 -0.162™  -0.077 -0.141
Zone 4 x Percent migrants -0.298 -0.073 1.021° 1.17*
Zone 1 x Percent children -0.104 -0.871"  -0.106 0.121
Zone 2 x Percent children -1.377 -0.445 0.146 0.247*
Zone 4 x Percent children -0.026 0.713 -0.248 -0.405
Zone 1 x Percent the elderly 0.22 0.163" -0.016 -0.1917
Zone 2 x Percent the elderly 0.269™ 0.169"  -0.168 -0.26™
Zone 4 x Percent the elderly 0.472 -0.040 0.092 -0.046
Zone 1 x Percent unemployed -0.026 -0.009 0.018 -0.009
Zone 2 x Percent unemployed -0.050 -0.018 -0.008 -0.003
Zone 4 x Percent unemployed 0.041 0.000 -0.006 0.011
Zone 1 0.561™ 0.044 -0.135 0.035
Zone 2 0.179 0.131 0.204" 0.179
Zone 4 0.158 0.128 0.447*  0.55"
Easting squared 0.342* 0.282™  0.423™ 0.403™
Easting -0.074 0.105 0.031 0.088
Northing squared -0.506™ -0.585"  -0.477"  -0.44™
Northing 0.066" 0.189"  0.126™  0.19*
Easting x Northing 0.083™ -0.114*  -0.062" -0.063
A 0.943" 0.861™
G? 0.088 0.034 0.1 0.04
AIC 197.5 8.345 200.5 11.89

Note: the symbols “*” and “**” represent significance levels of 10% and 5%,

respectively.
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Figure 1. Spatial distribution of the annual averageBlbbncentration of Beijing’s
sub-districts in 2000 and 2010.
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Figure 3. Annual average P by decile of percentage of migrants for 2000 and
2010. Percentage of migrants is sorted in ascending order.
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Figure 4. Annual average P by decile of percentage of very young childrer(0-
years) for 2000 and 2010. Percentage of children is sorted in ascending order.
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Figure5. Annual average P by decile of percentage of the eldeey6b years) for
2000 and 2010. Percentage of the elderly is sorted in ascending order.
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Figure 6. Annual mean Pls by decile of unemployment rate. Unemployment rate is
sorted in ascending order.
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