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Abstract: The continuous worsening of urban thermal environments poses a severe threat to human
health and is among the main problems associated with urban climate change and sustainable
development. This issue is particularly severe in high-density built-up areas. Existing studies on
the thermal environments (temperature data extracted from satellite remote sensing images) are
mainly focused on urban canopy areas (airspace below the average height of trees or buildings)
rather than the near surface region (at pedestrian height). However, the main outdoor activity
space of urban residents is the area near surface region. Hence, this study aims to investigate
the influence of urban form (i.e., building density, height, and openness) on thermal environment
near the surface region. The high-density built-up areas of a typical megacity (i.e., Nanjing) in China
were selected, and the thermal environments of 26 typical blocks were simulated using ENVI-met
software. Temperature field measurements were carried out for simulation validation. On this basis,
a classified and comparative study was conducted by selecting the key spatial form elements that
affect thermal environments. The results showed that in actual high-density built-up areas, single
urban form parameter does not determine the thermal environments near the urban surface but
mainly affected by the use (function) of space. For this study, the overall thermal environment
of a street block is optimal when the building density is between 40% and 50% and the average
building height is between 8 and 17 stories. Nonetheless, the urban form can be improved to optimize
the overall effects on building functions and thermal environments. Furthermore, function-specific
urban form optimization strategies were proposed to optimize thermal environments according to
specific functional needs.

Keywords: near surface space; thermal environment; urban form; high-density built-up area;
ENVI-met modeling

1. Introduction

Urbanization not only provides a high quality of urban life, but also causes various environmental
problems (e.g., climate change [1,2]), which have received increasing attention in society [3]. Global
climate change has affected human life severely, producing numerous problems, such as health
hazards [4,5], population migration [6,7], and even threats to life. The situation is particularly severe in
Asian cities with high-density distributions of people and buildings. In India, extreme heat waves killed
1300 urban residents in 2010 and 1500 people in 2013 [8]. Hence, the thermal-affected environment
problem in cities is an important issue, which is mainly related to urban climate change and sustainable
development. High density is considered to be an inevitable trend in urban construction and plays
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an important role in improving the quality of human life, promoting the healthy development of
cities [9], improving urban traffic, and reducing energy consumption [10]. However, high density also
aggravates the urban heat island effect and poses a threat to human health. Mitigation of heat wave
along with urban heat island effect, associated with high-density built-up areas in cities are important
topics of research and is the focus of this study.

Chen et al. [11] noted that over the past decades, urban construction has changed the urban
form on the surface of the earth, as well as the urban microclimate (e.g., air temperature and surface
temperature), thereby affecting the heat conduction and convection of near surface air. In built-up areas,
the urban heat island effect is primarily influenced by the vertical spatial layout (i.e., building height),
building density, and amount of green open space [12–15]. Among the urban microclimate elements,
solar radiation and ventilation (through atmospheric wind conditions [16]) are significantly affected by
the vertical urban form. High-rise buildings obstruct sunshine and wind, therefore, heat and hazardous
substances cannot evaporate smoothly, causing the increase of air temperature [17,18]. In terms of
building density, a compact building layout obstructs the incoming wind, reducing the wind speed
and affecting the urban thermal environment [19]. The surface material of green open space disturbs
solar radiation and its transpiration, thereby increasing the air humidity, promoting air circulation,
and reducing heat-island circulation inside high-density built-up areas [20].

In high-density built-up areas, the thermal environment problem is particularly severe. In
these areas, the construction scale, land coverage, and degree of population agglomeration are all
high, so urban morphology is mainly characterized by small street blocks, high building densities,
small building intervals, and ground surfaces dominated by hard squares [3,15]. Correspondingly,
the amount of urban open space is very limited, and it is difficult to achieve large-scale green land and
high plant coverage, and therefore the traditional method of counteracting the heat island effect can
hardly produce ideal results [21]. The variation of building height affects the sunshine and shadows
inside street blocks, changing the urban near surface temperature [22]; an extremely high building
density slows down the near surface airflows, causing poor ventilation [19]. Consequently, not only air
circulation and pollutant dispersion, especially in the near surface region [10,18] are obstructed [23],
but also the urban climate and heat island effect are affected [24,25], which eventually leads to the loss
of self-regulation ability of an urban ecosystem.

However, the most existing studies on thermal environments (reflecting the characteristics of urban
canopy layer), are based on air temperature data acquired via fixed-point meteorological observations
and satellite remote sensing imaging by automatic meteorological stations in the professional
observational networks operated by weather bureaus [25–29]. Such average temperature data
can only reflect the conditions in the urban canopy layer and differ significantly from the urban near
surface air temperature perceived by humans (as shown in Figure 1). However, the near surface space
is the main area in which urban residents perform outdoor activities and is affected by the thermal
environment more significantly [30]. Therefore, strategies for mitigating the urban heat island effect and
measures for adjusting the urban air temperature based on the data measured by urban meteorological
stations cannot be utilized to optimize urban near surface thermal environments directly. The thermal
environment problem (urban heat island effect, urban heat wave, and thermal comfortable problem) in
the near surface region is yet to be studied and addressed effectively.
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Figure 1. Difference between urban canopy layer and near surface layer.

Some scholars contend that the negative effects of urban thermal environments can be reduced
through intervention by manipulating the elements of urban morphology [31,32]. However, specific
methods or strategies for near surface space optimization are rarely proposed. Therefore, this study
mainly focused on optimizing thermal environments in the near surface region from the perspectives
of urban form interactions. The effects of the near surface urban form on the thermal environment were
investigated based on simulations of the thermal environments and urban form in typical high-density
built-up areas, and a means of optimizing thermal environments by optimizing the urban form in
high-density built-up areas was further discussed. However, the thermal environment in the near
surface is affected by diverse factors, including solar radiation, thermal discharge of air conditioners,
light reflex, and heat dissipation of motor vehicles, which were not addressed specifically in this study.
Instead, thermal environments were simulated based on actually measured temperature data, and
the relationship between the high-density urban form and thermal environment was maintained as
the focus. Furthermore, it was asserted that actually measured data can directly reflect the effects of
various factors but do not affect the relationship between the urban form and thermal environment.

2. Measurement and Simulation Methods of Thermal Environments

2.1. Study Framework

XCZ (namely, Xijiekou Centralized Zone) was selected in Nanjing, a typical high-density megacity
of China. The thermal environment of XCZ was measured to obtain thermal environment data of
an actual urban space; then, its thermal environment was simulated using ENVI-met software, and
the simulation results were verified. On this basis, typical high-density street blocks were selected
from XCZ. The relationship between the urban form and thermal environment was studied in three
respects (i.e., building density, building height, and degree of openness), and a highly anticipated
urban form to optimize the thermal environments of high-density built-up areas were proposed (as
shown in Figure 2).
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Figure 2. Research framework.

2.2. Study Case

Located in the middle to lower reaches of the Yangtze River (shown in Figure 3), Nanjing
has a population of approximately 8.4362 million and is a typical megacity. Nanjing is dominated
by the northern subtropical monsoon climate with a hot summer and cold winter. According to
the statistical data from the China Meteorological Administration, the average annual temperature
in Nanjing is 15.4 ◦C, its annual extreme maximum temperature is 39.7 ◦C, and its annual extreme
minimum temperature is −13.1 ◦C. The average relative humidity reached 75%. The prevailing winds
in summer are easterly and southeasterly, with an average wind speed of 2 m/s~3m/s. XCZ, the primary
center of Nanjing, is characterized by busy road traffic and a dense distribution of high-rise buildings,
being a typical high-density built-up area (as shown in Figure 4). According to a related study, XCZ
covers an area of 5.66 km2 with a floor–area ratio of 2.3 [33]. Although XCZ is a high-density built-up
area, not all street blocks are of high density. The maximum building density of all blocks in XCZ is
60%, while the minimum building density is merely 20%. A building density of 30% was used as
the threshold level for a high-density street block. Specifically, a street block with a building density of
at least 30% can be referred to as a high-density street block [16,34]. Hence, the relationship between
the urban form and thermal environment was addressed, focusing on the street blocks of XCZ with
building densities of at least 30%.
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Figure 3. Location of Nanjing.

Figure 4. Cont.
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Figure 4. (a) Range and form of Xijiekou Centralized Zone (XCZ) and distribution of measurement
points (with numbered-round circle); (b) TES-1310 portable electronic thermodetectors; (c) scene
of measurement.

2.3. Measurement, Simulation, and Verification of Near Surface Thermal Environments

The date of actual measurement was a Friday, 29 June 2018, when it was sunny and cloudless,
the average temperature was 28.5 ◦C, the average surface temperature was 29.9 ◦C, and the average
relative humidity was 65.2%. There were 24 measurement points in total (as shown in Figure 5).
The measurement period was from 8:00 to 17:00, and measurement was performed every hour. The main
measurement devices included TES-1310 portable electronic thermodetectors and portable electronic
thermohygrometers. For each TES-1310 portable electronic thermodetector, the inductors were K-type
thermocouples; when the measured temperature ranged from -50 to 199.9 ◦C, the recognition rate was
0.1 ◦C and the accuracy rate was 0.2% rdg + 1 ◦C. Two probes were used to measure the air temperature
at the pedestrian height and the surface temperature at each measurement point. Portable electronic
thermohygrometers were used to measure the relative air humidity at the pedestrian height (1.5 m
above the ground) at each measurement point. Figure 5 lists the actual measurement results.

Figure 5. Cont.
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Figure 5. Measured data of thermal environment at different locations (shown in Figure 4) of XCZ.

The measured data of thermal environment for simulations setup are described in Table 1. Among
them, the simulated climatic conditions included the prevailing wind direction (southeast by south) and
average prevailing wind speed (2.8 m/s) in summer in Nanjing (NMB, 2018). The near surface thermal
environment of XCZ was simulated using ENVI-met software, and the simulation results were verified.
Developed by Michael Bruse (University of Mainz, Germany), ENVI-met is a three-dimensional
dynamic microclimate model. In the field of urban climatology, ENVI-met has been widely used to
simulate urban outdoor environments [35], which can be used to calculate the interaction between
a solid surface and air for a simulated urban environment. It can provide a spatial accuracy of 0.5 to
10 m and a temporal accuracy of 10 s for the typical urban grid model. ENVI-met can be utilized to
calculate the dynamic microclimate within a period of 24 to 48 h. According to the selected sample spots
with block label (ref. Table 2 and Figure 6), a series of 24 typical urban grid models were established,
with the size of 1 × 1 × 3 m for each model and the mesh grid of 250 × 250 × 30.
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Table 1. Parameters setup for simulations with ENVI-met.

Simulation Parameters Input Parameter Value

Start simulation at day (DD.MM.YYY) = 29.06.2018

Start simulation at time (HH:MM:SS) = 06:00:00

Total simulation time (hours) = 24

Save model state frequency (min) = 60

Wind speed in 10 m ab. ground (m/s) = 2.8

Wind direction (0:N..90:E..180:S..270:W..) = 145

Roughness length z0 at reference point = 0.1

Initial temperature atmosphere (K) = 302

Specific humidity in 2500 m (g water/kg air) = 8

Relative humidity in 2 m (%) = 62

Table 2. Selected spots for simulations.

Spot
Number Plot Attribution Spot

Number Plot Attribution

03 Financial and business 36 Residential

04 Financial and business 40 Commercial

07 Residential 42 Residential

08 Residential 46 Financial and business

10 Commercial 51 Residential

13 Residential 53 Commercial

14 Residential 57 Financial and business

18 Residential 65 Residential

19 Residential 66 Residential

20 Financial and business 67 Financial and business

22 Residential 71 Residential

35 Residential 76 Financial and business

To further ensure the reliability of the experiment, the simulation results were compared with
monitored data. In a simulated thermal environment, there was a certain bias between the actually
measured and simulated temperatures. Using the percentage error calculation equation (Equation (1)),
the percentage errors of the thermal environment simulation experiment were determined to be as
follows: The minimum percentage error of the temperature was 1.05%, the maximum percentage
error of the temperature was 17.15%, and the average statistical error of the measurement points was
3.75% (as shown in Figure 7). The overall value is within the acceptable error range of the experiment,
indicating that the simulation results are relatively reliable [36].

δ =
|a− b|

a
× 100% (1)

where a denotes a measured value and b denotes a simulated value.
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Figure 6. Division of XCZ with block labels indicated.

Figure 7. Measured thermal environment (i.e., temperature at each measured point) of XCZ versus
simulated data.
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3. Simulation of Near Surface Thermal Environments of Typical Street Blocks

3.1. Building Density Versus Thermal Environment in Near Surface Space of XZC

The building density reflects not only the size of lot construction but also the density of building in
street blocks. It is one of the indexes to evaluate the urban form of street blocks [19]. In the near surface
space, the building density affects the sun shading conditions, shadow distributions, and ventilation
conditions [11,17,37]. According to the actual measurement results of XCZ, the building density is
divided into the following four levels: (1) ≤30%, (2) 30–40%, (3) 40–50%, and (4) 50–60%. Accordingly,
the relationship between the urban form and thermal environment under different building density
levels was investigated in this study (as shown in Figure 8).

Figure 8. Building density versus thermal environment in near surface space.

Under the influence of building shadows and open space, the temperature inside street blocks is
lower than that in ambient areas. When the building density is greater than 50%, such as Plot 53 in
Figure 8, a large architectural form is usually produced. However, because the air flow in the shadow
of the building is blocked by the building itself, the air temperature in the shadow of the building is
higher than that in the open space.

With the increasing of building density, the building interval decreases gradually. However,
the temperature inside street blocks does not necessarily tend to increase or decrease with increasing
building density. Evidently, a high building density reduces the temperature inside street blocks,
but there is no direct correlation between the specific temperature and building density. However,
an increase in building density reduces the ventilation and heat dissipation inside street blocks, causing
perceived discomfort to humans.
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3.2. Average Building Height Versus Thermal Environment in Near Surface Space of XZC

The average building height is equal to the sum of the heights of all buildings divided by the total
number of buildings, which is an important index for measuring the vertical urban form of street
blocks. The variation in average building height affects the sunshine and shadows inside street blocks,
causing changes in the wind environment and near urban surface temperature [22].

In accordance with the Code for Design of Civil Buildings in China, building height is classified
into four types as follows: (1) high-rise (at least 18 stories); (2) medium and high-rise (8 to 17 stories);
(3) multi-stories (4 to 7 stories); and (4) low-rise (1 to 3 stories) [38]. Accordingly, the urban form was
investigated under different building height levels and thermal environments (shown in Figure 9).

Figure 9. Average building height versus thermal environment in near surface space.

Variation in building height does not have obvious trend of temperature distributions. However,
the low-temperature area shadowed by buildings increases with increasing average building height. In
particular, high-rise buildings affect the thermal environment of the surrounding areas significantly. On
the one hand, high-rise buildings can produce large shadow ranges. On the other hand, the difference
between the heights of high-rise buildings and the surrounding buildings causes the high-altitude
airflows to move to the near surface space, optimizing the thermal environment of the near surface space.
Therefore, the minimum temperature of street blocks is usually concentrated around high-rise buildings.

3.3. Degree of Openness Versus Thermal Environment in Near Surface Space of XZC

The degree of openness is an index used to represent the degree of closing or opening of the external
space of street blocks. This index affects the mobility of air and is of great significance to the urban
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microclimate (e.g., thermal comfort) [39]. Within the near surface spatial range, the degree of openness
has the following two meanings: (1) the degree of opening to space and (2) the degree of opening to
surrounding areas (usually referred to as the degree of enclosure) [40]. A high degree of opening to
the space mitigates the heat island effect and reduces the air temperature effectively [15]. The degree of
enclosure is equal to the ratio of the length of the architectural interface along the outer border of a street
block to the perimeter of the street block. It affects the ventilation effect of the street block [41] and is
also an important influencing factor of the thermal environment inside the street block. Therefore,
the relationship between the degree of enclosure and thermal environment was addressed in this study.

According to the calculation results for the degree of enclosure of XCZ, four typical street blocks
were selected for comparative analysis (as shown in Figure 10). The comparative analysis reveals
that with increasing degree of enclosure in the near surface space, there are gradual increases in
both the temperature inside the street blocks and temperature difference between inside and outside
the street blocks. The upward trend is obviously reversed in the street block with the highest degree
of enclosure, i.e., both the temperature inside this block and the temperature difference between
the inside and outside is the lowest. Hence, it is difficult to determine the direct correlation between
the degree of enclosure and the thermal environments of street blocks. It was merely found that
the temperature variation is relatively drastic on both sides of an enclosed building but is relatively
smooth in unenclosed and open areas. Evidently, enclosed buildings can obstruct the thermal radiation
from surrounding roads into the interior of the blocks.

Figure 10. Degree of enclosure versus thermal environment in near surface space.
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4. Optimization Strategy for Street Block Morphology and Extended Discussion

4.1. Measurement of Thermal Environments

The thermal environments of urban near surface spaces have remarkable effects on human outdoor
activities and are affected by complex and diverse factors, including motor vehicles, air conditioner
external units, reflex of glass curtain walls, thermal radiation of the hard ground and outer walls of
buildings, and building shadows. In traditional studies on thermal environments based on actual
satellite remote sensing imaging, the thermal environment of the urban canopy layer has actually
been studied [25–29], and it has not been possible to determine the thermal environments in the near
surface space accurately. However, actual measurement of near surface thermal environments is a very
complex problem, in which the selections of the locations and heights of the measurement points are
the main issues.

For studies of thermal environments on a large spatial scale, actual measurement of the thermal
environment should reflect the actual thermal environment maximally and eliminate the effects of
factors capable of reducing temperature (e.g., architectural shadows). The intent is to simulate thermal
environments under extreme adverse conditions, highlighting any contradictions and indicating any
problems. Consequently, it is advisable to select road intersections or open hard ground spaces for
actual measurement. These areas are always exposed to sunshine and are not shadowed by trees and
buildings, thus, representing extreme adverse thermal conditions maximally. Moreover, the heads and
five sensory organs of humans are very sensitive to thermal environments, and the sense of comfort
under a particular thermal environment is based on personal feeling. Preferably, the height at which
thermal environments are measured should be 1.5 m, which basically corresponds to the height of
the human head with an average stature.

4.2. Balancing Function of Near Surface Urban Form

As mentioned above in Section 3.2, in high-density built-up areas, building shadows can reduce
the air temperature effectively [22,42]. Therefore, a greater building height and density (or a smaller
building interval) are beneficial for reducing the air temperature inside street blocks. However,
greater building height and density reduce the degree of openness, slow down ventilation and heat
dissipation, and increase air humidity, thus, producing a sense of stuffiness. Hence, it is advisable
to seek a balance between the building density and degree of openness. The intent is to optimize
the thermal environment while ensuring the combined effects of architectural (building) shadows
and urban ventilation. According to this study, the overall thermal environment of a street block
is optimal when the building density is between 40% and 50% and the average building height is
between 8 and 17 stories. The Design Guide to Sustainable Buildings [43], which is in effect in Hong
Kong, expressly stipulates the degrees of ventilation of buildings with various heights, with the core
purpose of promoting heat convection in the near surface space and enabling the optimization of
thermal environments.

However, it should be noted that the spatial morphologies of street blocks are determined by their
use functions. Large department stores with similar urban form indices are obviously different from
residential communities in terms of urban form; this difference is directly associated with the supply
and usage modes of specific functions [44]. While people seek a balance between urban form elements,
it is also necessary to consider the spatial requirements of architectural functions. Specifically, it is not
advisable to merely use thermal environment optimization as the starting point; otherwise, inefficient
urban form will result in a waste of resources. Hence, the urban form is a critical node of conversion
and enables humans to attain a balance between functional needs and the thermal environment, i.e., it
enables humans to optimize thermal environments based on the satisfaction of functional needs (as
shown in Figure 11).
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Figure 11. Action mechanism of urban form.

The aforementioned content only qualitative discusses the relationship between spatial
morphology and the optimal thermal environment, further quantitative associations for thermal
environment optimization should be carried out in the future research.

4.3. Urban Form Strategy for Mitigating the Heat Island Effect

In the actual built environment, there are many different types of spatial form under the same
spatial form index. Therefore, through the classification of urban spatial functions, this paper adjusts
the overall layout and morphological structure of different spatial functions to optimize the thermal
environment. Each architectural function has relatively stable urban form. In high-density built-up
areas, particularly urban centers, architectural functions can be classified as commercial, financial
and business, and residential. Usually, commercial buildings are integrated and large buildings,
financial and business buildings are densely arranged point-type or plate-type high-rise buildings,
and residential buildings are plate-type buildings arranged in rows (in Asian countries, particularly in
China, residential buildings are oriented north and south in most regions, to ensure adequate sunshine;
thus, residential buildings are typically arranged in rows).

Residential areas have certain internal and open spaces and are mainly faced with the following
problems: (1) In low-rise residential areas with row-by-row layouts, the building intervals are very small
and (2) because of ground-floor shops along streets, the degree of enclosure is very high. Therefore,
residential areas should be oriented to follow the summer prevailing wind direction to improve
the ventilation between buildings arranged in rows. In addition, completely closed architectural
interfaces should be avoided as much as possible; at the junctures of residential buildings, continuous
enclosure interfaces should be opened properly, to promote air motion between inside and outside
street blocks (as shown in Figure 12).

Figure 12. Urban form strategy for residential areas.
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Large commercial buildings severely obstruct the ventilation of the near surface space. Due to
this characteristic, along with the heat dissipation of devices (e.g., air conditioners) and surrounding
hard ground, the surrounding thermal environment is degraded. To optimize the surrounding thermal
environment, it is advisable to expand the semi-outdoor space. Specifically, the following measures can
be taken: (1) A large commercial building can be split into multiple functional partitions or (2) the roof
of the atrium can be raised and the enclosures of surrounding roofs can be removed to form a few
ventilation corridors that pass throughout the building and promote air circulation between horizontal
and vertical spaces (as shown in Figure 13).

Figure 13. Urban form strategy for commercial areas.

Financial and business buildings are typically high-rise or super high-rise buildings and are usually
arranged in two modes as follows: (1) scattered arrangements of multiple buildings or (2) integrated
arrangements with large commercial buildings. If the buildings are arranged in a scattered pattern, it is
necessary to note the relationship between the building layout and summer prevailing wind direction;
specifically, the building layout should not hinder wind from blowing into the building cluster. If they
are integrated with large commercial buildings, the morphology strategy for commercial buildings can
be used for reference; specifically, they can be arranged in terms of functional modules.

In high-density built-up areas, air motion can be guided by taking full advantage of the air
pressure difference arising from the variation in building height. Specifically, buildings with varying
heights can be arranged in a ladder-like manner along the summer prevailing wind direction, guiding
high-altitude wind to the near surface spaces between rows of buildings and promoting air circulation
in the near surface space in high-density built-up areas [12]. The ultimate purpose is to optimize
the thermal environments in high-density built-up regions (as shown in Figure 14).

Figure 14. Urban form strategy for urban planning.

In high-density built-up areas, except for the study on urban thermal environments near the surface,
the extended investigation of urban thermal environmental effects on indoor thermal comfort [45] should
also be conducted, which is of great importance for human health and building energy efficiency [46],
considering boundary conditions of solar radiation used for simulations [47,48]. The urban thermal
environments are very complex, the evaluation indices of outdoor thermal comfort considering urban
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form should be also conducted, which can be more useful for urban design from the perspectives of
thermal safety and health [49]. These can be future studies.

5. Conclusions

The study results showed that the urban form (e.g., building density, average building height, and
degree of openness) could affect the thermal environments of street blocks. According to the analysis
of XCZ in Nanjing, the specific street block morphology is closely related to the thermal environment,
and the thermal environment varies with the street block morphology. Even in high-density built-up
areas, the street block morphology can be improved to optimize the thermal environment and mitigate
the heat island effect. The key issue lies in the degree to which the street block morphology can promote
air circulation and heat dissipation.

In an actual urban space, the sizes, heights, and layouts of buildings are diverse, and the consequent
urban form is highly complex and varied. Therefore, a single index (e.g., building density, average
building height, or degree of openness) is not sufficient to measure the direct relationship between
the urban form and thermal environment. It can merely be concluded that high density reduces the air
temperature inside street blocks. The shadows of high-rise buildings and their guiding effects on
high-altitude airflows are beneficial for reducing the temperature of ambient near surface air. Building
enclosures effectively obstruct the radiation from high temperatures of road into street blocks. However,
it cannot be proven that the building density, average building height, and degree of enclosure have
direct effects on thermal environments.

Urban form and specific building functions affect one another, so there is an indirect relationship
between building functions and thermal environments, which is regulated through urban form. Hence,
it is asserted that in high-density built-up areas, the urban form can be improved to optimize the overall
effects of the building functions and thermal environment. Furthermore, function-specific urban
form optimization strategies are proposed to optimize thermal environments according to specific
functional needs.
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