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Coupling relationships between urban block spatial
morphology and microclimate in severe cold regions

Guang Zhu,” Yun Chen," Wen Wu,'3* Ruihan Liu," Yu Tang," Pengcheng Li," and Aowei Xu?

SUMMARY

This study investigates the relationship between urban block spatial morphology and microclimate in se-
vere cold regions, using Shenyang, China as a case study. We employed computational fluid dynamics the-
ory-based numerical simulation software and a controlled variable approach to analyze the microclimate
effects of four key aspects: street conforming line ratio, street interface density, street aspect ratio, and
building roof forms. The primary findings are as follows: Decreasing conforming line ratios initially in-
crease average wind speed and temperature. Lower interface densities reduce average wind speed but
raise temperature. Higher aspect ratios correspond to increased wind speed and decreased temperature.
Additionally, upward sloping roofs correlate with higher average wind speed and temperature. This
research provides a perspective for evaluating urban microclimates, considering human perception of ur-
ban block space. It also suggests spatial layout design strategies for different types of streets in severe
cold regions, considering the climate environment.

INTRODUCTION

The unprecedented global urbanization process has led to a substantial influx of individuals into cities, particularly in China, where the urban
population has grown by 36.5% from 2000 to 2021. Correspondingly, the total population residing in urban areas grew by 1.31 times, accom-
panied by a 2.01 times expansion of the urban built-up area.’ Despite covering a small fraction of the Earth’s land surface, urban areas accom-
modate over half of the world's population.” The rapid progression of urbanization has resulted in the intensification of the urban heat island
effect, as natural environments are gradually replaced by urban settings. The urban climate, influenced by macroclimate conditions and urban
morphology, represents a dynamic and intricate system that significantly impacts human comfort and outdoor space utilization.” Conse-
quently, comprehending the implications of urbanization on urban climate has become a subject of great interest in the scientific
community.™

Urban climate exhibits diverse characteristics and can be studied from three perspectives: mesoscale, local scale, and microscale.>” Meso-
scale urban climate research examines environmental conditions within a range of 10-100 km, while investigations of local-scale urban climate
focus on a range of 1-10 km.'®"" In contrast, microscale urban climate studies encompass a smaller range of approximately 2 km, closer to the
scale of buildings, thereby magnifying the influence of buildings on the urban microclimate.'*

Since the 1970s, with the emergence of the concept of sustainable development and advancements in urban microclimate
research, scholars have established a correlation between urban built environments, microclimate, and spatial morphology.’'® Moreover,
it has been demonstrated that spatial morphology within urban blocks plays a significant role in influencing microclimate.”"'® ENVI-met simu-
lation experiments have revealed that street aspect ratio and sky view factor (SVF) have a notable impact on the thermal environment within
urban blocks. Deeper streets, higher aspect ratios, and lower SVF contribute to reducing the average radiant temperature within streets.' '
Additionally, factors such as windward area ratio of buildings within streets,”*?? variations in building height,”*° street conforming line ratio,
and building geometric characteristics (e.g., roof forms, balconies, facade design)”*~ also influence the climate dynamics within urban
blocks.

However, current microscale climate studies on urban blocks predominantly focus on individual climatic factors such as wind or thermal
environment, limiting their ability to capture the comprehensive variations of microclimate within blocks. Furthermore, the selection of spatial
morphology indicators for urban blocks remains relatively limited, failing to holistically consider these indicators. Consequently, existing
research outcomes do not fully accommodate the complexity and diversity of spatial layouts in urban block design.®'* This study aims to
explore the influence of different indicator parameters of urban block spatial morphology on microclimate through numerical modeling. Spe-
cifically, it simulates the distribution of microclimate within urban blocks based on four morphology indicators related to spatial morphology:
street conforming line ratio, interface density, aspect ratio, and roof forms. The objective is to provide urban designers with essential refer-
ences and evaluation criteria during the early stages of design, enabling the formulation of more scientifically grounded planning strategies.
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Figure 1. Simulation results of street wind environment under different conforming line ratio parameters
(A) Visualization of the simulated street wind environment.
(B) Wind speed at each monitoring point within the street.

This endeavor will contribute to establishing a favorable urban microclimate environment and enhancing the level of sustainable

development for human habitation.****

RESULTS

Simulation results of street conforming line ratio

The simulation results of the street conforming line ratio (Figure 1) show that there are no significant variations in wind speed at measurement
points A1-A3, which are located farther away from the street canyon inlet and within the wind shadow area. However, it is observed that the
wind speed at each measurement point is higher in the simulated conditions of the plan 3 and plan 4 models compared to the other models.
This suggests that when the street conforming line ratio falls within the range of 59.5%-68%, the wind speeds within the urban street canyon
are noticeably enhanced, promoting better ventilation and air quality renewal.

Based on the thermal environment simulation results (Figure 2), it is evident that the temperature measured at measurement point A1
consistently exceeds that of other measurement points across various plans models. This finding can be attributed to the distance of A1
from the air inlet of the street, as depicted in Figure 1, where the wind speed is relatively low. The reduced wind flow facilitates heat accu-
mulation, leading to elevated temperatures at A1. With the exception of plan 6 model, the temperature differences among measurement
points are not significant under the other models. This suggests that a low street conforming line ratio (42.5%) induces instability in the internal
temperature within the street canyon.

Simulation results of street interface density

The analysis of the wind environment simulation results (Figure 3) reveals that plan 1 and plan 6 models exhibit similar effects on the wind
environment in terms of interface density. Notably, in the eastern half of the street, specifically at measurement points A6 to A10, both
plan 1 and plan é models demonstrate higher wind speeds compared to the other models. At measurement points A1 to A3, as the interface
density decreases, the wind speed initially increases and then decreases. Conversely, at measurement points A4 to A10, the trend is reversed,
with the wind speed decreasing initially and then increasing as the interface density decreases.

The analysis of the thermal environment simulation results (Figure 4) highlights the impact of street interface density on temperature dis-
tribution. Itis evident that temperature tends to accumulate on the western side of the street, particularly at measurement point A1, where the
highest temperature is observed. In contrast, there is minimal temperature variation at the two measurement points A1 and A10 across the
different models, while significant variations are observed at other measurement points. This indicates that changes in interface density lead
to shifts in the positions of buildings along the street, resulting in temperature fluctuations. Among the tested models, plan 3 exhibits the
smallest range of temperature fluctuations at each measurement point within the street, whereas plan 6 shows the greatest fluctuation range.
Notably, measurement point A5 in plan 4 records the lowest temperature.
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Figure 2. Simulation results of street thermal environment under different conforming line ratio parameters
(A) Visualization of the simulated street thermal environment.
(B) Temperatures speed at each monitoring point within the street.

Simulation results of street aspect ratio

When analyzing the wind environment simulation results (Figure 5), in relation to the street’s aspect ratio, several observations can be made. Firstly,
the models from plan 1to plan 6, there is minimal difference in wind speed at measurement points A1 to A3 within the street. These measurement
points are situated in the wind shadow areas of the street, indicating that changes in the street aspect ratio have limited impact on the wind envi-
ronment in these regions. Secondly, as the street aspect ratio increases from plan 1 to plan 7 models, the wind speed data at measurement points
Adto Abinitially decrease and then increase, while the data at measurement points A7 to A8 gradually increase. Conversely, the data at measure-
ment point A9 decrease gradually, and at measurement point A10, they stabilize. These findings suggest the formation of vortices near measure-
ment point A8 within the street, which become more pronounced with an increase in the street aspect ratio. As a result, significant variations in the
wind environment occur. Overall, the simulation results demonstrate that changes in the aspect ratio of the street can have a notable impact on the
wind environment, particularly in the vicinity of measurement point A8, where the formation of vortices is observed.

The thermal environment simulation results (Figure 6) reveal the influence of the street’s aspect ratio on temperature distribution within the
street. As the aspect ratio increases, there is a gradual rise in temperatures at measurement points A1 to A2, which are located within the wind
shadow areas of the street. This observation, combined with the wind environment analysis depicted in Figure 5, suggests that an increased
aspect ratio contributes to heat accumulation within these wind shadow regions, leading to a thermal insulation effect. On the other hand, for
measurement points A3 to A10, an overall decreasing trend in temperatures within the street is observed as the street aspect ratio continues
to increase. This indicates a negative correlation between temperature and the street aspect ratio in the non-wind shadow areas of the street.
These findings highlight the complex interplay between the street’s aspect ratio and temperature distribution, with distinct thermal patterns
emerging in different regions of the street.

Simulation results of roof forms of buildings along the street
The simulation results of the wind environment (Figure 7) demonstrate the significant impact of the roof forms of buildings along the street on
the wind speed within the street. The wind speed follows a specific order: upward sloping roof > flat roof > downward sloping roof. The dif-
ference in wind speed between the round roof and triangular roof forms is not pronounced, falling between the values observed for upward
sloping roofs and flat roofs. This suggests that the form of building roofs can modify the distribution of the flow field above the buildings,
thereby influencing the wind environment within the street. Additionally, under prevailing winds from the southeast-south during the winter
season in Shenyang, when the inclination angle of the building roof form tends toward an upward slope, the wind speed within the street also
increases accordingly. These findings highlight the importance of considering the design and form of building roofs in urban planning to opti-
mize the wind environment and enhance ventilation within street canyons.

The forms of building roofs also play a significant role in shaping the thermal environment within the street (Figure 8). Specifically, during the
winter season in Shenyang, the upward sloping roof exhibits a more pronounced effect in maintaining and elevating the air temperature within
the street. The flat roof follows in terms of thermal performance, while the downward sloping roof demonstrates the poorest performance. On
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Figure 3. Simulation results of street wind environment under different interface density parameters
(A) Visualization of the simulated street wind environment.
(B) Wind speed at each monitoring point within the street.

average, there is a temperature difference of nearly 5°C between the most optimal and the poorest performing roof forms. This observation
aligns with the influence of building roof forms on the wind environment. The upward sloping roof shows the most favorable effects on ventilation
and thermal insulation within the street, while the downward sloping roof performs poorly in both ventilation and thermal insulation aspects.

These findings emphasize the importance of considering the design and form of building roofs not only for optimizing the wind environ-
ment but also for enhancing thermal comfort and energy efficiency within street canyons. Proper roof forms can contribute to better temper-
ature regulation and insulation, leading to improved urban microclimate conditions.

A

Value| 86.6% 78.0% 69.3% 60.6% 52.0% 43.3%

T
| oM

}

A11suap aseyiajul

JUDWUOIIAUD |ewd

38327

B Temperature(°C)
0-

N || |

Dl
25
-3
-35

Monitoring
points

Al A2 A3 A4 A5 A6 A7 A8 A9 A10

@rlan1 [ )Plan2 (@JPlan3 [ Plan4 (@ Plan5 () Plan6
Figure 4. Simulation results of street thermal environment under different interface density parameters

(A) Visualization of the simulated street thermal environment.
(B) Temperatures speed at each monitoring point within the street.
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Figure 5. Simulation results of street wind environment under different aspect ratio parameters
(A) Visualization of the simulated street wind environment.
(B) Wind speed at each monitoring point within the street.

DISCUSSION

Block space perception under quantitative analysis

In line with Lynch’s concept of “The Image of the City,”*”

the perception of urban block spaces involves a reciprocal relationship between
observers and the observed environment. While studying the physical characteristics of urban block spaces, it is crucial to consider individuals’
cognitive mechanisms regarding the streets within the blocks.

Many studies in the literature found that street conforming line ratio, interface density, aspect ratio, and building roof forms are essential in
creating a pleasant microclimate and thermal comfort in an urban canyon under different climate conditions. The street conforming line ratio
(B/P) serves as an indicator of the continuity of street walls, where higher values indicate stronger continuity.”” Public preference studies sug-
gest that B/P values ranging from 50% to 90% contribute to the creation of continuous and well-structured physical interfaces with subtle
spatial variations. The optimal range falls between 50% and 70%.”*

The street interface density (De) quantitatively analyzes the density of interfaces in the horizontal dimension of streets, and higher values
enhance spatial perception.”® Analyzing statistical data from Alan Jacobs’ book “Great Streets,””’ artificially planned streets tend to have
interface densities of approximately 72%-83%, while naturally evolved streets exhibit densities around 86%-92%. Research concludes that
an interface density of 70% or above is a necessary condition for creating excellent street spaces.’

The street aspect ratio (H/D) characterizes the vertical form of street interfaces. Studies by Camillo Sitte®® and Alan Jacobs®” have estab-
lished a close relationship between H/D values and the spatial perception of streets. They propose that an H/D value between 1 and 1/2 is
most appropriate, while H/D < 1/2 creates a sense of openness and distance, and H/D > 1 generates a sense of enclosure and compression.

Based on a comprehensive analysis of these three indicators, the perceived quality of block spaces can be categorized into three levels:
excellent, good, and poor, as shown in Table 1.

Street microclimate analysis under different spatial morphological indicators

To gain a deeper understanding of the street microclimate, average wind speed, average temperature, and variance calculations are per-
formed for measurement points A1 to A10 within the street canyon. By fitting a variance curve, a more systematic evaluation of the variations
in street microclimate under different spatial morphological indicators can be achieved. This analytical approach enables the quantification of
microclimate changes within the street canyon, providing quantitative data on average wind speed, average temperature, and variance. The
variance fitting curve unveils the influence of various spatial morphological indicators on the street microclimate, enabling an assessment of
the magnitude and trends of their impact.

The relationship between the street conforming line ratio and the microclimate within the street canyon is elucidated (Figure 9).
Comparing the average values of the measurement data across different plans’ models, it is evident that as the street conforming line
ratio decreases, the average wind speed initially increases and then decreases, while the average temperature within the street gradually
rises. The variance fitting curve demonstrates that as the street conforming line ratio decreases, the variance values for both wind speed
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Figure 6. Simulation results of street thermal environment under different aspect ratio parameters
(A) Visualization of the simulated street thermal environment.
(B) Temperatures speed at each monitoring point within the street.

and temperature measurements initially decrease and then increase. However, the magnitude of these changes is not substantial across
different plans’ models of street conforming line ratio, suggesting that variations in street conforming line ratio do not result in significant
fluctuations in the street microclimate. Therefore, when selecting the street conforming line ratio for urban streets, a moderate value may
be preferable if ventilation is a priority, as seen in plan 3 or plan 4. Alternatively, a lower street conforming line ratio, such as plan 5 or plan
6, may be favored for emphasizing thermal insulation within the street. As depicted in Figure 10, the variation in street interface density
across different plans’ models exhibits discernible effects on the microclimate within the street. The average wind speed demonstrates a
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Figure 7. Simulation results of street wind environment under different roof forms parameters

(A) Visualization of the simulated street wind environment.
(B) Wind speed at each monitoring point within the street.
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Figure 8. Simulation results of street thermal environment under different roof forms parameters
(A) Visualization of the simulated street thermal environment.
(B) Temperatures speed at each monitoring point within the street.

consistent trend of initially decreasing and then increasing values, while the average temperature follows an opposite pattern, except for
plan 4. Notably, certain plans’ models with specific interface densities, such as plan é for wind environment and plan 4 for thermal envi-
ronment, exhibit significant fluctuations in both wind and thermal conditions within the street. Such fluctuations can potentially lead to
reduced human comfort. Thus, when considering the interface density for urban street design, careful consideration should be given to
the desired objectives. For prioritizing ventilation, either higher or lower interface densities, as exemplified in plan 1 and plan 6, may
be suitable choices. Conversely, if thermal insulation is of primary concern, a moderate interface density, as demonstrated in plan 3
and plan 5, would be more preferable.

Furthermore, it is important to note that the magnitude of microclimate fluctuations within the street corresponds to the variance of the
measurement point data. Higher variance values indicate larger microclimate fluctuations, which can detrimentally affect human comfort.
Thus, in the pursuit of optimizing human comfort, it is advisable to avoid implementing plans 1 and 6, which exhibit larger variances.

With reference to Figure 11, the street aspect ratio has a notable influence on the microclimate within the street. An overall trend is
observed, where an increase in the street aspect ratio corresponds to an increase in average wind speed, demonstrating a direct proportion-
ality. Conversely, the average temperature exhibits an inverse relationship with the street aspect ratio, showing a decreasing trend. Further-
more, the variance in wind speed at the measurement points within the street is smaller when the aspect ratio is relatively large or small, indi-
cating a more stable condition. However, the variance in temperature at these points increases as the aspect ratio increases, indicating that a
larger aspect ratio leads to greater temperature fluctuations within the street.

In consideration of the winter season in Shenyang, it is found that reducing the street aspect ratio can effectively improve the temperature
within the street, thus creating a more favorable environment for pedestrians. When designing the aspect ratio for urban streets, a larger
aspect ratio may be chosen if prioritizing ventilation, while a smaller aspect ratio may be preferred for thermal insulation purposes. Moreover,
the significant changes in variance observed at different aspect ratios can have a direct impact on human comfort. Therefore, for optimal hu-
man comfort, it is advisable to select a smaller aspect ratio, such as plan 1 or plan 2, when determining the street design.

The roof forms of the buildings along the street in plan 1 to plan 5 models encompass a variety of designs, including flat roofs, sloping
downward roofs, sloping upward roofs, triangular roofs, and round roofs, as depicted in Figure 12. Analysis of the average wind speed
and average temperature reveals notable variations among the different plans’ models. Specifically, plan 3 demonstrates the highest values
for both parameters, indicating a favorable wind environment and higher temperatures within the street. Conversely, plan 2 exhibits the
lowest average wind speed and average temperature. These findings suggest that the roof form of the buildings plays a significant role in
shaping the flow fields above the structures, consequently influencing the temperature distribution within the street. To optimize the thermal
conditions during the winter season in Shenyang, the adoption of sloping upward roof designs proves effective in providing insulation within
the street, thereby creating a more favorable environment for pedestrians.

Furthermore, it is worth noting that this particular roof design showcases lower variance in measurement data, which contributes to
improved human comfort. By achieving a balance between ventilation and thermal insulation within the street, the sloping upward roof design
demonstrates its potential to enhance the overall microclimate.

iScience 26, 108313, November 17, 2023 7
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Table 1. Block spatial morphology index parameters and block spatial perception quality

Block spatial perception quality Street conforming line ratio (B/P) Street interface density (De) Street aspect ratio (H/D)

Excellent 50% < B/P<70% De>70% 05<H/D <1
Good B/P>70% 50% <De<70% H/D < 0.5
Poor B/P<50% De<50% H/D > 1

The findings of this study align with Abdollahzadeh and Biloria,”® who simulated a humid subtropical climate. They emphasized the
positive impact of street conforming line ratio, interface density, and aspect ratio on outdoor thermal comfort. However, our results
differ regarding the most influential factor on thermal comfort. Their study highlighted the efficiency of the street interface density fac-
tor in that climate. Additionally, their research suggested that wind velocity had the most significant impact on thermal comfort, in
contrast to our findings. Similarly, Achour-Younsi and Kharrat,”" focusing on a Mediterranean subtropical climate, concurred with our
study on the importance of street conforming line ratio, interface density, and aspect ratio for thermal comfort. Furthermore, Limona
et al.,,"” studying a coastal region climate, also supported the significance of street conforming line ratio and aspect ratio in enhancing
thermal comfort. However, there is a discrepancy in the extent to which street conforming line ratio plays a substantial role in achieving
comfort.

Indicators parameter selection and optimization strategies based on different types of streets

Based on the urban street classification provided in the “Design Guidelines for the Integration of Urban Streets in Chengdu Parks,”** living
streets, commercial streets, and traffic-type streets are closely associated with the lives of urban residents. Living streets primarily serve as
public spaces for residents to live, play, relax, and communicate, with the aim of creating a warm and comfortable street environment.
When designing living streets, it is crucial to consider the microclimate within the streets, including aspects such as thermal insulation and
energy efficiency, while also focusing on the spatial perception quality of the streets. By integrating spatial perception quality and the influ-
ence of microclimate, the optimal design strategy for living streets is derived, which includes a street conforming line ratio of 51.0%, a street
interface density of 69.3%, a street aspect ratio of 0.88, and an upward sloping roof form for the buildings.

Commercial streets are designed to cater to diverse consumer needs, provide leisure activities, and meet experiential demands, with the
objective of creating vibrant and distinctive street scenes. The design focus of commercial streets revolves around enhancing pedestrian com-
fort, creating pleasant dimensions for the streets, and enriching the visual aspects of the street spaces. Similar to living streets, spatial percep-
tion quality is an important consideration for commercial streets. However, commercial streets typically experience higher pedestrian flow
dispersed throughout different areas of the street. Therefore, it is crucial to address the microclimate within the street by minimizing climate
fluctuations and improving pedestrian comfort. In light of these considerations, the optimal design strategy for commercial streets is deter-
mined by taking into account both spatial perception quality and microclimate factors. The recommended design parameters are as follows: a
street conforming line ratio of 68.0%, a street interface density of 52.0%, a street aspect ratio of 0.88 or 1.00, and a building roof form that can
be either flat or upward sloping.

Traffic-type streets have the primary objective of ensuring pedestrian safety and facilitating efficient vehicular traffic, aiming to create street
scenes that are efficient, safe, environmentally friendly, and convenient. Unlike living and commercial streets, traffic-type streets place less
emphasis on individuals’ perception of the street space and more on functional aspects. In the design of traffic-type streets, the focus shifts
to the wind environment within the streets. A well-designed ventilation system plays a crucial role in reducing air pollution concentrations
within the streets and enhancing the overall ventilation capacity of the city. By optimizing the wind environment, traffic-type streets can
contribute to a healthier and more comfortable urban environment. Based on the results of wind environment simulations conducted for
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Figure 9. Microclimate analysis under street conforming line ratio
(A) The analysis of wind environment simulation results.
(B) The analysis of thermal environment simulation results.
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Figure 10. Microclimate analysis under street interface density
(A) The analysis of wind environment simulation results.
(B) The analysis of thermal environment simulation results.

the streets, the optimal design parameters for traffic-type streets include a street conforming line ratio of 68.0%, a street interface density of
43.3%, a street aspect ratio of 1.63, and a building roof form that can be upward sloping.

Considering the importance of these findings, we suggest precise design strategies customized for various types of urban streets, which
have a direct influence on residents’ quality of life (Table 2).

Limitations of the study
This study primarily focuses on exploring the impact of four morphological indicators related to the form of block public spaces (street con-
forming line ratio, street interface density, street aspect ratio, and building roof forms) on the microclimate of block streets. These four in-
dicators are mainly associated with the buildings along the streets, while other elements of the block, such as road surfaces and paving, land-
scape greenery, and public spaces, have not been comprehensively considered. In the simulation analysis of the street aspect ratio, the
numerical model varies the height of the buildings on both sides while keeping the street width constant to increase the street aspect ratio.
However, inreal life, different grades of roads correspond to different road widths, and the influence of street aspect ratio under different road
widths on the microclimate of the street has not been considered.

In conclusion, due to the limited number of case studies discussed in this research, future studies should conduct more simulation analyses
and field measurements under different parameter conditions, supplementing and validating the existing research findings. This will provide
more comprehensive guidance for the planning and layout of block spatial morphologies.

Conclusion

In this study, we delved into the intricate relationship between various morphological indicators and the microclimate of urban block streets.
Through extensive numerical simulations and a consideration of human perception within these urban spaces, we arrived at several note-
worthy findings that bear substantial implications for urban design and environmental quality enhancement.

1. Street conforming line ratio: We observed that as the street conforming line ratio decreases, there is an initial increase in average wind
speed within the street, followed by a subsequent decrease. This reduction in street conforming line ratio is also accompanied by a
gradual rise in average temperature.
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Figure 11. Microclimate analysis under street aspect ratio

(A) The analysis of wind environment simulation results; (B) The analysis of thermal environment simulation results.
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Figure 12. Microclimate analysis under roof forms
(A) The analysis of wind environment simulation results.
(B) The analysis of thermal environment simulation results.

2. Street interface density: Decreasing the street interface density initially reduces average wind speed within the street, only to later in-
crease it. Paradoxically, the average temperature follows an opposite trend, showing a decrease when the average wind speed is high
and vice versa.

3. Street aspect ratio: Our study revealed that an increase in street aspect ratio leads to a proportional increase in average wind speed,
while inversely causing a decrease in average temperature within the street.

4. Building roof forms: Roof forms played a significant role in microclimate variation. Streets lined with upward sloping roofs exhibited the
highest average wind speed and temperature, while streets featuring downward sloping roofs had the lowest values.

By combining the results of numerical simulations on street microclimate with people’s perception of the block space, this study offers a
comprehensive approach for evaluating urban block microclimates. In the meantime, we propose spatial layout design strategies suitable for
different types of streets (i.e., living streets, commercial streets, and traffic-type streets) in severe cold regions, taking into account the climate
environment. While our study was conducted in Shenyang, China, the principles and insights gleaned can be extended to different climatic
zones to optimize the spatial layout of urban blocks across diverse regions. In summary, this study offers valuable insights into the interplay
between morphological indicators and microclimates within urban block streets. Future research endeavors should explore a range of
geographic contexts, expand the scope of microclimate evaluation, and continue to refine evaluation criteria, ultimately advancing our un-
derstanding and application of urban block spatial layout principles.
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Table 2. Customized design strategies for various types of urban streets

Street type Street conforming line ratio Street interface density Street aspect ratio Building roof forms
Residential streets 51.0% 69.3% 0.88 Upward sloping
Commercial streets 68.0% 52.0% 0.88 or 1.00 Flat or upward sloping
Traffic-oriented streets 68.0% 43.3% 1.63 Upward sloping
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Graph Plotting Origin Lab https://www.originlab.com/index.aspx?
go=PRODUCTS/Origin

Computational Fluid Dynamics (CFD) model COMSOL Multiphysics Software https://www.comsol.com/comsol-multiphysics

Radiation (RAD) model COMSOL Multiphysics Software https://www.comsol.com/comsol-multiphysics

Other

Meteorological data National Climatic Data Center https://www.ncei.noaa.gov/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Wen Wu (wuwen@mail.neu.
edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHODS DETAILS
Study area overview

Based on the " Code for thermal design of civil building" (GB 501 76-2016),"* China s categorized into five thermal climate zones determined
by factors such as temperature, relative humidity, and precipitation. These zones encompass: severe cold, cold, cold-winter and hot-summer,
warm-winter and hot-summer, and warm climate zones. This classification is also applicable for characterizing urban climates.*>*® Buildings
situated in different thermal climate zones may necessitate distinct spatial morphologies and orientations to effectively respond to their
respective local climates (Table S1). Consequently, in our study focusing on the influence of urban block spatial morphology in the cold region
of Shenyang, we have taken into consideration the criteria for cold regions as outlined in the "Code for thermal design of civil building" (GB
50176-2016). The severe cold region exhibits specific climatic characteristics, including a short and windy spring with sandstorms, a brief and
cool summer, along and dry autumn with notable temperature fluctuations between morning/evening and other times, an extended and cold
winter marked by prolonged freezing periods and heavy snow cover, abundant sunshine, high solar radiation, and strong winter winds.

Shenyang (41°11'517-43°02'13"N, 122°25'09"-123°48'24"E) falls within the severe cold region according to the climate classification. It ex-
periences a temperate continental climate with distinct four seasons and is situated in the southern part of Northeast China, in the central
region of Liaoning Province. Analysis of meteorological data from the National Climatic Data Center (https://www.ncei.noaa.gov/) spanning
the past five years (2018-2022) reveals that the prevailing wind direction in Shenyang during winter is southeast-south (SSE), with a high fre-
quency of 17%. The average winter wind speed is 3.8 m/s, reaching a maximum speed of 8 m/s. The average winter temperature in Shenyang
over the past five years is —10.23°C, with an average maximum temperature of —4.27°C and an average minimum temperature of —16.18°C
(Figure S1). In general, Shenyang experiences severe cold temperatures, strong winter winds, and a dry climate during winter.

Numerical model construction

The microclimate of urban blocks is influenced by various factors, including the geometric form, layout, parameters, and local climatic con-
ditions of street canyons. These street canyon characteristics encompass indicators such as street conforming line ratio, interface density,
aspect ratio, scale, orientation, openness, sky view factor (SVF), network line density, and architectural roof forms. 364748

In this study, four morphological indicators closely associated with the spatial of urban blocks were selected: street conforming line
ratio, street interface density, street aspect ratio, and building roof forms. These indicators were utilized in the construction of a numerical
model to simulate the urban blocks. The model included eight idealized streets, where the width of the street canyon (D) was kept constant
at 24m. The buildings within the model had a floor height of 3m and maintained a consistent roof height (L) of 3m. For instance, in the case of a
flat-roofed building, the building height (H) was set to 21m. To account for ground effects, a ground layer of 2.5m was introduced in the
model, comprising a 0.7m asphalt surface and a 1.8m soil layer. The overall dimensions of the numerical simulation domain were
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748 m x 412 m x 170.5m. The study area was defined as the region between the fourth and fifth buildings, and ten measurement points (A1-
A10) were evenly distributed along the centerline of the street (Figure S2).

The objective of this study was to investigate the influence of street spatial morphology on the microclimate within street canyons of urban
blocks using a numerical model. To achieve this, specific common features were selected from the complex spatial morphologies observed in
real-world blocks, following the principles of selecting the "most representative and frequently occurring street block morphology" and
ensuring "diversity in patterns for convenient single-factor comparative studies." A total of 24 cases were generated based on the four
morphological indicators: street conforming line ratio, interface density, aspect ratio, and building roof forms (Figure S3).

Conforming Line Ratio: It is defined as the ratio of the total length of building facades directly adjacent to the street’s defined building line
to the length of the building control line. The conforming line ratio is a crucial metric used to assess the continuity of street spaces. A higher
ratio corresponds to a neater visual appearance along the street.”” Interface Density: Interface density refers to the ratio of the combined
width of building facades projecting onto one side of the street to the length of that street segment. Interface density is influenced by the
number of enclosing buildings along a street and is interconnected with block-level building density. Continuous street interfaces can be
disrupted by transverse streets, impacting interface density.”® Aspect Ratio: The aspect ratio of streets is a factor characterizing the spatial
form of streets. It represents the ratio of the heights of buildings on both sides of a street to the width of that street. This ratio depends
on the street width and the heights of buildings on either side. Different values of street aspect ratio reflect various spatial features and visual
effects.”’ Building Roof Forms: Building roof forms describe the geometric shapes of building roofs, such as flat, sloped, or round roofs.>
These forms play a pivotal role in shaping urban skylines and the visual characteristics of buildings. The parameter settings for each case
are presented in Table S2.

Master control equations

The numerical simulation model employed in this study incorporates two integrated sub-models within COMSOL Multiphysics 6.0. The first
sub-model is the Computational Fluid Dynamics (CFD) model, which resolves the convection heat transfer between the air, building surfaces,
and the ground.®® The second sub-model is the radiation (RAD) model, which computes the shortwave and longwave radiation exchanges
between the building surfaces, the ground, and the sky.”**> The CFD model adopts the Reynolds averaging method to solve the Navier-
Stokes equations, considering thermal effects and employing the Boussinesq approximation, assuming that fluid density varies solely
with temperature. For incompressible fluids, the master control equations encompass the following three equations: continuity equation
(Equation 1), conservation of momentum equation (Equation 2), energy conservation equation (Equation 3) are as follows:

ou;

v =0 (Equation 1)
ot 10P v &G d )
O——= .2~ 7" _ ~ (T ! Equat 2
uJafj p axi+p axdx  Ox (Ty) +f; (Equation 2)
0T 0 oT '
U‘a_><i+a_><i (KTa_xi> =0 (Equation 3)

In the given equations: x; represents the spatial coordinates, T; denotes the average fluid velocity, TiTj represents the Reynolds stress,
P represents the pressure, p represents the air density, v is the dynamic viscosity, f; represents the buoyancy force caused by thermal effects,
T represents the potential temperature, Kt is the heat transfer coefficient.

In the context of simulating the urban wind thermal environment using COMSOL software, the synergy between the RAD and CFD models
is pivotal for achieving a comprehensive understanding of heat transfer processes within a city block. The RAD model serves as the founda-
tional component for computing radiative heat flux, which serves as a critical input for the CFD model. The CFD model, on the other hand,
governs the equilibrium between temperature and fluid velocity fields, thereby influencing the distribution of heat throughout the simulated
urban space. This interaction between the RAD and CFD models operates iteratively, continually refining the temperature and heat flux
calculations until convergence is reached. This iterative approach ensures a consistent and balanced representation of the intricate interplay
between radiation and fluid dynamics. Consequently, the coupled RAD and CFD models not only facilitate the exchange of information but
also enable the accurate capture of the coupled effects of radiation and fluid flow within the urban environment. Ultimately, this iterative pro-
cess results in a solution that effectively accounts for the intricate and dynamic relationship between radiative and convective heat transfer
phenomena, enhancing our ability to model and understand the thermal behavior of urban areas.”

To enhance the model’s alignment with real environmental conditions within COMSOL Multiphysics 6.0, the radiation source was
designated as the sun, leveraging the software’s integrated functions and tools. Key parameters, including the geographical coordinates
of Shenyang (41°11'517-43°02'13" N, 122°25'09"-123°48' 24"E) and the date of January 1, 2020, were employed to calculate the solar radiation
angles.”” Furthermore, the solar radiation intensity was selected as the maximum value among the hourly average radiation intensities re-
corded in January 2020, specifically, 550 W/m? at 12:00 noon.”® To accurately emulate the actual environmental temperature conditions
throughout the model’s simulation, the choice was made to utilize a cosine function. This mathematical function effectively captures the tem-
poral variations in environmental temperature. Within this framework, the average temperature observed in January 2020 serves as the
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baseline temperature, while the temperature differential between the highest and lowest values recorded during that month acts as the
offset parameter. Notably, the function exhibits a 24-h period to encompass daily temperature fluctuations. In the context of simulating
the wind environment, a meticulous approach was applied to ensure greater representativeness. Consideration was given to the
predominant wind direction experienced in Shenyang during the winter season, and the average wind speed for January in winter was
thoughtfully incorporated.”® These measures collectively contribute to the comprehensive representation of local climate conditions in

our simulation results.
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