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Abstract: As China’s urbanization progresses, thermal environmental problems such as the overheat-
ing effect experienced by cities are becoming more and more obvious in the daily lives of residents.
Urban waterfront spaces not only create pleasant landscape environments and regulate microclimates,
but also help to maintain ecological diversity. However, the current high-density urban construction
model has led to poor air mobility and weakened water regulation functions in cities. Therefore, the
rationalization of the spatial form of settlements has become particularly important in recent times.
In this study, the Nan Lake area of Wuhan City was taken as the research object, and it was simulated
using ENVI-met (5.5.1) software. Further, the orthogonal experimental design method was combined
with the extremum difference analysis method. This study focused on the effects of the layout form
(LF), floor area ratio (FAR), green form (GF), and offshore distance (OD) on the temperature (T),
relative humidity (RH), and thermal comfort in waterfront settlements in summer. This study found
that (1) among the various factors, the effect of the GFs and LFs on the overall microclimate of the
study region was the most significant, while the volume ratio had the least significant effect on each
indicator. (2) The parallel layout form was found to have better ventilation effects compared to the
other three layout forms, with its cooling and humidifying effects being superior. (3) Among the four
types of greening combinations, the combination of “grass + shrubs” had the best cooling effect at
the height of pedestrians, while trees were able to reduce the heat transfer of solar radiation to the
ground due to the shading and evaporation effects provided by their canopies. (4) The cooling and
humidifying effects provided by the water body of Nan Lake gradually diminished as the distance
from its shore increased; therefore, waterfront settlements maintaining a reasonable proximity to
their water bodies will help bring into play the microclimate adjustment effect of such bodies. This
study provides a valuable reference for the construction and renewal of urban waterfront settlements
in the hot summer and cold winter zones of China (HSCW).

Keywords: waterfront settlements; microclimate and thermal comfort; ENVI-met; extremum differ-
ence analysis; orthogonal experiment

1. Introduction

According to the World Meteorological Organization (WMO), the average global
temperature has risen by more than 1.15 ◦C since the 1850s [1], and this prolonged warming
has led to an increase in uncomfortable weather conditions. Due to global climate change
and the development of global urbanization levels, urban overheating has become a typical
problem in urban construction, with an important impact on urban comfort, energy use,
and people’s health [2–5].
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As independent ecosystems in cities, water bodies maintain the balance of regional
ecological diversity and play a crucial role in mitigating the urban heat island effect [6–8].
Urban waterfronts are often the most attractive areas in a city due to their waterfront
attractiveness, landscapes, and livability, and their surrounding thermal environment has
been the focus of many scholars’ attention. However, changes in the thermal environment
around a water body are very complex, being influenced by a combination of factors,
including the water body itself and the sub-surface [9]. Therefore, how to improve the
microclimate of waterfront settlements through integrated design and planning has become
a central concern of scholars in various countries.

Existing studies have shown that water bodies have a significant moderating effect on
their urban thermal environment, whether they are lakes, rivers, wetlands, ponds, fountains,
etc.; these types of water bodies do, however, have different degrees of influence on their
surrounding thermal environment. Waterfront spaces are an important part of city spaces,
which are currently divided into six categories: commerce; entertainment and recreation;
culture, education, and environment; history; residential and public transportation; and
port facilities [10]. To provide such spaces, waterfront settlements are becoming more and
more favored and increasing in number due to their waterfront attractiveness, landscapes,
and livability. Having physical properties such as a high heat capacity and a high latent
heat of evaporation, bodies of water are often considered to be the best natural source of
urban open-air cooling in summer. As areas adjacent to water bodies, waterfront residential
areas are directly impacted by these bodies, so the microclimate of waterfront settlements
has gradually become a hot research topic.

2. Literature Review
2.1. Cooling Effect of Water Bodies

In a review of the relevant literature on the impact of water bodies on the microclimate
of waterfront settlements, the intensity of the cooling effect of a water body was found to
be intrinsically correlated with the width of the water body and the shape of the river bank.
Fei et al. [11] took the thermal environment of waterfront spaces in Tianjin as their research
object, and through a quantitative analysis of the microclimate of four typical waterfront
spaces in Tianjin, it was found that the most economical water body width was 70–80 m,
and that the cooling effect of a water body was able to be significantly improved when
the geometry of a given water body along the shoreline was in the form of an S shape.
Similarly, Hongyu et al. [12] found that the cooling provided by a body of water can vary
according to its geometry, with lakes exhibiting greater cooling than rivers.

In addition, some researchers have focused on the global impacts of water bodies
on urban climate, such as Chen et al. [13], who investigated the influence of river wind
on the microclimate of waterfront settlements along the Yangtze River in the Wuhan
area and also explored the influence of water changes on the urban climate by numerical
analysis that used data on changes of the urban waters of Wuhan city in the past 40 years.
Similarly, Li et al. [14] used a numerical simulation to study the microclimate effect of
water bodies in cities, and Wang [15] conducted mobile measurements near the Yangtze
River in Wuhan during the summer months. That study examined the river cooling
effect, determined thresholds for cooling and humidification distances using a third-order
polynomial approach, assessed coastal heat stress at the pedestrian level, and investigated
the impact of the coastal built environment using stepwise regression analysis.

It can be seen that the current research on the factors affecting the cooling effect of
water bodies has mainly focused on the width, area, shape, and dominant wind direction
of such bodies [16,17]. These studies provide an important basis for further optimizing the
transformation and design of urban waterfront spaces.

2.2. Effect of Blue–Green Synergistic Cooling

In recent years, as waterfront space microclimate research has increased, the blue–green
space wind synergistic cooling effect has gradually become the focus of many scholars.
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Urban green infrastructure (UGI) and urban blue spaces (UBS) are nature-based elements
of urban land use that play an integral role in improving the urban thermal environment.
A growing body of research suggests that waterfront green spaces can help create a cooling
effect, thereby mitigating the urban heat island effect [18–20]. For instance, in Chongqing, a
typical hot and humid city in China, a study found that the synergistic cooling effect of a
blue–green space in the range of 7–12 m was the most obvious, with an average cooling
amplitude recorded that was 3.3 ◦C higher than the sum of the cooling effects of water
and plants alone [21]. Meanwhile, the literature suggests that the cooling effect of UGI is
strongly influenced by the type of vegetation, green areas, and spatial distribution [22],
while the cooling effect of UBS is strongly influenced by the wind direction, wind speed,
water body areas, and building layouts [23]. These studies provide useful information for
further optimizing waterfront urban planning and blue–green space design.

2.3. Thermal Comfort in Waterfront Spaces

In related studies on thermal comfort in waterfront spaces, it can be found that human
thermal comfort is closely related to microclimate changes. In recent years, the number of
studies on outdoor thermal comfort in various climatic environments has increased. For
instance, Manat Srivanit et al. [24] conducted microclimate simulations using ENVI-met for
192 design scenarios of a waterfront villa area in a Bangkok suburb, exploring the impacts
of different residential layout designs, building geometries, and green forms on outdoor
thermal comfort in the suburb. Xu et al. [25] analyzed the effects of water bodies, vegetation,
and wind conditions on temperature and humidity in the waterfront area of Sand Lake in
Huang Xing Park, Shanghai, through on-site measurements and summer high-temperature
index calculations, and found that the water bodies were able to effectively improve human
comfort in the zones along the shoreline during the hottest period of the summer, with
the area 10–20 m from the water’s edge showing the greatest improvement in thermal
comfort. Meanwhile, Fei et al. [26] used a combination of subjective and objective analysis
and a software model simulation to evaluate the thermal environment of different types of
microscale waterfront settlements. Additionally, the objective effects of different waterfront
distances on thermal comfort, as measured by the heat index (HI), were quantified, and a
subjective evaluation of the universal thermal climate index (UTCI) was carried out. That
study showed that appropriate green cover and vegetation types can form a coupling
mechanism between waterfront green spaces and thermal evaluation criteria. These studies
provide important theoretical support for the thermal comfort design of waterfront spaces.

2.4. Impact of Spatial Patterns on Microclimates

In the study of spatial morphology, scholars have analyzed cities and urban settlements
in depth, mainly from a meso–micro scale perspective. Some of these studies have focused
on the impact of morphological indicators, such as urban planning strategies, building
compactness, and spatial layout patterns of settlements on microclimates. A study by
Jang [27] focused on the microclimatic impacts of three strategies commonly used in the
development of high-density waterfront settlements in Seoul, Korea, and modeled and
compared the microclimates of these settlements under different strategies through ENVI-
met. Meanwhile, Xu [28] analyzed the correlation in Wuhan between air temperature and
four morphological indicators, namely building density (BD), vegetation coverage (VC),
the floor to area ratio (FAR), and the sky view fraction (SVF). Further, Wang [29] compared
the differences in the microclimate characteristics of five settlements in Luoyang City with
different architectural spatial layouts and concluded that different architectural designs and
spatial layouts have an important impact on the environmental microclimate characteristics
of settlements. These studies provide useful references for optimizing urban planning and
settlement design.

In summary, research on the microclimates of settlements has been fruitful. A review
of the literature revealed that two main methods, field measurements and software simula-
tions, have been used in previous studies. Most researchers have focused their questions
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on these areas: (1) the water body cooling effect, (2) the effect of blue–green synergistic
cooling, (3) thermal comfort in waterfront spaces and (4) the impact of spatial patterns on
microclimates. However, these studies are less concerned with systematic relationships
between micro-scale spatial form factors and microclimates, and they lack significant analy-
ses of the effects of spatial form factors on microclimates and thermal comfort. Therefore,
in order to explore the issue of how the spatial form factors of waterfront settlements affect
surrounding microclimates and outdoor thermal comfort, this study took the South Lake
area of Wuhan as its research object and adopted a hybrid method combining orthogonal
tests and software simulation in order to identify and analyze the key factors affecting the
microclimates and human comfort of waterfront settlements. By analyzing the influence of
various typical waterfront settlements’ spatial patterns on the effect of microclimate regula-
tion, we aimed to provide reference values for improving the construction and planning of
waterfront settlements in the HSCW zone.

This study consists of five main parts. In the first part, the context of the current
study is analyzed. In the second, the research results of local and international scholars
are reviewed, and the objective and purpose of this study are clarified. In the third, taking
Wuhan Nan Lake Area as an example, the various factors affecting the microclimates and
human comfort of waterfront settlements in the HSCW zone are clarified by employing
an orthogonal experimental method and software simulation to study the waterfront
settlements in the HSCW zone, including LF, FAR, GF, and the distance from the shore. In
the fourth, the longitudinal and transverse distribution patterns of the microclimate data
of each scheme are analyzed, and the quantitative relationship between the influencing
factors and the human comfort and microclimates of the settlements is established. Further,
this section explores the significance of the primary and secondary relationships between
the influence of each factor on human thermal comfort and the T and RH, as well as the
degrees of their influence. In the fifth part, the results of the analysis are summarized and
discussed.

3. Methodology and Study Area
3.1. Research Method

The research of this study was divided into five main steps. In step 1, field research
was conducted on the study sample, and relevant information on the settlements was
collected. In step 2, the research data and key factors were extracted while relevant norms
and standards were adhered to. In step 3, the levels for each influencing factor were
determined, and orthogonal experiments were conducted in order to obtain the number
of simulation scenarios. In step 4, based on the results of the orthogonal experiments,
ENVI-met was applied to model typical settlements. In step 5, a simulation was performed
using ENVI-met in order to output the microclimate and thermal comfort results for each
scenario, and the results were analyzed. The specific research methodology is shown in
Figure 1.

This study conducted field research in the Nan Lake area of Wuhan. During a previous
visit, 32 neighborhoods around the Nan Lake were investigated, and basic information on
the number of building floors, main LF, building orientation (BO), green rate (GR), and
FAR of these settlements was obtained. The results are shown in Table 1.



Sustainability 2023, 15, 15687 5 of 26Sustainability 2023, 15, x FOR PEER REVIEW 5 of 27 
 

 
Figure 1. The study’s research methodology. 

This study conducted field research in the Nan Lake area of Wuhan. During a previ-
ous visit, 32 neighborhoods around the Nan Lake were investigated, and basic infor-
mation on the number of building floors, main LF, building orientation (BO), green rate 
(GR), and FAR of these settlements was obtained. The results are shown in Table 1. 

Table 1. Summary information on settlements around Nan Lake. 

No. Story LF BO GR (%) FAR 
1 7 Staggered layout South–north 25.1 2.4 
2 13 Combined layout South–north 28.6 3.2 
3 4/7 Combined layout South–north 32.5 2.2 
4 4 Parallel layout South–north 32.8 2.4 
5 6 Parallel layout South–north 32.0 2.9 
6 6/12 Parallel layout South–north 33.5 2.4 
7 7/11 Parallel layout South–north 35.0 1.0 
8 9 Parallel layout/Staggered layout South–north 42.0 1.1 
9 6 Parallel layout South–north 42.4 1.3 

10 5/10 Parallel layout South–north 40.3 1.5 
11 6 Staggered layout Southwest–northeast 35.4 1.6 
12 42/13 Combined layout South–north 42.1 1.7 
13 29 Staggered layout Southwest–northeast 42.2 2.1 
14 17 Staggered layout South–north 40.0 2.5 
15 16 Enclosed layout South–north 42.3 3.0 
16 25 Enclosed layout Disordered 40.2 3.5 
17 30 Enclosed layout/Staggered layout Southwest–northeast 40.5 3.8 
18 7 Combined layout Disordered 35.4 3.7 
19 16/27 Staggered layout Southeast–northwest 40.7 4.0 
20 27 Parallel layout South–north 36.8 3.0 
21 6/31 Staggered layout Southwest–northeast 37.3 3.4 
22 18 Parallel layout South–north 38.6 2.2 

Figure 1. The study’s research methodology.

Table 1. Summary information on settlements around Nan Lake.

No. Story LF BO GR (%) FAR

1 7 Staggered layout South–north 25.1 2.4
2 13 Combined layout South–north 28.6 3.2
3 4/7 Combined layout South–north 32.5 2.2
4 4 Parallel layout South–north 32.8 2.4
5 6 Parallel layout South–north 32.0 2.9
6 6/12 Parallel layout South–north 33.5 2.4
7 7/11 Parallel layout South–north 35.0 1.0
8 9 Parallel layout/Staggered layout South–north 42.0 1.1
9 6 Parallel layout South–north 42.4 1.3

10 5/10 Parallel layout South–north 40.3 1.5
11 6 Staggered layout Southwest–northeast 35.4 1.6
12 42/13 Combined layout South–north 42.1 1.7
13 29 Staggered layout Southwest–northeast 42.2 2.1
14 17 Staggered layout South–north 40.0 2.5
15 16 Enclosed layout South–north 42.3 3.0
16 25 Enclosed layout Disordered 40.2 3.5
17 30 Enclosed layout/Staggered layout Southwest–northeast 40.5 3.8
18 7 Combined layout Disordered 35.4 3.7
19 16/27 Staggered layout Southeast–northwest 40.7 4.0
20 27 Parallel layout South–north 36.8 3.0
21 6/31 Staggered layout Southwest–northeast 37.3 3.4
22 18 Parallel layout South–north 38.6 2.2
23 18 Staggered layout South–north 42.3 2.3
24 17 Parallel layout South–north 41.3 2.4
25 7/12 Parallel layout South–north 40.5 2.3
26 48 Staggered layout South–north 40.3 3.3
27 6 Parallel layout Southeast–northwest 41.0 1.3
28 15/3 Enclosed layout/Combined layout Disordered 45.6 1.3
29 30 Staggered layout Disordered 45.2 2.2
30 16 Parallel layout Southwest–northeast 45.2 2.6
31 6 Parallel layout South–north 53.0 1.6
32 7 Parallel layout South–north 40.6 1.5
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As can be seen from the basic information above, the BO of the settlements in the Nan
Lake area was mainly north–south, the buildings in the settlement were predominantly
multi-story and high-rise, and most of the monolithic building layouts were panelized.

By analyzing the layout and architectural forms of these settlements, four typical set-
tlement layout planes were identified: parallel [30], staggered, combined, and enclosed [31].
The classification results are shown in Table 2.

Table 2. Classification of spatial layout forms in Nan Lake waterfront settlements.

LF Schematic Plan Spatial Representation
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At the same time, using data from the actual research and the relevant provisions of
“The Planning and Design Standards for Urban Residential Areas (GB 50180-2018)” [32] on the
FAR and green space ratio of multi-story and high-rise residential buildings, as well as by
referring to the 2021 “Wuhan City Waterfront and Mountain Area Planning and Management
Provisions” [33] on the minimum offshore spacing requirements for waterfront buildings,
the LFs of the settlements were horizontally divided into the categories of FAR, GF, and OD,
as shown in Table 3. This study adopted an idealized scheme in which the plot ratio was
considered as a single non-intersecting factor, i.e., the value of the plot ratio was adjusted
by fixing the building spacing and varying the building height, which ultimately enabled
the development of a four-factor, four-level orthogonal experiment.

Table 3. Classification of the level of each factor.

Factors Level 1 Level 2 Level 3 Level 4

LF Parallel layout Staggered layout Combined layout Enclosed layout
FAR 1.5 2.0 2.5 3.0
GF Grass Grass + shrubs Grass + dwarf trees Grass + tall trees
OD 50 m 150 m 250 m 350 m

Next, orthogonal experiments were conducted involving these four factors. Since
the effect of each factor was relatively independent, the interactions among the factors
were not considered. According to the SPSSAU orthogonal experimental table manual, the
L16(45) orthogonal experimental table can be used, and the minimum number of simulation
schemes needed for factor analysis is 16. The experiments carried out in this study are
summarized in Table 4. In these experiments, the height of the grass in the GF was set at
0.25 m, the height of the shrubs was set at 2 m, the height of dwarf trees was set at 4 m, and
the height of tall trees was set at 15 m.



Sustainability 2023, 15, 15687 7 of 26

Table 4. Orthogonal experiments carried out in the study.

NO. LF FAR GF OD (m)

1 Parallel layout 1.5 Grass 50
2 Parallel layout 2.0 Grass + shrubs 150
3 Parallel layout 2.5 Grass + dwarf trees 250
4 Parallel layout 3.0 Grass + tall trees 350
5 Staggered layout 1.5 Grass + shrubs 250
6 Staggered layout 2.0 Grass 350
7 Staggered layout 2.5 Grass + tall trees 50
8 Staggered layout 3.0 Grass + dwarf trees 150
9 Combined layout 1.5 Grass + dwarf trees 350
10 Combined layout 2.0 Grass + tall trees 250
11 Combined layout 2.5 Grass 150
12 Combined layout 3.0 Grass + shrubs 50
13 Enclosed layout 1.5 Grass + tall trees 150
14 Enclosed layout 2.0 Grass + dwarf trees 50
15 Enclosed layout 2.5 Grass + shrubs 350
16 Enclosed layout 3.0 Grass 250

According to the results of the above research and analysis, in the settlements model,
the ideal length and width of the waterfront settlement site was 530 m × 470 m, the ideal
length and width of single buildings was 30 m × 15 m, the ideal spacing between building
boundaries and lakes was 50 m, and the ideal spacing between building boundaries and
the road was 10 m. Further, the ideal spacing between monolithic buildings was 22.5 m
at the face of the hill wall and 26 m at its front and rear. These results are summarized in
Table 5. Regarding the four typical spatial layout forms analyzed in the settlement model,
we defined a parallel layout as a horizontal and vertical alignment of single buildings, a
staggered layout as a staggering of 25 m between the fronts of single buildings, an enclosed
layout as the arrangement of single buildings adjacent to each other around the formation
of an atrium, and a combined layout as an enclosed arrangement of single buildings.

Table 5. Summary of model information.

LF Parallel Layout Staggered Layout Combined Layout Enclosed Layout

Schematic plan
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3.2. Study Area and Scoping

Wuhan, located in the HSCW zone, has a subtropical humid monsoon climate. Having
many water systems and lakes, it is known as the “City of a Hundred Lakes”. The city’s
total surface water area is 2217.6 km2, accounting for 26.1% of the city’s area [34]. The
region receives abundant rainfall all year round [35], recording an average annual rainfall
of 1320 mm over the past 30 years. Much of this rainfall is concentrated in the months of
June–August. Wuhan’s air humidity averages close to 70% throughout the year, and the
city enjoys plenty of light, having a total number of hours of sunshine ranging from 1810 to
2100 h throughout the year. These climatic conditions create a typical climate characterized
by high temperatures and high humidity, meaning the four seasons are often not clearly
distinguished. At the same time, the distribution of light, heat, and precipitation in the
region varies considerably, and its seasonal distribution is also uneven, with its summer
season starting in May, when temperatures rise sharply, and the height of summer being
experienced in mid-July, with the average temperature in the month ranging from 25 ◦C to
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30 ◦C. Further, the monsoon effect is obvious in Wuhan, whose summer is dominated by
southeast winds with an average wind speed of 1.6 m/s [36].

Nan Lake, the third largest urban lake in Wuhan, is located in Hongshan District, and
it has a water area of 7.6 square kilometers [37]. The lake, featuring a synthesis of natural
and artificial subsurfaces, and its formation, development, and evolution have played an
unnoticeable role in shaping the natural and human environments of the surrounding
areas. The formation of the water system of Nan Lake has a long history, dating back to the
Three Kingdoms period. While there had been changes to its form, only small changes to
the lake’s natural state had taken place until 1973, when the planning and development
of Wuhan City saw a variety of avenues along the lake begin to be built. Further, the Nan
Lake shoreline was transformed from a curved to a straight line. From the very beginning
of the use of the lake, its area began to be constantly transformed into agricultural land and
land for construction. Excessive development has led to a reduction of the water body area
of Nan Lake, the disappearance of several of its water system tributaries, and the gradual
weakening of its connection with the Yangtze River [38], which has further led to the
occurrence of urban flooding and the deterioration of the microclimate of the surrounding
area [39]. As shown in Figure 2, due to the rapid development of urban construction, the
area of Nan Lake has been gradually reduced, resulting in a corresponding reduction in
the area of the waterfront. In turn, the cooling and regulating effect of the water body
on the thermal environment around it has been gradually weakened, aggravating the
phenomenon of the urban heat island effect [40,41]. The lake’s waterfront space is a typical
case of an urban development that has been neglected, and how to effectively utilize this
space in order to improve its surrounding microclimate in the future development of Nan
Lake has become an important issue.
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Taking the Nan Lake area as an example, this study employed a method of determining
the index factors of each spatial form in order to carry out orthogonal experiments and
used ENVI-met software to simulate and analyze the schemes employed. This study aimed
to analyze the quantitative relationship between the urban waterfront space and urban
settlements in the city.

A microclimate is a small-scale climatic environment in the near-surface atmosphere
and soil surface layer caused by different tectonic features of a given subsurface, and it
specifically refers to an object area within 0.1–1000 m horizontally and 0.1–100 m vertically.
In terms of research on urban waterfront spaces, Cao et al. [42] examined the effects of
spatial patterns on temperature and wind speed within 0.1 km, 0.2 km, 0.5 km, and 1 km
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radii, and found that spatial patterns within 0.5 km and 1 km radii are suitable scales for
research. Based on the fact that the object of this study was the neighboring area of Wuhan
Nan Lake, this study focused on the settlement space within a 0.5 km radius of Nan Lake,
as shown in Figure 3.
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Figure 3. Schematic of the scope of the study.

According to the hierarchical control scale division of the residential area, a 470 m× 530 m
plot beside Nan Lake was selected as the study unit (as shown in Figure 4). Using “The Planning
and Design Standards for Urban Residential Areas (GB 50180-2018)” [32], reference was made to
the maximum net density control index of the residential buildings, the maximum FAR control
index, the building spacing index, the number of building floors, and the public green space
index within the residential area, as well as the requirements for setting green space at all levels.
After combining the results of the field research with the regulatory documents, the impacts
of changes in spatial morphology elements on the regional thermal environment of the South
Lake waterfront residential area were simulated and analyzed by varying four parameters:
FAR (building height), LF, GF, and OD.
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3.3. Study Parameters and Scheme Descriptions

In this study, ENVI-met software (5.5.1) was used to perform a comprehensive simula-
tion of each scheme. ENVI-met, a piece of numerical simulation software focusing on urban
microclimate research, is capable of simulating microclimatic conditions with a high degree
of accuracy in 3D environmental models. Now a well-recognized scientific tool in the field
of microclimate research, ENVI-met is widely used by scholars at home and abroad to
simulate microclimates on the microscale [43–45] in order to quantitatively analyze the
factors affecting microclimate environments and the spatial and temporal characteristics of
urban microclimates. In terms of microclimates, this study paid special attention to two
key indicators, T and RH. In addition, the extent to which the influencing factors affected
temperature and humidity human comfort (UTCI) was investigated by means of a polar
extremum difference analysis.

The ENVI-met simulation operation process was roughly divided into five steps. First,
the workspace was established, and the simulated scene information in the workspace was
set, such as the geographic location, unit mesh accuracy, nesting parameters, etc. After
the setup was completed, the required simulation site base map was imported into the
SPACE modeling board to generate the model file (.inx). Second, the ENVI-guide board
was utilized to set the background meteorological parameters, including the simulation
date, time, wind speed, wind direction, temperature, relative humidity, radiation, rainfall,
and other condition parameters, in order to obtain the (.sim) file. Third, data operations
were performed using ENVI-core in order to obtain the (.EDX) files. Fourth, the BIO-met
module was applied to perform comfort operations on the model. Fifth, the output files of
steps three and four were imported into Leonardo for the visualization and analysis of the
simulation results.

By referring to the schemes shown in Table 4, it can be seen that since the FAR was
a single non-intersecting factor in this study, it was only affected by the building height.
Therefore, the FAR of the model for each scheme was quantified by changing the height,
and the model height and number of floors corresponding to the FAR for each specific
scheme are shown in Table 6.

Table 6. Architectural model size parameters.

LF FAR Height (m) Story

Parallel layout/Staggered layout

1.5 30 10
2.0 39 13
2.5 48 16
3.0 60 20

Combined layout

1.5 36 12
2.0 45 15
2.5 57 19
3.0 69 23

Enclosed layout

1.5 39 13
2.0 51 17
2.5 66 22
3.0 78 26

The parameters required for the ENVI-met simulations fell into two main categories:
meteorological parameters and model parameters. For the meteorological parameters, the
direct radiation, scattered radiation, longwave radiation, air temperature, humidity, wind
speed, wind direction, and rainfall for a given day had to be entered. These data were
derived from the European Centre for Medium-Range Weather (ECMWF), which provided
accurate weather information for the simulations. For the model parameters, the location
of the simulation area, the number of model grids, the unit grid accuracy, and the height
and material of the model all had to be set. Having determined the above setup parameters,
this study chose 21 July 2023 as the simulation date to obtain the relevant meteorological
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parameters, while it combined the data shown in Tables 5 and 6 to set the model parameters
for each scheme.

3.4. Model Validation

The selected sample settlement is located in the Nan Hu Lake Yuan settlement in Hong
Shan District, Wuhan (as shown in Figure 5.) The settlement is located in the Nan Lake
Scenic Area on the west side of South Luo Shi Road in Hong Shan District, adjacent to the
Nan Lake Happy Bay Park, east of Publishing City Road, north of Airport Road 3, south of
Wu Liang Road, and west of the southern section of Ding Zi Qiao Road. The settlement is
surrounded by urban roads and the site is well organized, with the sample having a length
of about 400 m from north to south and 160 m from east to west, covering in total an area of
about 54,694.00 m2. The building area is about 130,759.00 m2, and the building type in the
small area is the slab building type. A total of 18 buildings were included; these had a plot
ratio of 2.3 and a GR of 40.0%, and the number of floors in each building ranged between 8
and 12.
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Figure 5. Location of actual points included in the study.

The actual test date was 11 July 2023, which was at the beginning of the ambient
period; it was a sunny day marked by high temperatures. Three TES 1341 thermocouple
anemometers and one JTR05 solar radiation self-logger were used in the on-site meteo-
rological field measurements for fixed-point and timed recordings. Combined with the
background meteorological data required for the ENVI-met simulation and the resulting
data to be validated, this test provided both temperature and humidity data collection
and radiation data collection. Considering that human activities are often within 3.0 m
of the ground, the temperature, relative humidity, wind speed, and wind direction were
measured at 1.5 m above the ground for each measurement point. For these factors, a
TES 1341 thermocouple anemometer was used to measure the temperature, humidity, and
wind speed; the instrument was placed on a 1.5-meter-high tripod and set to record its
measurements every 10 min, while the temperature, relative humidity, and wind speed
displayed by the instrument were recorded manually every 30 min, and the angle of the
wind direction was recorded by means of a fluttering belt and a compass. Solar radiation
data were then measured by the JTR05 solar radiation self-logger, which again was set to
record its measurements every 10 min and whose measurements were manually recorded
every 30 min. The actual measurement time period was from 8:00 to 20:00 on the test day.
As shown in Figure 6, given the different locations of the buildings, their different distances
from the water body, and the differences in their underlying surfaces, we set up three
measurement points within the study area and placed a solar radiation self-logging device
on the rooftop of each building to obtain the background meteorological data.
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Based on the mapping data from the field visit, the measured area was modeled and
numerically simulated in ENVI-met. The settlement model is shown in Figure 7. The results
of the simulation were compared with the actual measured data to verify the accuracy of
the simulation results. The validation was evaluated using the mean absolute percentage
error (MAPE) and root mean square error (RMSE), and the RMSE and MAPE were used to
verify the reliability of the simulation results. Referring to recent research on the accuracy
of ENVI-met simulations, it was found that the RMSE of the measured versus simulated
T and wind speed (WS) was not greater than 1.31, and that the MAPE of the measured
versus simulated RH was not greater than 5% [26], which means the simulation satisfies
the established requirements.

RMSE =

√
1
r

r

∑
i=1

(
y′i − yi

)2 (1)

MAPE =
1
r

r

∑
i=1

∣∣y′i − yi
∣∣

yi
× 100% (2)

where r is the total number of groups, y′i is the simulated value of the parameter, and yi is
the measured value of the ith parameter.

In this study, SPSS was used to statistically analyze the measured and simulated T,
RH, and WS data comparisons [46]. As seen in Table 7, the results show that the simulated
microclimate results were more compatible with the on-site measurements, while the RMSE
values for the T and WS were within 1.31 and the MAPE values of the RH were not greater
than 5%, with all of these values being within a reasonable error range.

Meanwhile, as seen in Figures 8–10, the T, RH, and WS trends simulated by ENVI-met
were basically consistent with the measured data, which indicated that the ENVI-met
simulation had reliability and was able to successfully simulate the real microclimate
scenarios.
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Table 7. Comparison of measured and simulated error values.

Point T/RMSE RH/MAPE WS/RMSE

1 1.064414 4.90% 0.457999
2 0.802187 3.60% 0.809417
3 1.105572 2.40% 0.393414
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4. Results and Analysis

In order to quantitatively analyze the effects of different combinations of factors on
the thermal and humid environments of waterfront building areas, in this study, based
on their same LFs, horizontal (parallel to the riverbank direction Y) and vertical (perpen-
dicular to the riverbank direction X) directions at a level of 1.5 m above the ground in
the study region’s waterfront building area were used. Sampling points were selected
from ventilation corridors and building bypass zones with characteristics representative
of the flow field, and the average values at the height of pedestrians in the settlements
were compared and analyzed as an analytical index [43,47,48]. The specific horizontal and
vertical internal locations are shown in Figure 11, marked by short red dashed lines. For the
horizontal locations, the sampling points started at the northernmost point, labeled HX1;
for the vertical locations, the sampling points started at the point closest to the lakeshore,
labeled ZX1.
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4.1. Temperature Distribution Pattern of Each Scheme
4.1.1. Horizontal Patterns of Change

Figure 12 illustrates the distribution of the outdoor temperatures with the lateral
distance at the sampling points in each scheme. From the figure, it can be clearly observed
that the temperature change in each scheme as a whole showed an upward trend, but their
patterns of change varied. For both the parallel and combined layouts, the outdoor temper-
atures showed a smooth increasing trend, albeit with small changes in values recorded. In
contrast, the temperature changes for the staggered layout showed a symmetrical distribu-
tion, with the external ambient temperature being higher at the sides and relatively lower
in the center. This change was particularly noticeable in Scheme 5, due to the fact that
the sampling points were located on either side of the Y direction, immediately adjacent
to the building boundaries and the pavement outside the settlement, which was affected
by the building facades and the heat island effect, resulting in higher temperatures. For
the enclosed layout, there were large differences in the outdoor temperatures among the
individual schemes, especially for Scheme 9 and Scheme 12, whose temperatures rose
sharply at sampling point 5 as a result of the ventilation corridor effect, which was created
by the combination of the high-temperature façades of the buildings on both sides and the
spacious roadway in the middle of the area.
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A comparison of the lateral temperature variations recorded for the four layout forms
reveals that the outdoor temperatures of the four schemes for the parallel layout were the
lowest, having a range of 28.9–30.6 ◦C, of which the lowest temperature recorded in the
middle of the building area was in Scheme 2. This was due to the fact that the relatively
regular nature of the parallel layout constituted a ventilation corridor in the north–south
direction, and that the GF of the “grass + shrubs” was conducive to heat dissipation at
the height of the walkway. Among these 16 simulation schemes, it can be found that the
outdoor temperatures recorded in Schemes 1, 6, 11, and 16 were much higher than those
recorded in the rest of the schemes. By also referring to Table 4, it can be found that what
these four schemes had in common was that their GFs were set up as grassy areas, which
resulted in unobstructed outdoor spaces in the settlements that were marked by poorer
transpiration by the plants present, therefore leading to higher and weakly varying outdoor
temperatures. The highest overall average temperature was recorded in Scheme 6. In
addition to the reasons mentioned above, this was due to its use of the slab building type
and staggered layout, which are characterized by poor ventilation; further, the settlement
as a whole did not form an air corridor in the north–south direction, and the southerly
winds characteristic of Wuhan in summer were unable to provide effective airflow into the
interior of the settlement.

4.1.2. Vertical Patterns of Change

Figure 13 shows the distribution patterns of the outdoor temperatures with longitudi-
nal distance at the sampling points of each scheme. From the figure, it can be seen that the
temperature change patterns of each scheme were approximately the same, and that the
temperatures recorded at their starting points were generally slightly higher than those
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recorded at other points. The main reason for this was that the road material used near the
lake was asphalt, meaning the road surface temperature was high; further, the road along
the lakeside was not set up with green plants. As the sampling points entered the building
area, the recorded outdoor temperatures began to fall and stabilize due to the shade pro-
vided by the buildings and the influence of greening, and then as the points moved further
away from the shore, their recorded temperatures rose slowly. Among the schemes, the
changes in the eight parallel layout and combined layout schemes showed a typical change
pattern of higher values on both sides and relatively lower values in the center of the
study area, with the temperature changes in the combined layouts being more gentle in the
building area. The staggered layout schemes had the smoothest temperature trend, while
the temperature changes in the enclosed layout schemes showed an up-and-down pattern
of change, with a significant increase in the outdoor temperatures at the farthest point
offshore recorded. In particular, the most significant temperature changes were recorded at
a sampling point in Scheme 9, due to the fact that this point was located in the center of
the building enclosure at the very end of the study region, where the cooling effect of the
water body was weak and it was affected by the high temperature of the peripheral road
pavement at the boundary of the settlement to the west; further, the fluctuating temperature
changes were also related to the scheme’s enclosed layout form, which was characterized
by a weak and insignificant wind inside the enclosing space.
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A comprehensive comparison of the longitudinal temperature changes recorded for
the four layout forms reveals that the outdoor temperatures in the waterfront building area
increased as the distance from the shore increased, with the cooling effect of the water body
on the settlements gradually diminishing. Again, the outdoor temperatures in Schemes
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1, 6, 11, and 16 were much higher than those in the rest of the schemes, from which it can
be deduced that the irrational GFs significantly weakened the cooling regulation in the
outdoor spaces of the settlements.

4.2. Relative Humidity Distribution Pattern of Each Scheme
4.2.1. Horizontal Patterns of Change

Figure 14 shows the distribution pattern of relative humidity with lateral distance
at the sampling points of each scheme. The starting point of the calculation began at the
study region’s northernmost boundary within the waterfront built-up area and increased
gradually by distance along the Y direction. As can be seen in Figure 14, although the
overall trend of relative humidity decreased as one moved deeper into the south, the
characteristics of the changes in relative humidity varied from scheme to scheme and across
the different layouts. The relative humidity variations were relatively small across the
parallel layout and staggered layout schemes. In the staggered layout schemes, the relative
humidity variation curves were roughly symmetrically distributed along the centerline of
the settlements, most notably in Scheme 5. The enclosed layout schemes had two peaks in
relative humidity along the transverse direction, and the staggered layout schemes had
four peaks in relative humidity along the transverse direction. This was due to the fact
that in these schemes, the airflow was greatly influenced by the LF, being related to the
ventilation corridor formed by each LF. The staggered column and enclosed layout schemes
were less effective due to their use of horizontal ventilation, which resulted in the airflow in
the central region being blocked by the buildings, while the main ventilation corridor was
formed vertically. Further, the buildings in this region were widely spaced, which allowed
the airflow from the lake to enter the middle part of the building area, and thus, the relative
humidity was relatively large in this region.

A comprehensive comparison of the four layout forms reveals that there was one
scheme for each layout that recorded much lower humidity values than the remaining
schemes. Combining this analysis with the data shown in Table 4, it can be seen that
Schemes 1, 6, 11, and 16, coincidentally, did not perform as well in terms of the cooling
effect. Similarly, the mono-GF of the grass in the settlements resulted in weak moisture
retention and low humidity in these schemes. Comparing the 16 schemes, it was found that
the schemes with the highest relative humidity values were Schemes 2, 5, 12, and Scheme
14. By referring as well to Table 4, it can be seen that Schemes 2, 5, and 12 had the same
common GF feature, which was “Grass + Shrubs,” while Scheme 14 and Scheme 2 shared
the common feature of their FAR both being 2.0, from which it can be inferred that the GF
and the FAR had a certain influence on the relative humidity.

4.2.2. Vertical Patterns of Change

Figure 15 shows the distribution pattern of the relative humidity with the longitudinal
distance at the sampling points of each scheme. From the figure, it can be seen that
these distribution patterns were roughly the same. They did show different degrees of
attenuation as the distance from the lakeside increased, but there was little difference in
the overall change in their distribution patterns due to the high humidity of summer in
Wuhan and the shading and ventilation effects of the different buildings and plants that
were present. Among the schemes, there were nine, namely Schemes 2, 3, 4, 5, 7, 9, 10, 13,
and 14, which showed a gentle trend of humidity changes in the building area. By also
referring to Table 4, it can be found that most of the greening forms of these schemes were
composed of “grass + trees.” It can, therefore, be inferred that greening in the form of trees
helped enhance the moisturizing effect of the outdoor spaces in the residential area of the
study region.
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A comprehensive comparison of the four layout forms reveals that the relative humid-
ity values in the longitudinal direction of Schemes 1, 6, 11, and 16 remained much lower
than those of the other schemes, once again demonstrating the important influence of the
GF on the relative humidity in the study region.

A comparison of the T and RH of the longitudinal and transverse directions of the
change patterns found that the longitudinal change pattern of T was different from that
of RH. The reason for this was that the RH was mainly affected by the concentration of
the moisture dispersal source and the change in airflow on the diffusion path, with its
mechanism being relatively simple. Meanwhile, the T was affected by the low-temperature
airflow brought about by the wind, and the size of the changes in its values was also related
to the T of the different land surfaces and the influence of the sun’s radiation, which made
the combined effect relatively more complicated.
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4.3. Orthogonal Experimental Analysis of Waterfront Settlement Simulation Schemes

As discussed above, 16 simulation schemes with different factor combinations were
obtained through orthogonal experiments, and then ENVI-met was used to simulate these
schemes, with the corresponding UTCI, T, and RH values of each scheme being calculated.
The specific experimental results are shown in Table 8.

Table 8. Orthogonal design for analog schemes.

NO. LF FAR GF OD/m UTCI/◦C T/◦C RH/%

1 Parallel layout 1.5 Grass 50 37.9 30.5 84.6
2 Parallel layout 2.0 Grass + shrubs 150 34.2 29.0 88.2
3 Parallel layout 2.5 Grassland + dwarf trees 250 34.4 29.1 88.3
4 Parallel layout 3.0 Grassland + tall trees 350 34.7 29.7 87.8
5 Staggered layout 1.5 Grass + shrubs 250 35.1 29.4 87.3
6 Staggered layout 2.0 Grass 350 35.7 30.9 83.9
7 Staggered layout 2.5 Grassland + tall trees 50 37.3 30.2 85.7
8 Staggered layout 3.0 Grassland + dwarf trees 150 34.9 29.6 86.9
9 Enclosed layout 1.5 Grassland + dwarf trees 350 36.2 29.7 86.6

10 Enclosed layout 2.0 Grassland + tall trees 250 36.1 30.1 86.4
11 Enclosed layout 2.5 Grass 150 37.1 30.5 85.1
12 Enclosed layout 3.0 Grass + shrubs 50 36.3 29.8 86.4
13 Combined layout 1.5 Grassland + tall trees 150 35.5 29.9 87.0
14 Combined layout 2.0 Grassland + dwarf trees 50 36.9 29.8 86.1
15 Combined layout 2.5 Grass + shrubs 350 36.1 30.1 85.7
16 Combined layout 3.0 Grass 250 36.4 30.4 85.2

The factors affecting human comfort are very diverse and can be mainly categorized
into meteorological factors and individual differences. Meteorological factors cover en-
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vironmental factors such as solar radiation and the T and RH of the area in which an
individual is located, whereas individual difference factors are characterized by the sub-
jective feelings of the individual, such as their amount of clothing worn, level of exercise,
and heat tolerance [49]. More than 160 comfort indices have been developed in research
related to thermal comfort [50], including the wet bulb black globe temperature (WBGT),
predicted mean voting value (PMV), standard effective temperature (SET), physiologically
equivalent temperature (PET), and universal thermal climate index (UTCI). Among the
many metrics used for outdoor thermal comfort evaluation, the PET and UTCI are the most
widely used [50,51].

The founding principles of the UTCI are rooted in multidisciplinary cross-fertilization.
Based on the mature development of thermal physiology and heat exchange theory, the
UTCI was proposed by the International Society for Biometeorology (ISB) in 2002 [52]. This
metric works toward a common thermal metric applicable globally by combining a multi-
node model with a clothing model. Wang [51] and others from Tongji University found
that in the HSCW zone, specifically in Shanghai, the results of outdoor thermal comfort
evaluation by the UTCI in summer were more consistent with individuals’ subjective
feelings than the PET, while in winter, the PET more accurately reflected individuals’
thermal comfort feelings. Therefore, in this study, the UTCI was selected as the thermal
comfort index in order to investigate the variability of the schemes analyzed.

The UTCI index is modeled using a sixth-degree polynomial equation based on the
thermal physiological exchange theory [53]. Its core structure consists of the Fiala multi-
node model [54] and the adaptive dressing model [55]. The Fiala model is used to simulate
the process of heat exchange between the human body itself and the outside world, while
the dressing model intelligently adjusts the amount of clothing worn according to changes
in the meteorological elements of the surrounding environment. The specific model’s
expression is shown below:

UTCI = f
(
Ta; Tmrt; V′; RH

)
= Ta + O f f set

(
Ta; Tmrt; V′; RH

)
(3)

UTCI values are mainly affected by air temperature (Ta, ◦C), mean radiant temperature
(Tmrt, ◦C), wind speed at 10 m above the ground (V′, m/s), and relative humidity (RH), as
shown in the above equation [56].

In this study, using the BIO-met module in ENVI-met, the UTCI thermal comfort in
the settlement model at a pedestrian height of 1.5 m was calculated using a 35-year-old
adult male in summer clothing as a representative. Using polar analysis, the major and
minor factors affecting thermal comfort were identified, and the order of the influence of
the different spatial form factors on thermal comfort was analyzed in depth.

The results obtained are shown in Tables 8–10. k1, k2, k3, and k4 are the experimental
indicators for the four levels of each influencing factor, from which the lowest level and
the highest level of each influencing factor can be discerned, and R is the extreme variance,
which indicates the range of changes in the role of each influencing factor. Additionally,
the magnitude of the value of R in Table 8 represents the magnitude of the influence of the
corresponding factor on the degree of the UTCI.

Table 9. Significance analysis of factors affecting UTCI.

Mean UTCI at Each Level
Impact Factors

LF FAR GF OD

k1 35.30 36.15 36.79 37.12
k2 35.76 35.77 35.41 35.42
k3 36.42 36.24 35.62 35.52
k4 36.26 35.58 35.92 35.67
R 1.12 0.66 1.38 1.70
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Table 10. Significance analysis of factors affecting T.

Mean T at Each Level
Impact Factors

LF FAR GF OD

k1 29.59 29.88 30.57 30.08
k2 30.01 29.99 29.59 29.77
k3 30.02 29.98 29.55 29.74
k4 30.08 29.87 29.97 30.11
R 0.49 0.12 1.02 0.37

As R reflects the magnitude of change in the test indicator when the level of the factor
fluctuates, the greater the R value, the greater the effect of the factor on the test indicator.
Therefore, based on the magnitude of the R values shown in Table 9, it can be seen that
the main order of influence of each factor on the thermal comfort of the UTCI in the study
region was as follows: OD > GF > LF > FAR.

The T simulation data were analyzed using polar analysis of variance to obtain the
data shown in Table 10. According to the size of the R values shown in the table, it can be
found that the main order of the influence of each factor on the T was as follows: GF > LF >
OD > FAR.

The polar analysis method was used to obtain the RH simulation data shown in
Table 11. According to the size of the polar R values in the table, it can be seen that the
main order of the influence of each factor on the RH was as follows: GF > LF > OD > FAR.

Table 11. Significance analysis of factors affecting RH.

Mean RH at Each Level
Impact Factors

LF FAR GF OD

k1 87.21 86.36 84.69 85.69
k2 85.95 86.16 86.91 86.80
k3 86.10 86.18 86.97 86.79
k4 86.01 86.56 86.70 85.98
R 1.26 0.40 2.28 1.11

A comprehensive analysis of the extremes of the results of the simulation schemes
revealed that the four spatial form influencing factors, namely the LF, FAR, GF, and OD,
had different degrees of influence on the T, RH, and UTCI. Among them, the influence of
the GF and LF on the overall microclimate of the study region was the most significant.
It is worth noting that the order of the influence of the four influencing factors on the T
and RH was consistent, which suggests that, to a certain extent, there was a correlation
between the T and RH change patterns within the waterfront residential area. The FAR
ranked at the bottom of the list for all three outcomes and had the least significant effect
on the microclimate and the thermal comfort in the study region. By comparing the order
of influence weights with regard to the microclimate and comfort, it can be seen that the
influence of the GF was more significant, both for the UTCI and for the T and RH.

5. Conclusions and Discussion
5.1. Conclusions

This study examined microclimate variations among waterfront settlements in the
HSCW zone composed of different spatial form factors. Orthogonal experiments through
ENVI-met were used to simulate four key factors: the LF, FAR, GF, and OD, and their
primary and secondary orders of influence on the microclimate and thermal comfort were
obtained by polar analysis. Based on these findings, the following conclusions were drawn:

1. An analysis of the extreme variance revealed the following: the order of significance
of the factors with regard to the UTCI was: OD > GF > LF > FAR. Similarly, the order
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of significance for T was: GF > LF > OD > FAR. The order of significance for RH was:
GF > LF > OD > FAR. It can be seen that among the four factors, the GF and LF had a
more significant impact on the overall microclimate of the study region, and the FAR
had the least significant impact on each indicator.

2. Under the specific climatic conditions of the HSCW zone, waterfront settlements
may experience high humidity and hot weather, with these having some impact on
human thermal comfort. Therefore, when planning waterfront settlements, buildings
should be rationally laid out to fully utilize the role of ventilation corridors in order to
alleviate the discomfort caused by high temperatures and humidity. This study found
that in the study region, the parallel layout form had better ventilation compared to
the other three layout forms. In the comparative study of T and RH, it was found that
the horizontal temperature distribution of the four parallel layout schemes ranged
from 28.9 ◦C to 30.6 ◦C, and their vertical temperature distribution ranged from 28.8
◦C to 30.5 ◦C, with these being lower than the temperatures recorded in the other three
layout schemes. Additionally, their horizontal humidity distribution ranged from
84.4% to 88.5%, and their vertical humidity distribution ranged from 84.5% to 88.8%,
with these distributions being higher than those in the other three layout schemes.

3. In the construction of waterfront settlements, reasonable GFs can provide such set-
tlements with more comfortable living experiences. This study found the following:
taking the Nan Lake area as an example, for the four greening forms of grass, shrubs,
dwarf trees, and tall trees, the combination of “grass + shrubs” had the best cooling
effect at the height of a pedestrian, while trees were found to reduce the heat transfer
of solar radiation to the ground due to the shading and evaporation effects of their
canopies.

4. In the summer, waterfront settlements are regulated by water bodies, creating a
relatively mild microclimate that can provide residents with a natural escape from the
heat. In this study, it was found that the cooling and humidifying effects provided by
the water bodies of Nan Lake declined as the distance from the shore increased.

5.2. Discussion

Analysis of the data on the T and RH changes in the sixteen schemes revealed that
the GF and LF largely affected the T and RH changes within the study region. The rational
LF formed several ventilation corridors in the internal space of the waterfront settlement,
providing a good ventilation effect and thus achieving the function of regulating the
microclimate of the settlement. Meanwhile, the cooling effect and moisturizing ability
of grass by itself had obvious limitations. Conversely, the rest of the GFs led to richer T
and RH distributions, although these also changed with the distance; regardless, it is clear
that they provided certain cooling and moisturizing effects. Therefore, it is recommended
that shrubs be planted on both sides of the roads within settlements, while in more open
outdoor areas, such as plazas and children’s playgrounds, trees can be planted around the
perimeter in order to provide shade for the site as well as a cooling effect.

When building waterfront settlements, consideration should be given to the fact that
their vertical distance should not be too long, and the distance between settlements and
water bodies should be controlled by fully utilizing the shoreline so as to maximize the
microclimate regulating effect of these bodies. At the same time, reasonable LFs and GFs
can effectively mitigate the decline in the microclimate effect of water bodies experienced
as the distance from their shorelines increases. When planning waterfront settlements in
areas with hot summers and cold winters, it is recommended that reasonable combinations
be adopted for different water conditions, with the aim of alleviating the discomfort caused
by high summer temperatures, minimizing the urban heat island effect and achieving the
goal of sustainable development.

Further, on the basis of previous research, this study explored the microclimate changes
in waterfront settlements in the HSCW zone and used the research method of combining
orthogonal experiments with extreme variance analysis to analyze the spatial morphol-
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ogy factors of waterfront settlements through vertical and horizontal comparisons and
significance analyses. This research method not only identifies the relative importance of
each influencing factor but also integrates the interactions between combinations of spatial
morphology factors, providing ideas for the optimization of subsequent related studies.

Due to the many limitations of waterfront settlements in terms of their selection
conditions for field case zones, in this study, the case zones were selected only with
the goal of building an ideal model that maintained as much similarity to the study
site as possible. During the course of the study, urban design methods were used to
keep conditions such as the building spacing and green areas within the study region
consistent. These pre-determined conditions ensured that the spatial environment and
three-dimensional morphological characteristics of the vegetation caused less disturbance,
allowing the study to focus on the influence of changes in the key spatial morphological
factors on the microclimate of the study region. However, due to the complexity and
diversity of the internal composition of the actual site, the microclimate changes in the
actual waterfront settlement were influenced by more factors than those considered in this
study. In this study, only one climate zone and four spatial form factors were considered,
and in the simulation results, there were not many differences in the T, RH, and UTCI
values among the schemes. In future research, the scope of this study can be expanded
by adding additional simulated case scenarios, which would facilitate analysis of the role
of more influencing factors and provide more reference strategies for the construction of
future waterfront settlements.
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