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Abstract: Air quality is a major concern for the quality of life in high-density urban environments. In 
most dense urban areas of Hong Kong air quality in street level does not depend only on the air 
pollutant emission rate, but also on dispersion rate. Air pollution dispersion is also a result of the 
physical built form; Urban Morphology. The study postulates an association between urban morphology 
and air quality. This paper presents a model to explain this street level air pollution phenomenon; 
relationship between street level air pollutant concentration and the morphology of hyper dense 
residential environments in Hong Kong. This study investigated 20 different high-density urban 
residential areas in five districts of Hong Kong through field measurements and statistical analysis. Real 
time street level air pollutants, microclimatic data and 21 urban morphological attributes were 
identified and calculated geometrically for the statistical analysis. The findings revealed that only limited 
numbers of micro level morphological attributes are distinguishable for street level air pollution. The 
finding also validating the theoretical assumptions and the method developed to model the relationship 
among morphological attributes, microclimatic conditions and street level air pollution phenomena 
which will be useful for future urban design and planning considerations. 
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1. Introduction 

1.1. Air quality and the high density residential environment in Hong Kong 

According to the Environment Protection Department of Hong Kong (HKEPD), high usage of motor 
vehicle constitutes the biggest source of air pollution in Hong Kong (HKEPD 1997-2012). However, 
accumulated studies at the HKEPD show that street-level air pollutant concentration in downtown 
residential areas is almost as high as in the industrial areas (HKEPD 1997-2012). This phenomenon 
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indicates that sources of pollutant air may have never been the sole factor contributing to poor air 
quality in certain urban setting, and there must be other factors that also cause high level of air 
pollution in urban areas distant from major air polluting sources. Researchers have also for been 
suspecting that air pollution in urban settings is not only a function of the rate of emission but also that 
of air pollutant dispersion; and the movement of air pollutants generated by vehicle traffic could as well 
be influenced by the characteristics of a built-up area (De Haan et al., 2000; Mayer, 1999; Edussuriya et 
al., 2009).  The hyper dense residential environment of Hong Kong is quite unique whose fabric cannot 
be compared with most other cities in terms of population and development densities, building height 
and building volume, and intensity in land-use mix, and so on.  The unique structure of Hong Kong’s 
residential environment thus on the one hand has greatly increased peoples’ exposure to polluted air by 
concentrating considerable volume of vehicle traffic as well as population within a limited urban area; 
and on the other seems to have a direct or indirect impact on air pollutant concentration by everywhere 
creating closely-knit building walls that prevent airflow for dispersion polluted air. 

1.2. Physics of street level air pollution concentration 

Street level air pollutant concentration at a particular urban location (micro level) is the functions of two 
factors: rate of (vehicle) emission and rate of dispersion and dilution (Givoni, 1998; Hawkes et al.: 1998; 
Santamouris M, 2000; Edussuriya et al., 2005, 2009).   While the rate of emission normally depends on 
the sources of air pollutant, the rate of dispersion and dilution is governed primarily by a number of 
other factors.  In general, researches on urban atmospheric environment suggest a correlation between 
air pollution dispersion and the climatic conditions of a locality that include temperature, wind velocity 
& humidity, and similar factors (Coliani, 2001; Cuhadarouglu and Demirci 1997; Givoni, 1998; Hawkes et 
al., 1998; Marvroids and Griffiths, 2001). However, more recent studies indicate that both natural 
(topological features, vegetation etc.) and man-made (built forms) factors also tend to have a direct or 
indirect impact on urban microclimate, which in turn would affect the rate of dispersion and dilution of 
air pollutant (Givoni, 1998; Hawkes et al.: 1998; Santamouris M, 2000; HKPD, 2005; Edussuriya et al., 
2005, 2009, 2014). Therefore both urban morphological factors and micrometeorology seem to be 
sequentially related aspects that would impact on air pollution concentration or dispersion. 

Premise of this understanding the street level air pollution phenomenon in dense Hong 
Kong be considered as an “air quality box” (De Nevers, 2000, pp 120). For according to this 
model, an air quality box can be demarcated horizontally by compact land use surface 
obstacles (buildings) and vertically by tall buildings (walls up to roof level).  With reference to 
this ‘air quality box’, air pollution phenomenon below the roof level of a high-rise high-density 
environment can be distinguished from air pollution phenomenon above the roof level 
(ambient or background air pollution).  This tri-dimensional medium is also suggested by 
Adolphe (2001, pp 185) as a “porous medium with rigid skeleton”.  The concept distinguishes 
the climate above the roof level as ‘background conditions’ and that below the roof level as 
‘local conditions’ (Adoplhe, 2001; cited in Eernes, 1994).  The layer in-between the ground to 
roof level is referred to as “urban building canopy layer” and its air pollution phenomenon is 
defined as “street level air pollution” (Figure 1).  Since the unique urban profiles of Hong Kong 
have created pockets of such micro environments that tend to have their own microclimatic 
and air pollution conditions, modeling these micro environments as local air quality boxes 
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enabled this research study to link street level air pollution concentration to the morphological 
attributes of an urban locality, via the intermediate layer of microclimatic conditions. 

 
Figure 1: Urban building canopy layer & street level air pollution phenomenon 

1.3. The research study 

Previous researches have shown that air pollutant dispersion in the urban areas depends largely on 
microclimatic conditions within an urban building canopy layer (Chan et al. 2002; Cionco, R.M & Ellefsen, 
R, 1997; Hong, 1999; Marvroids and Griffiths, 2001; Ratti et al. 2000; Hawkes et al., 1998).  These studies 
indicate that air pollutant may get trapped and thus increase air pollutant concentration amidst urban 
structures (tall buildings). However, while attempting to link the movement of polluted air to the 
physical urban form at the macro level, these studies in general do not concern themselves in identifying 
urban physical built form factors at the micro level, which may prove crucial for studying of street-level 
air pollution in an urban environment like Hong Kong.  In what follows, this research investigated the 
relationship between urban physical built form attributes (urban morphology) and street level air 
pollution in high density residential environment of Hong Kong is reported.  The study starts with the 
search of a suitable approach to modeling the complex relationship between street level air pollution 
concentration, microclimate (micro-meteorology), and the morphological dimension of an urban 
locality, and proceeds to validate such a model through theoretical experiments and empirical analysis. 

2. Method of study 

2.1. Development of theoretical model 

Relevant previous study identified land-use and topography as two major attributes that would affect 
the air quality of six different urban forms (Dispersed/Compact etc.) (Newton et al. 2000).  Attempts 
have been also made to derive a mathematical model on urban morphology, and through laboratory 
and field experiments on air flow and transfer processes in the urban areas, to develop predictive tools 
for relating urban morphology and different building types at macro scale (Ratti et al. 2000).  However, 
no comprehensive studies have been done to identify morphological features that specifically 
impact/interact on street level air pollution phenomenon, which could be due to complexity of urban 
fabric at the micro scale. 
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Early work of this research developed a crude model postulating the relationship between street 
level air pollution, general and specific morphological factors such as geographical location, 
development density and built forms, and microclimatic conditions (Edussuriya et al. 2005). Findings and 
insights that emerged from the work informed development of a tighter theoretical model that 
postulates interactions between street level air pollution concentration and the most relevant causal 
factors (Figure 2).  Specifically the model identifies set of effective urban morphological attributes and 
micro-meteorology attributes/variables to be related to street level air quality under the urban building 
canopy layer of near field regimes (defined as a 200m x 200m urban grid; see discussions below). 
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Figure 2: Generic relationship model depicting street level air pollutant concentration of a place and the 
most relevant causal factors for Hong Kong 

2.2. Design of empirical studies 

2.2.1. Defining the near-field regime of study areas 

Assimilation of the spatial dimension of an urban fabric is fundamental to the monitoring of street level 
air pollution concentration in empirical studies.  Previous researches were to set the boundaries of a 
study area at certain scale range, typically in a 1km x 1km urban grid or a diameter of areas (Theurer, 
1999, Weber et al. 2001). Most of these ranges however were based on rules of thumb and are difficult 
to be used for measurement of street level air pollution in the hyper dense urban fabrics like in Hong 
Kong.  In contrast, the spatial field regime used by Santamouris (2000) for analysis of air pollutant effect 
suggests a more realistic range for the Hong Kong environment.  Accordingly air pollutant concentration 
of an urban location depends upon sources of emissions in intermediate field regime (range of few 
hundreds of meters) and near field regime (within location of tens of meters).  Air pollutant emissions 
from far field regime (distance beyond about 1 km) tend to have negligible or minimum impact on street 
level air pollutant concentration within a particular urban location due to their inability to reach that 
location, caused by surface obstacles such as a compact built form (Edussuriya et al., 2009).  With 
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references to these facts the near field regime of an urban location in this study is set as a 200m x 200m 
grid, with all concerned morphological variables obtained within that range only. 

2.2.2. Representation of morphological indicators 

The micro level morphological indicators for this study is based on parameters that are commonly used 
in the planning and design of residential developments. Although the near field regime is limited to a 
smaller urban fabric, there can be quite distinct variations in buildings or building blocks. As 
conventional urban planning and design parameters do not provide us with tools to represent these 
local variations for research purposes, to indicate the morphological attributes of a study area as a 
whole it necessary to measure the mean effects of morphological variations arising from its urban fabric. 
The morphological indicators used by Adolphe (2001) to analyze microclimate were based on the mean 
effects of a heterogeneous urban fabric.  Thus, this study also used such mean effects to represent the 
complex morphological variations exhibited in a study area and to link them to the street level air 
pollutant concentration of that area. To get the most representative values for a study area, the mean 
values (mean effect calculated by statistical mean value) of relevant building parameters were weighted 
either by plan area method or frontal area method depending on the situations (Weber et al. 2001, 
Grimmond & Oke, 1998). Therefore morphological heterogeneity of study areas can be minimized by 
this “weighted mean effect value” calculation. Out of many possible morphological attributes, most 
relevant and effective urban morphological attributes were tested in this empirical analysis (Table 1). 

Table 1: Key urban morphological variables describing street level air pollution concertation and urban 
microclimatic conditions 

Groups  Morphological Characteristics Morphological Variables / Attributes 
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A1 Land utilisation indicators Plan area density (λp) 

  Mineralisation factor 

A2 Land use intensity Indicators Wall surface area to volume ratio 

  Complete aspect ratio  

  Mean contiguity factor (m
-1

) 

  Frontal area density (λf) 

  Porosity (Po) 

  Sinuosity (So) 

  Occlusivity (Oc) 

  Rugosity and or FAR  

  Roughness length (Zo) 

  Zero plane displacement height (Zd) 

  Volume per building (Σ Vblg. /no. of blg) 
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 A3 Building & Street Geometry Canyon ratio (H / Wst) 

  Aspect ratio (Lst / H) 

  Breadth ratio 

  Block ratio (street) 

  Distance between building (m) 

  Mean bldg. height (m) 

  Std. deviation of bldg. height 

A4 Building & Street Orientation Wind angle to longer building axis –in degrees  
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2.2.3. Monitoring street level air pollutant concentration and microclimate indicators 

Both particulate (suspended particulate matters-PM2.5) and gaseous air pollution data (Nitrogen Oxides 
(NOx), Ozone (O3) and Carbon Monoxide (CO)) were monitored for this study, as these were considered 
major air pollutants for good indication of vehicular traffic related street level air pollution (Theurer, 
1999, Weber et al. 2001, Edussuriya et al., 2005). Together with air pollutant concentration, site specific 
microclimatic conditions like temperature, relative humidity (RH) and wind speed and direction were 
also measured and be taken into consideration for analysis.  Two portable real time monitoring devices; 
Dust Scan Sentinel outdoor unit used for PM2.5 and wind distribution monitoring and ETL-2000 used to 
monitor NOx, CO, O3, temperature and relative humidity (See Figure 3 – measuring at 2m height in both 
sides of street canyons). The measurements were carried out from October to March/April as 
atmospheric condition is reasonably stable during this cooler seasons in Hong Kong.  All monitoring was 
restricted to repeated measurements conducted in four hours per day, in three days for each study area 
and sampling results were calculated for four hour average readings based on statistical methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Two Portable Real Time Air Quality Monitoring Devices 

Accordingly selected morphological indicators were adequate enough for a cross sectional analysis 
where methods and calculation procedures have been extensively represent the attributes of a spatial 
unit of analysis empirically. Similarly, procedures and methods for representing vehicle emissions, street 
level air pollution, and microclimate for a spatial unit of analysis have also been extensively used. 

3. Case studies 

The study investigated twenty (20) residential areas where street level air pollution data have been 
analyzed in relation to the twenty two (21) morphological indicators of their residential urban fabrics in 
Hong Kong.  A main criterion in study case site selection was to maximize the representation of spatial 
variations of the urban morphological characteristics and sites that will report a wide range of air 
pollutant concentration. The above mentioned procedure has been adopted to test the relationship 
among relevant attributes (See Figure 4); urban morphology (independent variable), street level air 
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pollution concentration (dependent variable), urban microclimate (intervening variable) and other 
associated factors such as locality factors, some peripheral effects, etc. (affect variables). 

 

Figure 4: Predicted Relationships between Urban Morphology and Air Pollutant Concentration. Note: 
Bold letters or continuous line box indicate strong relationships 

 

Figure 5: Results of Relationships among Key Variables; Urban Morphology, Urban Microclimate and 
Street Level PM2.5 Concentration. Note: Bold letters or continuous line box indicate strong relationships 

Accordingly, data on these variables have been analysed on the procedures mentioned below to 
validate the theoretical model and identifying the most effective morphological variables. 

1. Screening of data using descriptive statistical approaches: to identify the nature of data; to 
eliminate or treat outlying or distorted data points; and to ensure that there is no possibility for 
district level impact (minimize location effects). 

2. Identifying the most representative and meaningful variables using Principal Component 
Analysis (PCA – factor analysis) to reduce the number and dimensionality in variables. 

3. Used the test-statistics and inferential statistics, to assess the relationship between urban 
morphology and street level air pollution. 

Findings reported both similar and different behaviours between two physically and chemically different 
air pollutants: PM2.5 and NOx and urban morphological variables. From those findings, we established 
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the most explanative/important morphological variables that explain the relationship between street 
level air pollution and urban morphology in urban residential environments of Hong Kong (Figure 5 & 6). 

 

  

Figure 6: Results of Relationships among Key Variables; Urban Morphology, Urban Microclimate and 
Street Level NOx Concentration. Note: Bold letters or continuous line box indicate strong relationships 

3.1. Micro-climatic conditions and street level air pollutant dispersion  

Two types of air pollutants (PM2.5 and NOx) interact with microclimate/urban morphology differently, 
results also reported CO and O3 concentrations were not prominent. Dense built structures could have 
effectively prevented the penetration of ambient air with O3 into the urban building canopy layer. 
Effects of local green open spaces (low mineralization factor) appear to have no or minimum impact on 
microclimate, likely it could be due to impervious surfaces.  Therefore, in addition to the role played by 
building mass and road net-works, these paved open spaces seem to be also contributing to the total 
thermal mass of an urban fabric. In other words, largely development factor effect - i.e. high albedo/ 
emissivity of built surfaces among study areas - in effect had an impact on increase of temperature 
within these urban fabrics. That in turn could have caused poor street level air pollutant dispersion. 

3.2. Urban morphology, microclimate, and street level air pollutant concentration 

3.2.1. Urban development factors 

Urban building density and porosity are two key land development indicators reported high correlation 
with street level air pollution.  A higher urban building density and relatively low porosity level, seem to 
offer a plausible explanation for its higher air pollution level, despite the low vehicle density and 
relatively better climatic conditions in study cases.  Likewise, the high air pollution level found in study 
areas can be also related to its higher building density and low porosity (Since the higher porosity of an 
urban fabric - seems to be the effect of a regular grid street network that acts as a continuous porous 
medium - tends to allow air pollutant to escape from a densely built area).  However the high air 
pollutant concentration in few areas thus should be explained by some other factor than 
porosity/building density.  The open spaces (pores spaces) in some study areas are either blocked by 
buildings or are shaped in court yard-like semi-enclosed or enclosed open spaces amidst tall buildings.  
Therefore, they tend to have lower drag-off effect on air pollutants dispersion than continuous open 
spaces. The frontal area density and compactness are two other development intensity indicators that, 
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in theory, could also cause blocking effects on airflow and hence reduce the rate of air pollutant 
dispersion in a densely built area. Mixed patterns in findings of this study demand further investigation. 

3.2.2. Built form configuration factors 

Built form configuration factors among the cases also revealed the complex relationships between 
urban morphology, microclimatic conditions and air pollutant concentration.  The mean building height 
of an urban fabric would create a high building canopy this could have impacted on higher mixing height 
of airflow. As (the vertical plane created by) building height together with narrower street widths could 
create more vortices and thus decrease airflow within an urban street canyon.  As a contrast, the 
moderate mean building height study areas could be one of the configuration factors that, despite a low 
vehicle density and a compact built geometry, seems to have exerted high impact on air pollutant 
concentration. In addition threshold in relationship between mean building height and street level air 
pollution is also important finding. On the other hand role played by the building height factor in 
affecting morphological indicators like street canyon ratio, urban roughness and roughness density etc. 
also important.  For higher street canyon ratio and low urban roughness (expressed in high value) would 
create multiple vortices within a street canyon that reduce airflow (as noted above) and hence 
exacerbate the concentration of air pollutant like the particulates matters.  This is already confirmed by 
theoretical experiments and previous empirical studies (Edussuriya et al., 2005). The very high urban 
roughness reading found in most study areas with high rise buildings and the reverse order of this 
indicator and vehicle density among all the cases, strongly suggest a causal relationship between 
morphological factors and air pollution concentration in dense urban environments dominated by high-
rise buildings, mediated by climatic conditions. Another important attribute is the effects of street’s and 
building’s orientation in relation to urban wind.  We considered “Sinuosity” (Adolphe, 2000), which 
indicates the “corridor effect” of an urban fabric in terms of the ability to drag off air pollutants from 
lower levels of streets, due to the orientation of longer axis of a street network with respect to 
prevailing wind conditions and the respective length of streets. Low “sinuosity factor” showed in-
significant relationship in these cases. Whether its role is hidden or surpassed by other built form 
configuration factors in the complex pattern demands further analysis.  

4. Concluding remarks 

This study revealed that the urban development factors and urban built form configuration factors are 
relevant morphological aspects explain the air quality in hyper dense residential in Hong Kong.  Out of 
those morphological indicators, land utilisation attributes offers little explanation, thus most land use 
intensity attributes suggest some describable relations to both aspects; streel level air pollution 
concentration and urban microclimatic conditions.  Similar and even a clearer pattern is found in the 
relationship between urban built form configuration factors such as mean building height, street canyon 
and urban roughness, and microclimatic conditions and air quality among these study areas. In 
conclusion, findings of the study enabled the validation of our theoretical framework (model – Figure 2) 
that postulates the relationship between urban morphology and street level air pollutant concentration, 
and an effective test of the research methodology that relates urban morphological attributes to street 
level of air pollutant concentration, via the mediating force of urban microclimate. The analysis has 
enabled the narrowing down of focus on key morphological attributes and further variables whose 
relation to street level air pollution can be examined through more extensive empirical survey and be 
precisely determined in future research with more statistical rigor. 
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