
 
 

QUANTIFICATION OF THE THERMAL ENVIRONMENTAL VALUE OF 
URBAN PORES 

A Case Study of Nanjing 

ZIHAO WU1, YUNSONG ZHANG2 and ZIYU TONG3 
1,2,3School of Architecture and Urban Planning, Nanjing University.  
1zihaowu1997@foxmail.com, 0000-0002-4951-5529 
21253167018@qq.com, 0000-0001-5246-6521 
3tzy@nju.edu.cn, 0000-0002-5872-0890 

Abstract. The term “Urban pores” refers to the space formed by the 
enclosure of buildings, which have great value for regulating the 
microclimate. Many previous studies have focused only on a single 
urban pore section, ignoring the spatial distribution at the urban scale. 
In this study, the openness of urban pores in Nanjing was quantified and 
grouped, and then the spatial distribution characteristics of each 
openness group were further calculated. Based on this, the study 
combined the spatial distribution characteristics of urban pores with 
urban thermal environment data and an LCZ urban form classification 
model to analyse the impact of urban pores on the urban thermal 
environment. The results show that 1) the impact of urban pores is 
greater in summer and autumn, where its spatial agglomeration has a 
higher cooling value for the urban thermal environment, while this is 
not significant in winter; 2) the spatial agglomeration of urban pores in 
the high openness group, mid-high openness group and mid-low 
openness group have a higher cooling effect, which mainly corresponds 
to water, open spaces or parks and urban roads. These spaces should be 
given more attention when developing urban design strategies. The 
results can provide some references for urban development. 
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1. Introduction 

According to the IPCC’s Sixth Assessment Report, the global average land surface 
temperature has increased by approximately 1 °C over the past 100 years, and it is 
found that the temperature increase is expected to reach or exceed 1.5 °C in terms of 
the average temperature over the next 20 years. As the areas with the highest 
concentration of human activity, cities are facing a serious climate change challenge. 

It is time to build a good urban microclimate environment through the construction 
of urban form to meet this challenge. In particular, the optimization of the thermal 
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environment will help improve people’s comfort in the city and reduce the energy 
consumption of buildings. These efforts will further contribute to the achievement of 
the UN Sustainable Development Goals (SDGs), particularly SDG 11: Sustainable 
Cities and Communities and SDG 13: Climate Action. 

A prerequisite for achieving this goal is to understand the impacts of the urban form 
on the thermal environment, which has been the focus of many previous studies (Guo 
et al., 2019, Yang et al., 2021). Among them, the urban pores formed by the enclosure 
of buildings are one of its most important components. At the neighbourhood scale, 
they are often referred to as street canyons or external spaces(Figure. 1.1 & 1.2). At the 
urban scale, urban pores can be approximated as a cluster of highly open external 
spaces(Figure. 1.3). Although there have been many studies analysing the impact of 
urban pores on regulating the microclimate at the neighbourhood scale (Lai et al., 
2019), these are limited to the single urban pore section. Few studies have measured 
the impact of their spatial distribution on the thermal environment at the urban scale. It 
has proven that the distribution of urban pores, such as water, vegetation or forests 
(which can also actually be considered a type of urban pores) is quite important, since 
these pores’ distribution have great cooling effects (Wang et al., 2019, Jiang et 
al.,2021). Based on this, it is also assumed that the overall spatial distribution of other 
types of urban pores, such as open spaces, parks or urban roads, will also impact the 
urban thermal environment. Therefore, this study aims to prove this idea through 
experiments, hoping to provide rational suggestions for urban design and further 
contribute to the achievement of the UN SDGs in our cities.  

Figure 1. Schematic of Urban Pores 

2. Methodology 

This study aims to investigate the impact of the spatial distribution of urban pores on 
the urban thermal environment. Six key steps must be taken into consideration to 
achieve the objectives of the study. The first is to calculate urban pores’ openness and 
group them in a certain way based on these data. After that, it is also important to 
describe the distribution of the different types of urban pores, which together serve as 
the basis for the quantitative model. Another important role is the characterization of 
the thermal environment, where we use the land surface temperature as the 
representative. Once these are established, we can construct a regression model to 
explain the effects of urban pores. Additionally, it is worth noting that we conjecture 
that this effect varies across urban form types, so we also need to construct an urban 
form classification model to explore this difference further. Figure. 2 illustrates the 
methodological framework of the research process.  
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Figure 2. Methodological Framework 

2.1. CALCULATION OF OPENNESS AND GROUPING 

The openness of urban pores was calculated by the method (Tong et al., 2020), which 
mainly consists of two steps. First, a certain number of observation points were evenly 
distributed in the study area, and those inside the buildings were excluded. Second, 
section lines in 8 directions were generated at these observation points, thus forming a 
multidirectional section group. The building groups were rotate-sectioned to consider 
the sections in all directions. For the obtained sections, the study further calculated their 
width-to-height ratio and then took its average value as a variable to describe the 
openness of the urban pores at the location of the point. 

Furthermore, to identify the impact of urban pores with different degrees of 
openness, this study used natural breaks (Jenks) to classify them into five groups, 
named the low openness group, mid-low openness group, mid openness group, mid-
high openness group and high openness group. 

2.2. DESCRIPTION OF SPATIAL DISTRIBUTION  

Agglomeration was used to represent the spatial distribution characteristics of urban 
pores, and its value was calculated by kernel density analysis. This method uses kernel 
functions to calculate the density of the analysed elements in their surrounding 
neighbourhoods and outputs the results as continuous raster image elements. 

2.3. CHARACTERIZATION OF THE THERMAL ENVIRONMENT 

Land surface temperature (LST) was used to characterize the thermal environment. 
The data source is Landsat 8 TIRS, whose band 10 is the shortwave infrared band, and 
it can be used for the inversion of LST. Based on this, the study used the atmospheric 
correction method (radiative transfer equation) for the inversion of LST. To consider 
the variability of the urban thermal environment in different seasons, the LSTs of 4 
seasons (spring, summer, autumn and winter) were all included in this study. 

2.4. CONSTRUCTION OF URBAN FORM CLASSIFICATION MODEL 
To further investigate the impact in different urban form types, it is necessary to 
construct a detailed and thermal-environment-related urban form classification model. 
The local climate zone (LCZ) is an urban form classification framework proposed for 
the urban heat island effect that can effectively differentiate urban from thermal 
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environments. Each zone type has similar urban form indicators, ground cover, 
building materials and human activities related to the thermal environment (Stewart et 
al., 2012). 

Therefore, this study adopts the LCZ classification framework based on the World 
Urban Database Access Portal Tools (WUDAPT) to construct an urban form 
classification model (Bechtel et al., 2019). Landsat 8 OLI bands 1-6 in summer and 
available network information were used as the data sources, and the resolution was set 
as 300 m*300 m. 

2.5. CONSTRUCTION OF REGRESSION MODELS 

A classical linear regression model was used to analyse the impact of the spatial 
distribution of urban pores on the thermal environment. It contained 4 seasonal groups 
for interpretation, namely, spring, summer, autumn and winter. The independent 
variables were set as the results of kernel density for each openness group, reflecting 
the spatial agglomeration of urban pores, while the dependent variable was LST. 

Furthermore, to investigate the differences in urban forms, the study took the LCZ 
model as a basis and classified the sample into multiple groups for regression analysis. 

3. Case Study 

3.1. STUDY AREA 

This study took Nanjing, China, as an example. Nanjing is the capital of Jiangsu 
Province and one of the important cities in the Yangtze River basin. Over the past 40 
years, Nanjing has experienced a rapid urbanization process with rich and complex 
internal urban forms, making it one of the typical high-density cities in China. In terms 
of climatic conditions, Nanjing has four distinct seasons, abundant rainfall, short spring 
and autumn, long summer and winter. It has an average temperature of 2.7 °C (January) 
to 28.1 °C (July), with significant subtropical monsoon climate characteristics, which 
can represent the common situation of cities in hot summer and cold winter zones. 

Specifically, the study area (Figure. 3) was a square of 6 km*6 km, and due to the 
error in the edge area, we also created a buffer zone of 500 m outside each side of the 
square. The overall area was a 7 km*7 km square. To better illustrate the situation of 
the study area, we divided it into 25 small areas and classified the small areas as 
follows: 1-5 indicates the position of rows and A-E indicates the position of columns. 
For example, B-4 represents the 2nd column of the 4th row. 

Figure 3. Study Area (6 km*6 km) 
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3.2. RESULTS OF OPENNESS CALCULATION AND GROUPING 

The study used the method in Section 2.1 with 161 rows and 161 columns, with 25,921 
observation points (17,689 observation points in the effective range). Among them, 
there are 19,498 valid calculation points (14,254 valid calculation points in the effective 
range). On this basis, they were further classified into 5 groups: urban pores with 
openness ranging from 0.125 to 4.500 were named the low openness group; urban 
pores with openness ranging from 4.500 to 9.125 were named the mid-low openness 
group; urban pores with openness ranging from 9.125 to 14.375 were named the mid 
openness group; urban pores with openness ranging from 14.375 to 20.625 were named 
the mid-high openness group; and urban pores with openness above 20.625 were 
named the high openness group. The values are shown in Figure. 4, and the distribution 
states in space are shown in Figure. 5. 

Figure 4. Distribution of Openness Values  

Figure 5. Calculation Results of Openness of Observation Points 

Figure. 4 shows that most urban pores belonged to the low openness group and the 
mid-low openness group. Combined with Figure. 5, it can be seen that the urban pores 
forming the low openness group were mainly the external spaces among the high-
density buildings, which were mainly distributed in D2, E1 and E3. The mid-low 
openness group was also dominated by urban roads, whose sections along the road 
direction have a higher width-to-height ratio. At the same time, others are also 
constrained by the mid-high density buildings, finally showing an overall mid-low 
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degree of openness. They were mainly located in A1, B4 and D1. The mid openness 
group included some roads and public green space between low-density buildings. 
Although the height of the buildings increased, the density was lower, and the building 
spacing was greater, resulting in an increase in openness, mainly in A4, B5 and E5. 
The mid-high openness group included open spaces or parks with fewer buildings; 
thus, the openness was higher, mainly in B1 and B5. The high openness group was 
mainly composed of rivers, which were kept at a certain distance from buildings, 
mainly in B2 and C5. 

3.3. SPATIAL DISTRIBUTION OF URBAN PORES 

Kernel density analysis was used to describe the agglomeration characteristics of the 
urban pores. In this study, the bandwidth was set to 500 m, and the results are shown 
in Figure. 6. The urban pores of the low openness group, mid-low openness group and 
mid openness group formed multiple agglomeration cores, and the distribution among 
these cores showed a certain continuity and uniformity. In contrast, the urban pores of 
the mid-high openness group and high openness group formed fewer agglomeration 
cores. The continuity and uniformity among the cores were not strong, and most of the 
study areas can be recognized as weak-agglomeration areas. 

Figure 6. Nuclear Density Analysis for Each Openness Group 

3.4. CHARACTERISTICS OF THE THERMAL ENVIRONMENT 

Figure. 7 shows the distribution of LST in the four seasons. The range of LST was 22 
°C-38 °C in spring, 30 °C-48 °C in summer, 20 °C-32 °C in autumn, and 9 °C-18 °C 
in winter. It presented higher values than the observed temperatures at the weather 
station. The areas of high LST were mainly distributed in B5, C1 and D4, while the 
areas of low LST overlapped with the natural environment, such as vegetation and 
water. 
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Figure 7. LST Distribution in Four Seasons 

3.5. CONSTRUCTION OF URBAN FORM CLASSIFICATION MODEL 

The study used the LCZ method to construct an urban form classification model. Based 
on the 17 types of LCZ, this study considered the actual situation of Nanjing and further 
grouped them into five categories: high-rise buildings (LCZ 1+LCZ 4), mid-rise 
buildings (LCZ 2+LCZ 5), low-rise buildings (LCZ 3+LCZ 6+LCZ 7+LCZ 8+ LCZ 
9+LCZ 10), vegetation (LCZ A+LCZ B+LCZ C+LCZ D+LCZ E+LCZ F) and water 
(LCZ G). The LCZ samples are shown in Figure. 8, and the LCZ mapping results are 
shown in Figure. 9. The classification of urban form is used as an important basis for 
the grouping of the regression model below. 

As seen in Figure. 8, the study area was dominated by mid-rise buildings, followed 
by high-rise and low-rise buildings, which were distributed in a more fragmented way. 
A river ran through the middle of the area, with some vegetation cover in the upper left 
and lower right of the area. 

Figure 8. LCZ Samples (Left)       Figure 9. LCZ Mapping (Right) 
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3.6. REGRESSION MODEL RESULTS 

3.6.1. Preliminary Results of Regression Models 
Figure. 10 shows the preliminary regression model results for 4 seasonal and 6 LCZ 
groups (24 models in total). The overall coefficients ranged from 5% to 20% in terms 
of adjusted R2. Comparing the adjusted R2 of the LCZ groups in different seasons, 
three LCZ models (including the overall, same below) supported that summer has the 
best fit results, two LCZ groups supported autumn and one supported spring. This 
indicated that the spatial distribution of urban pores has a greater impact on the urban 
thermal environment, mainly in summer and autumn. Similarly, the five LCZ groups 
supported the worst fit in winter, indicating that the thermal environment value of urban 
pores was not significant in winter. By comparing the adjusted R2 of different LCZ 
groups in the same season, it can be found that the adjusted R2 after grouping was 
better than the overall R2 in most of the groups, indicating that the grouping operation 
had a better explanatory effect. 

Figure 10. Adjusted R2 of Four Seasonal Regression Models 

3.6.2. Results of Grouped Regression Models in Summer 
The study selected the model in summer to carry out further analysis, as it had the best 
explanatory effect. Table. 1 shows the results of the regression models for each group. 
From an overall perspective, all coefficients were negative, indicating that the 
agglomeration of urban pores can produce a certain cooling effect regardless of the 
degree of openness. In particular, the spatial agglomeration of urban pores in the high 
openness group, mid-high openness group and mid-low openness group had a 
significant cooling effect on the urban thermal environment, while the effect of the 
medium openness group was the weakest. From the analysis results in Section 3.2, it is 
clear that the urban pores in the high openness group are mainly composed of water. 
The mid-high openness group is mainly composed of open spaces or parks, and the 
mid-low openness group is mainly composed of urban roads. These factors have a 
strong cooling value for the urban thermal environment. In particular, the distribution 

726



QUANTIFICATION OF THE THERMAL 
ENVIRONMENTAL VALUE OF URBAN PORES 

of the mid-low openness group (urban roads) is an often overlooked but worthwhile 
type in the built environment. 

Further comparing the coefficient differences in each LCZ group, it can be found 
that similar to the overall one, the spatial agglomeration in the high openness group, 
mid-high openness group and mid-low openness group still showed high regression 
coefficients for the urban thermal environment, while the mid openness group also 
presented the lowest regression coefficients in the built environment. The difference is 
that the spatial agglomeration of the low openness group had a lower regression 
coefficient in the natural environment (vegetation, water) than the mid openness group, 
which corresponds mainly to the external space among high-rise buildings. 

It is also worth noting that the distribution of the regression coefficient values did 
not show a linear trend with the openness group. We speculate that this may be due to 
the presence of other factors that impact it, such as the complex heat transfer in the 
street canyons, the proportion of impervious surfaces, or the effects of vegetation and 
water. 

Table 1. Results of Regression Model of Summer 

 Total 
High-rise 

Buildings 

Mid-rise 

Buildings 

Low-rise 

Buildings 
Vegetation Water 

Adjusted R2 15.80% 19.40% 10.30% 20.90% 42.50% 52.70% 

Low Openness -0.698** -0.698** -0.367** -1.032** -0.778** -0.763** 

Mid-low Openness -0.864** -0.971** -0.643** -0.767** -1.209** -0.878** 

Mid Openness -0.448** -0.491** -0.276** -0.244** -1.264** -1.191** 

Mid-high Openness -0.838** -0.864** -0.529** -0.878** -2.043** -1.334** 

High Openness -0.954** -1.027** -0.457** -0.846** -1.253** -2.857** 

Notes: 1) Regression coefficients are all subject to normalization. 

2) ** represents coefficients significant at the 0.01 level. 

4. Conclusion and Discussion 

In this study, we quantified the openness of urban pores in Nanjing, grouped them, and 
calculated the spatial distribution characteristics of each openness group. Based on this, 
this study combined the spatial distribution characteristics of urban pores with urban 
thermal environment data and an LCZ urban form classification model to analyse the 
impact of urban pores on the urban thermal environment. The results show that the 
spatial agglomeration of urban pores has a high cooling value for the urban thermal 
environment in summer and autumn, while it is not significant in winter. 

Further analysis of the summer samples shows that the spatial agglomeration of 
urban pores has a higher cooling effect mainly in the high openness group, mid-high 
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openness group and mid-low openness group, which mainly correspond to water, open 
spaces or parks and urban roads. The mid openness group has the weakest effect in the 
built environment, and the low openness group has the weakest effect in the natural 
environment. 

Therefore, priority will be given to enclosing urban forms with high cooling effects 
in future urban design. In combination with these areas, abundant public facilities 
should be installed to attract people to gather and to create a vibrant urban cold island. 
Meanwhile, in urban renewal, the cooling effect of pores with insignificant cooling 
effects can be enhanced by planting vegetation or increasing permeable ground. 

At the same time, there are certain shortcomings in this study. This study explored 
the thermal environmental value of urban pores only from the perspective of openness. 
However, there is a lack of research regarding whether this cooling effect is brought 
about by high openness or the results of other elements that constitute urban pores (e.g., 
ventilation efficiency). The calculation method of openness also needs to be further 
updated to discuss the variability due to different ventilation, sunlight, and sightline 
conditions. Therefore, in the future, this issue will be further explored in depth by 
combining ideal models and simulations. 
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