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Abstract: In previous studies, planners have debated extensively whether compact development can
improve air quality in urban areas. Most of them estimated pollution exposure with stationary census
data that linked exposures solely to residential locations, therefore overlooking residents’ space–time
inhalation of air pollutants. In this study, we conducted an air pollution exposure assessment by
scrutinizing one-hour resolution population distribution maps derived from hourly smartphone data
and air pollutant concentrations derived from inverse distance weighted interpolation. We selected
Wuhan as the study area and used Pearson correlation analysis to explore the effect of compactness
on population-weighted concentrations. The results showed that even if a compact urban form
helps to reduce pollution concentrations by decreasing vehicle traveling miles and tailpipe emissions,
higher levels of building density and floor area ratios may increase population-weighted exposure.
With regard to downtown areas with high population density, compact development may locate
more people in areas with excessive air pollution. In all, reducing density in urban public centers and
developing a polycentric urban structure may aid in the improvement of air quality in cities with
compact urban forms.

Keywords: urban form; air pollution; big data; smartphone; China

1. Introduction

Air pollution has become an immense threat to public health worldwide, because it
may cause cardiovascular and respiratory diseases and mortality [1–3]. Vehicle emissions
have gradually become a main source of air pollution in urban areas [4]; thus, some studies
have explored the association between urban form and air quality. Some researchers have
advocated for compact development (urban form with high density, mixed land use, and
better accessibility), because a compact urban form may reduce trip distance and make
transit more accessible, thereby reducing vehicle miles traveled (VMT) [5,6]. For example,
Bartholomew et al. [7] developed a regional VMT model based on planning scenarios in
18 metropolitan areas in the United States, and they predicted that if compact growth
scenarios were utilized, they could reduce VMT in 2050 by 17%. A case study in Beijing,
China, also showed that compact development with high-density land use may reduce
the probability of long-distance commuting [8]. Therefore, it is assumed that compact
urban forms may lead to fewer VMTs, thus reducing vehicle emissions and pollution
concentrations [9,10]. However, other studies argued that compact development may
bring more pollution sources, greater traffic congestion, and higher concentrations of
air pollutants, thus reducing air quality [11,12]. In addition, a compact urban form may
cause urban heat island effects, and higher air temperature promotes the formation of
O3 (ozone) [13,14]. Schweitzer et al. [9] measured pollution exposure with a metric of
population-weighted concentration and found that a compact urban form is negatively
correlated with air quality, because it may locate more people in areas with poor air quality.
Yuan et al. [15] analyzed air pollution in 157 Chinese cities, and they found that population
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density is negatively associated with population-weighted concentrations. Hence, there
are still some debates on whether compact development helps to improve air quality.

Addressing the question is made even more challenging by the fact that most people
spend their time in different locations with different levels of air pollutants; this introduces
an incorrect evaluation of pollution exposures based on static census data [16]. Air pollution
concentrations in a point may change dynamically because air pollutants may disperse and
react [17]. There exist spatial variations of air pollutant concentrations in different areas in
a city [18,19], and people living or working in different areas may inhale different amounts
of air pollution [20]. The lack of accurate information on actual pollution exposure levels
indicates a need for using more advanced technology. Previous epidemiological studies
used data from smartphones with GPS devices to track people’s mobility and evaluate air
pollution exposure [21–23]. Smartphone data were also used to examine the association
between compact development and pollution exposure levels, which helped to address the
question in this study more accurately. To the best of our knowledge, only limited studies
have previously addressed this issue.

This study used data from a location-based service (LBS) to identify population
densities in space–time coupled with hourly data of air pollutant concentration for the
assessment of population-weighted concentrations to examine the effect of urban form on
pollution exposure levels. Wuhan, China, was selected as the study area. Vehicle emissions
have become a significant source of air pollution in China [4,24], and urban forms in China
are much more compact than those in developed countries [25]. Exploring the relationship
between compact development and air pollution exposure levels in Chinese cities may pro-
vide important insights for effective policy for urban planning and development. Through
the use of refined exposure estimation with a finer spatial and temporal resolution than
research based routinely on census data, this study endeavors to address the relationships
between compact development and air pollution exposure in Wuhan.

Literature Review

Some studies showed that compact developments can reduce vehicle emissions, be-
cause compact urban forms may increase walking and bus riding and reduce vehicle
traveling distances [5,6,26]. Urban simulation models have also been used to assess the
impacts of urban form on vehicle emissions, and some results showed that compact de-
velopment scenarios may reduce vehicle emissions [27–29]. However, it is not enough to
answer the question with only this kind of “bottom-up” model. Air pollutants do not stay
in the same place, and air pollution concentrations may change dynamically.

Some empirical studies have used data from pollution ground-monitoring stations
to answer the question. On the one hand, some studies advocated for compact develop-
ment [10,30,31]. For example, Bereitschaft et al. [32] examined the relationship between
urban form and air pollution exposure levels in the United States. The results showed that
every 25 SGA sprawl index increase reduced 2.8 ppb O3 and 1.0 µg/m3 PM2.5, because
compact urban forms may reduce automobile use and air pollution concentrations. An
empirical study of 287 cities in China suggested that an urban compactness ratio was nega-
tively associated with 20.56 and 0.54 of NO2 (nitrogen dioxide) and SO2 (sulfur dioxide)
column density, respectively, because a more compact urban form may improve indus-
trial efficiency and reduce the amount of traffic [33]. On the other hand, some studies
argued that compact development can cause even higher pollution concentrations [11,12].
For example, empirical evidence from Korea showed no significant impact of compact
development on air quality [17]. Liu et al. [34] found that one land compactness may
increase 0.47 AOD/PM10 (particulate matter 10) with data from 30 Chinese cities, because
emissions of PM are generally higher in high-density cities due to increased heating and
transportation. In addition, pollution exposure levels should consider concentration and
population distribution simultaneously, which is closely related to public respiratory health.
However, the abovementioned studies mainly focused on concentrations of air pollutants,
and neglected the spatial variability of population within the city.
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Other studies have used population census data and pollutant concentration data to
measure pollution exposure. For example, Schweitzer et al. [9] examined neighborhood
population-weighted concentrations in 80 metropolitan areas in the United States, and
the results showed that PM2.5 (particulate matter 2.5) and O3 exposures were higher in
compact regions (1 st.d sprawl index with 5.56 O3 exposures and 6.61 PM2.5 exposures).
A scenario modeling study in Xiamen, China, showed that compact development may
reduce the total amount of vehicle emissions, but it increased about 7% of population-
weighted exposures [35]. This is because people moved away from high-pollution areas in
the low-density scenario, whereas people gathered within areas of the highest pollution
concentrations in the compact scenario. However, these studies did not consider time–
activity patterns of the population and assumed that people stay home and inhale invariant
concentrations of pollutants. The assessment based on residential census data could not
reflect the actual pollution exposure [16], and the results of the association between urban
form and pollution exposure levels may be biased. This study addresses this limitation
by scrutinizing an hourly population distribution map based on LBS data with pollution
concentration data to examine the relationship between compact development and air
pollution exposure. Some previous epidemiological studies used population distribution
data derived from mobile phones to assess population exposures [16,36], supporting the
feasibility of our study.

2. Data and Methodology
2.1. Study Area

Wuhan is the capital of Hubei Province, China, and the population is about 10 million.
With an increasing number of private cars in Wuhan (1 million vehicles in 2010—3.5 million
in 2020), vehicle emissions have become a major source of air pollution. The downtown
area of Wuhan (about 410 km2 with about 4 million people, about 10,000 persons/km2)
was selected as the study area (Figure 1). Most of downtown Wuhan consists of built-up
areas of varying densities, and the planning management unit (PMU) was regarded as
the unit of analysis. PMU is the unit for regulatory detailed planning (such as zoning)
developed by the Wuhan urban planning department. In total, there were 519 PMUs in
downtown Wuhan, and the area of PMUs ranged from 0.05 square kilometers (km2) to
6.85 km2, with a mean value of 0.79 km2.
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2.2. Data

Air pollution exposure assessment was conducted for the population in each PMU
of downtown Wuhan with hourly population distribution data and hourly air pollutant
concentration data. One-hour resolution population distribution maps were derived from
smartphone LBS data, and one-hour air pollutant concentration maps were derived from
inverse distance weighted (IDW) interpolation with ground monitoring data. Dynamic
population density and air pollutant concentration were then matched at the corresponding
time and location; this helped to overcome the limitations of estimation based on stationary
census data that link exposures solely to residential locations.

Smartphone LBS data was collected from Jiguang, a big data platform company, and
the data included individuals’ locations within Wuhan from Monday, 17 April 2017, to
Sunday, 23 April 2017. When a mobile user was using any LBS app (such as QQ or Weixin),
the Jiguang database collected the user’s GPS location immediately. In addition, the user’s
GPS location is sent to the database periodically when any app using LBS is running. In
total, about 2.8 million people were tracked during the week for their position within
Wuhan, with a time resolution of one hour, and mapped over the map of PMUs. For each
user, the PMU where he or she most frequently used LBS during the nighttime (21:00–7:00)
and on weekends was regarded as a residential place, and the PMU where he or she most
frequently used LBS during the daytime (10:00–17:00) on weekdays was regarded as an
employment place. The total residential population and total employment population in
each PMU were summed up, and the residential density and employment density for each
PMU were calculated. The study identified PMUs with the top 25% density as high-density
residential units and high-density employment units. As shown in Figure 2a,b, most of
high-density residential units were located within the first ring road, and high-density
employment units were almost entirely located within the first and second ring roads.

In order to measure long-term air pollution exposure with different weather con-
ditions, concentrations of PM2.5, PM10, NO2, CO, O3, and SO2 from nine national air
pollution monitoring points within or near downtown Wuhan with a resolution of an hour
were collected during the whole year of 2017. Annual average concentrations of PM2.5
(53 µg/m3) and PM10 (88 µg/m3) were over the national air quality standard (35 µg/m3

and 50 µg/m3), and the values of other pollutants were below the threshold. Hence, air
pollution exposures of PM2.5 and PM10 were measured in this study. We excluded the
period with unusual commuting patterns on public holidays (weekends, New Year’s Day,
Spring Festival, Tomb Sweeping Day, Labor Day, Dragon Boat Festival, National Day, and
Mid-Autumn Festival), and hourly average PM2.5 and PM10 concentrations for each of the
nine monitoring points on 250 working days in 2017 were calculated. IDW interpolation
was used to calculate hourly concentrations for each PMU with data from nine monitoring
points during the period from 6:00 to 21:00.

2.3. Exposure Assessment and Compactness Measures

Hourly average population density data and hourly average pollution concentration
data matched in time and space. As shown in Equation (1), we measured air pollution
exposure with a population-weighted metric, and it considered hourly population density,
hourly air pollution concentration, and air quality standards [9]. The hourly exposure
in each PMU was calculated first by multiplying the corresponding population density
and air pollution concentration, and then hourly exposures during the study period were
added. If the hourly concentration was below the threshold value for the air quality
standard, we assumed that its health impact was negligible and the exposure level was
zero (Equation (2)). Last, the final air pollution exposure was calculated as the log of the
result plus one, both to normalize the variables’ distribution and to eliminate zeros.

Ei = log (∑t Pit × C′it + 1) (1)
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C′it =
{

Cit, Cit > s
0, else

(2)

where Ei is the air pollution exposure in PMU i, Pit (persons/km2) is the hourly population
density of PMU i in the hour t, C′it and Cit (µg/m3) are the adjusted and original air
pollution concentrations of PMU i in the hour t, respectively, and s is the threshold value
for the air quality standard. Exposures to PM2.5 and PM10 were calculated independently.
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Figure 2. Population density and urban form metrics.

GIS data for buildings within downtown Wuhan were collected, and building density
and floor-area ratio (FAR) were selected as urban form metrics to measure the compactness
of each PMU. FAR is calculated as the ratio between the gross floor area and land area in
each PMU. As shown in Figure 2c,d, PMUs within the first and second ring roads were
usually much more compact than the others. We used Pearson correlation analysis to
evaluate the effect of compactness on population density, pollution concentration, and
pollution exposure (population-weighted concentration), and used a spatial autocorrelation
analysis tool, Anselin Local Moran’s I for local indicator of spatial association (LISA), to
explore the spatial pattern of exposures.



Land 2021, 10, 504 6 of 14

3. Results
3.1. Population Density

With regard to the air pollution exposure assessment, there is a difference between
indoor and outdoor exposure. This study mainly addresses outdoor exposure, and LBS
data was used to track people who moved by foot, bike, bus, or car between different
PMUs in an hour. In particular, when a user was traveling from or to PMU a in hour t, he
or she was assumed to be outdoors and counted to compute the hourly population density
of PMU a in hour t. The time series for the total population outdoors in Wuhan derived
from LBS data during the sample week is shown in Figure 3a. A periodic traveling pattern
was observed on weekdays (Monday to Friday), and the diagram on weekends showed a
different curve. People may stay home or travel away from downtown Wuhan on holidays,
and the population activity maps on weekends or holidays are not in the scope of this
paper. On weekdays, high population density was found at morning rush hour (7:00 to
10:00), noon (12:00 to 13:00), and evening rush hour (17:00 to 20:00). Overnight (21:00–6:00),
most people spent their time at home, and the outdoor population density was much lower.
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The distribution maps of hourly average population density from 6:00 to 21:00 are
shown in Figure 4. Higher population densities were detected in the first ring road than in
the third ring road. Building density and FAR showed statistically significant correlations
with hourly population density, but r values changed in different areas. For all units in
downtown Wuhan, r values were over 0.6 (building density: 0.585–0.637, FAR: 0.739–0.768),
and the high-density urban form situated more people outdoors in compact areas.
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3.2. Air Pollution Concentration

Figure 3b,c show the hourly average PM2.5 and PM10 concentrations for each of the
nine monitoring points during the working days in 2017. Pollutant concentrations at each
monitoring site showed similar trends, and the curves had some relations with the hourly
values of population density. PM2.5 concentrations had slow increases from 24:00 to 10:00,
declined all the way to the minimum at 19:00, and then increased quickly to 24:00. PM10
concentrations declined gradually from 22:00 to 7:00, raised to a peak during the morning
rush hour, dropped to the minimum from 10:00 to 16:00, and surged to a maximum during
the evening rush hour. Two peak values of air pollution were probably related to the high
population densities during two rush hours, and the increases in pollutant concentrations
had a certain delay compared to population changes.

An example of hourly PM10 concentration maps derived from IDW interpolation is
shown in Figure 5. Air pollution varied with time and space, and hourly concentrations
were lower within the first ring road and higher within the third ring road. Annual
mean concentrations for each PMU during the study period were calculated for PM2.5 and
PM10 (Figure 6), and Pearson correlation analysis was performed for mean concentrations,
building density, and FAR (Table 1). For all units in downtown Wuhan, building density
and FAR were negatively associated with PM2.5 and PM10 concentrations. Higher r values
of PM2.5 were observed than values of PM10, which suggests that urban actives may
contribute a larger portion of PM2.5 pollutant sources compared to PM10. We further
analyzed the association in different areas. For high-density residential units and high-
density employment units, building density and FAR were negatively correlated with
PM2.5 and PM10 concentrations with higher r values. These results suggest that a more
compact urban form led to fewer emissions and lower concentrations of PM2.5 and PM10
in downtown Wuhan, and that this effect might be more obvious in high-density urban
centers. Correlation analysis was also conducted for the morning peak hour (7:00 to
10:00) and evening peak hour (17:00 to 20:00), and there were higher r values in the rush
hours than all day. In the morning, compact urban forms in urban centers may decrease
travelling distances and vehicle emissions from commuting people. In the evening rush
hour, travelling destinations and distances were diverse, and the effect of urban form on
PM2.5 concentration were a little smaller than that in the morning peak.

Table 1. Correlation between air pollution concentration, building density, and FAR.

Region Metrics
PM2.5 PM10

All Day Morning Peak Evening Peak All Day Morning Peak Evening Peak

All
Building density −0.199 ** −0.211 ** −0.197 ** −0.157 ** −0.173 ** −0.175 **

FAR −0.248 ** −0.282 ** −0.262 ** −0.157 ** −0.181 ** −0.237 **

High-density
residential units

Building density −0.355 ** −0.383 ** −0.326 ** −0.263 ** −0.308 ** −0.267 **
FAR −0.438 ** −0.492 ** −0.429 ** −0.279 ** −0.335 ** −0.347 **

High-density
employment units

Building density −0.253 ** −0.256 ** −0.214 * −0.201 * −0.251 ** −0.148
FAR −0.323 ** −0.364 ** −0.302 ** −0.181 * −0.241 ** −0.212 *

Note: * significant at 0.05 level, ** significant at 0.01 level.

3.3. Air Pollution Exposure

PM2.5 and PM10 exposures on working days of 2017 are shown in Figure 7a,b, and
strong variability of exposures was detected as an effect of a time–spatial shift in both
population density and pollutant concentrations. Exposures were generally higher within
the first ring road area than values in the second ring road area and third ring road area.
There was an exception of high exposures in the northeastern area of downtown Wuhan,
which may have been caused by industrial pollution from the nearby Wuhan Iron Factory.
High-density residential units and high-density employment units suffered from higher
PM2.5 and PM10 exposures than other areas. Air pollution exposures at the morning peak,
noon, and evening peak were also calculated and compared by paired sample T-tests. For
PM2.5, exposures at noon and the evening peak were higher than exposures in the morning
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peak. For PM10, exposures in the evening peak were higher than exposures at noon and
the morning peak.
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We used the LISA metric to further study the spatial distributions of PM2.5 and PM10
exposures. As shown in Figure 7c,d, high–high clusters (high exposure units surrounded
by high exposure units) were mostly located within the second ring road area, and low–low
clusters (low exposure units surrounded by low exposure units) were mainly located on the
fringe of the third ring road area. The main finding was that high–high clusters occurred
not only in high-density residential or employment areas but also in public centers of
downtown Wuhan. For example, Zone A is the Hankou Riverside Zone with integrated
commercial, entertainment, and tourism functions, and Zone B is a business and residential
zone with commercial, administrative, traffic hub, medical, and other public services.
Zone C is an administrative center of Hubei Province with many government agencies
located there; it has also become a commercial, business, and recreation center with the
development of large malls and office buildings. Zone D has been conceptualized as a
sub-center of downtown Wuhan, as proposed by the Wuhan planning department, and it
has achieved that goal with integrated functions of high-tech products trade, information
services, and other producer services. There is an exception in the low–low cluster of Zone
E within the second ring area, because this area (Wangjiadun Central Business District)
is still under construction. The above analysis suggests that excessively high population
density in urban public centers may increase the level of pollution exposure.

A correlation analysis between urban form and pollution exposures in different areas
was conducted (Table 2), and building density and FAR were positively correlated with
PM2.5 and PM10 exposures during the peak hour, noon, and all day. Although PM2.5 and
PM10 concentrations in compact areas were lower than those in less compact areas, compact
development increased the number of people exposed to excessive concentrations.

Table 2. Correlation between air pollution exposure, building density, and FAR.

Region Metrics
PM2.5 PM10

All Day Morning Peak Noon Evening Peak All Day Morning Peak Noon Evening Peak

All
Building density 0.650 ** 0.648 ** 0.640 ** 0.635 ** 0.651 ** 0.644 ** 0.642 ** 0.637 **

FAR 0.781 ** 0.782 ** 0.770 ** 0.767 ** 0.784 ** 0.780 ** 0.774 ** 0.769 **

High-density
residential units

Building density 0.426 ** 0.410 ** 0.462 ** 0.342 ** 0.440 ** 0.419 ** 0.477 ** 0.355 **
FAR 0.581 ** 0.607 ** 0.607 ** 0.477 ** 0.604 ** 0.625 ** 0.626 ** 0.495 **

High-density
employment units

Building density 0.304 ** 0.292 ** 0.297 ** 0.263 ** 0.311 ** 0.291 ** 0.308 ** 0.275 **
FAR 0.462 ** 0.500 ** 0.461 ** 0.396 ** 0.481 ** 0.511 ** 0.480 ** 0.411 **

Note: ** significant at 0.01 level.

4. Discussion

Our study in downtown Wuhan showed that even though air pollution concentration
may decrease in compact areas, population-weighted concentrations of PM2.5 and PM10
may increase. The result may be supported by a study on population exposure to air
pollution that emphasized the impact of mobile device-based mobility patterns [37]. A
micro-scale spatial–temporal study in Guangzhou showed that there were more signifi-
cant factors of urban forms (e.g., land use and centrality) on PM2.5 concentrations in the
evening [38], whereas our study showed that influences of compact urban forms on pollu-
tion exposures were quite similar for the morning peak and evening peak in Wuhan. Our
findings, based on hourly population density derived from LBS data, were consistent with
a previous bottom-up simulation study in China [35]. Compact urban forms may make
living places and working places closer, thus reducing trip distances and vehicle emissions.
In addition, compact urban forms may make transit more accessible and increase bus
sharing rates, for building density and FAR were significantly correlated with the density
of bus stations (0.664 **, 0.804 **). A case study in Nanjing showed that compact urban
centers with a high density of road networks, a perfect pedestrian system, and complete
life service facilities are usually walkable, but are vulnerable to air pollution [39]. People
who commute by foot, bicycle, or bus have significantly higher air pollution exposure
than those who commute by private car [40]. When concentrations of air pollutants are
over the air-quality standard (e.g., PM2.5 and PM10), areas with compact form may suffer
from higher levels of population-weighted concentrations, especially for walking and
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biking. A case study in Shanghai also showed negative effects of compact urban forms with
small blocks and dense road networks on respiratory health [41]. Hence, the advantage
of shorter trips, walkable streets, and accessible transits in compact areas may be offset
by the extremely high density of population and traffic. Both population distribution and
pollution concentration matter; hence, it is necessary to reduce pollution exposure through
a carefully planned urban structure. For downtown Wuhan, population density was quite
high, especially in the second ring road area, and development in surrounding new towns
may relieve people in the downtown area. In Figure 8, residential and employment den-
sities derived from the LBS data and annual PM2.5 concentration derived from satellite
data [42] in the Wuhan metropolitan area are shown. Zones A through G are planned as
new town groups in Wuhan city planning, and compact development in these areas may
have different effects on air pollution exposures. For example, moving people away from
the downtown area toward Zones B, C, and G would locate people in areas with better air
quality. However, compact development in Zones D and F may expose more people to
poor air quality.
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This study has several limitations. First, due to the lack of data availability, we
collected the LBS data of one week to reflect population maps of the whole year. Hourly
smartphone data of a longer time period should be gathered and applied to evaluate
hourly population density and population-weighted concentrations. Second, O3 has
gradually become a major pollutant in summer, and the different spatial distribution
between O3, PM2.5, and PM10 may yield different conclusions. We primarily considered
outdoor population to estimate pollution exposure. Although the time spent indoors was
much longer than the time spent outdoors, air pollution exposure based on traffic (especially
in the morning and evening rush hours) accounted for a large proportion of the total daily
pollution exposure of residents. Last, we did not account for the difference in pollution
exposure between different travel modes, which could lead to some biased estimates of
pollution exposure. Further studies could use mobility-based real-time assessment.

5. Conclusions

In previous studies, planners often debated whether compact development can im-
prove air quality. However, a consensus has not been reached yet, partly due to lack of
information on the relationships among urban form, time–space population distribution,
and pollution exposure. We assessed population-weighted concentrations in downtown
Wuhan using hourly population data derived from smartphone LBS data and hourly pol-
lution concentration derived from IDW interpolation. The results showed strong spatial
variability of PM2.5 and PM10 exposure as an effect of a time–spatial shift in both popu-
lation density and pollutant concentrations, and high exposures were usually clustered
in urban public center areas. Correlation analyses showed that even if compact develop-
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ment helped reduce air pollution concentrations by reducing trip distances and tailpipe
emissions, greater compactness increased the number of people exposed to and potentially
inhaling air pollutants in excessive concentrations. Therefore, it is necessary to reduce
building density and FAR in high-density urban centers and to develop a polycentric urban
structure to move people to places with better air quality.
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