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Abstract: Under the trend in climate change, global warming, and the increasingly serious urban heat
island effect, promoting urban wind corridor planning to reduce urban temperature and mitigate
the effect of urban heat islands has received widespread attention in many cities. With emerging
awareness of the need to explicitly incorporate climate considerations into urban planning and design,
integrating current spatial analysis and simulation tools to enhance urban wind corridor planning
to obtain the best urban ventilation effect has become an increasingly important research topic in
green city development. However, how to systematically carry out urban wind corridor planning
by employing related technology and simulation tools is a topic that needs to be explored urgently
in both theory and practice. Taking Zhumadian City in China as an example, this study proposes
a method and planning approach that uses remote sensing (RS), geographic information system
(GIS), and computational fluid dynamics (CFD) in an integrated way to understand urban landscape
and to conduct urban wind corridor planning. The research results reveal that the urban form of
Zhumadian City favors the development of urban wind corridors, and that the railway lines and
some major roads in the city have the potential to be developed as the city’s main wind corridors.
However, there are still ventilation barriers resulting from the existing land use model and building
layout patterns that need to be adjusted. In terms of local-level analysis, the CFD simulation analysis
also reveals that some common building layout patterns may result in environments with poor
ventilation. Finally, based on the results of our empirical analysis and local planning environment,
specific suggestions are provided on how to develop appropriate strategies for urban wind corridor
planning and adjustments related to land use planning and building layout patterns in order to
mitigate the impact of the urban heat island effect.

Keywords: urban wind corridor planning; urban ventilation environment assessment; computational
fluid dynamics (CFD); land use planning; building layout patterns

1. Introduction

With the impact of climate change and the urban heat island effect [1,2], how to develop
land use models and building layout patterns in line with local climate characteristics has
become an important issue in architecture and urban design [3-6]. In light of these trends,
the concepts of climate-responsive design and urban wind corridor planning have aroused
increasing interest and discussion among related academia and professionals [7-10]. With
the urban heat island effect becoming increasingly serious in many cities, using the urban
wind corridor effect to foster urban cooling and alleviate the impact of the heat island
effect has become an important research topic in urban planning and design [11-15]. It is
also becoming a popular policy goal for many city governments [16,17]. However, how
to introduce the concept of urban wind corridor planning in the critical stages of urban
expansion or urban redevelopment while incorporating it into the overall consideration of
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urban spatial planning, land use planning, and building layout models is still an urgent
research topic that needs to be investigated in depth [5].

The urban heat island (UHI) effect has become a fairly common phenomenon in many
of today’s cities [18]. It is a phenomenon of urban high temperature, which not only causes
the deterioration of the urban environment and makes people feel uncomfortable but
also leads to an increase in the use of air conditioners and energy [19], which once again
promotes an increase in city temperatures [20]. Relevant studies have shown that the trend
in urbanization and urban expansion has increased the impact of the urban heat island
effect [21-23], while high-density land development [24] and extensive use of impermeable
pavements [25] have also made the heat island effect increasingly obvious.

Due to the impact of the heat island effect on the urban environment and urban life,
researchers of related fields have actively explored the degree and impact of the heat island
effect as well as useful mitigating strategies. [11,12,26,27]. For example, Wong et al. (2010)
and Hsieh and Huang (2016) explored the potential of developing an urban wind corridor
to mitigate urban heat islands [11,12]. O’Mallet et al. used a case study and the CFD
simulation method to explore the effect several UHI mitigation strategies including urban
greening, use of water bodies, and use of high-albedo materials [26]. In terms of examining
the intensity and impact of the UHI effect, remote sensing satellite image analysis of land
surface temperature and field measurements of ambient temperatures are two commonly
used methods for examining the status and trends in the UHI effect [28,29]. Land surface
temperature (LST) represents the radiative temperature of the land’s surface, such as soil,
grass, pavements, and roofs [30]. Remote sensing analysis of land surface temperature
provides an economical and easy-to-operate analysis tool due to the advantage of easy
large-area surface information collection. Related research has used satellite images with
thermal bands to understand urban warming conditions and the UHI effect using land
surface temperature retrieval [31-34].

Given the fact that the heat island effect is a common problem in urban areas, the
discussion of related mitigation measures has become a hot topic in urban planning
and design and related academic research. Scholars in related fields have mainly ad-
dressed heat island mitigation measures from the following perspectives: (1) Achieving
urban cooling through urban greening, such as green roofs and/or planting plans [35,36].
(2) Mitigating the impact of the urban heat island effect through better open space design
and/or urban cool island planning [37,38]. For example, Sugawara et al. (2021) used the
urban park of Shinjyuku Gyoen to study the vertical structure of a cool island at night, and
found that with the cool island effect, the surface air temperature difference between the
park and the town increased up to 2 °C [38]. (3) Exploring the relationship between urban
morphology and the heat island effect [27,39]. For example, He et al. (2020) investigated
the relationships between local-scale urban morphology, urban ventilation, and the urban
heat island effect under the influence of sea breeze and found that several precinct morpho-
logical characteristics, including building height, street structure, and compactness, have
a strong influence on precinct ventilation [27]. (4) Exploring the relationship between the
massive use of impervious urban pavement and the increase in the heat island effect [25].
(5) Employing the Weather Research and Forecasting (WRF) model to explore the effect
of UHI mitigation measures [18,40]. For example, Imran et al. (2019) used WRF model
coupled with the single layer urban canopy model (SLUCM) to investigate the effect of
vegetated patches as green infrastructure in mitigating UHI effects [40]. (6) Assessing the
influences of wind environment improvement on urban heat islands and investigating the
methodology and strategies in developing urban wind corridors as a tool to mitigate the
UHI effect [11-13,41]. For example, Wong et al. (2010) used the least cost path method and
the frontal area index (FAI) to analyze the paths of urban corridors [11]. Chen et al. (2013)
estimated urban roughness based on digital building models using the SkyHelios model to
evaluate wind environment performance [41].

The relationship between urban wind corridor/wind flow characteristics and unban
heat islands has become an important topic when searching for planning measures to
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mitigate UHIs [11-13,42—44]. Urban wind corridors can result from roads, open spaces,
and passages through which air reaches the interiors of urbanized areas [45]. Wind passing
from rural or urban fringe areas into a city provides cleaner and cooler air to urban canopy
layers in summers, which has been noted as one of the possible measures to mitigate the
impact of the heat island effect [12,14,46,47]. Good ventilation not only helps eliminate
pollutants but also reduces temperature and improves outdoor human comfort [48-50].

In terms of the methodology and analytical tools for studying urban ventilation
improvement, over the years, the effects of urban building arrangement on the wind en-
vironment have been investigated using wind tunnel experiments [51,52] and numerical
simulation analysis, particularly in the application of computational fluid dynamics (CFD).
CFD has become a commonly used numerical simulation method and analytical tool for
studying the wind environment in urban planning and design [5,24,49,50,53]. It is increas-
ingly being used to assess the pedestrian-level wind environment and comfort in urban
areas [53-55] and to investigate turbulent flow conditions in different street canyon mod-
els [36,49,56], as well as to evaluate the influences of building layout and land use patterns
on ventilation in order to find optimal planning solutions for mitigating UHIs [57-61]. For
example, Yuan and Ng (2012) found that building blocks with limited open spaces, uniform
building heights, and large podium structures have led to lower permeability for urban air
ventilation at the pedestrian level [57]. Using CFD analysis, several studies have noted that
high-density land development and improper building layout patterns have affected the
ventilation of residential communities [5,50,62,63]. Previous studies have also revealed the
importance of carrying out CFD assessments of the available alternatives in different stages
of architectural and urban design [5,64—67].

Urban wind corridors are three-dimensional main air circulation channels in a city.
In urban planning and design practices, urban wind corridors are commonly designed
to introduce clean and cool airflows into urban areas with the goals of improving urban
air quality, alleviating the heat island effect, enhancing the comfort of external spaces,
and connecting cool islands [16,17,66,67]. Currently, simulation analysis methods/tools
commonly used for studying urban wind corridors include the Weather Research and
Forecasting (WRF) model, geographic information system (GIS), and computational fluid
dynamics (CFD). The WRF model is often used in large-scale simulation analysis of the
overall urban meteorological environment. Its applications have been expanded to test the
influence of certain parameters on the ambient air [18], but the level of detail of simulation
results of the WRF model is still insufficient for the purpose of developing related detailed
plans in urban planning and design. GIS application in urban wind corridor study is mainly
used for 3D city model building, land use analysis, urban cool island analysis, and the
analysis of urban ventilation potential. The data management functions of GIS can also
help in managing related big data and graphic data for urban wind corridor planning.
CFD is widely used in local-scale and site-scale ventilation environment assessment and
pedestrian-level wind field analysis as mentioned above; however, due to limitations in
computing capacity and grid system design, most of the current CFD software packages
are still insufficient for conducting accurate simulation analysis on a very-large scale at
the city level. Therefore, mathematical methods including the least cost path method and
frontal area index (FAI) are generally employed to assist in identifying the major paths of
urban wind corridors [11-13,68]. Since each simulation analysis tool has its functions and
limitations, integrating related planning simulation analysis tools in order to fully utilize
the advantages of each individual tool is an important research topic for optimizing the
current simulation approach in urban wind corridor planning.

Under the impact of global climate change and the trend in the increasingly serious
heat island effect, the planning and development of urban wind corridors have become
an important planning topic and policy goal for promoting green cities [65-67]. However,
although the importance of this topic and policy goal is increasing day by day, relatively
few studies have provided a systematic and comprehensive investigation and analysis
of urban wind corridor planning and related ventilation environment assessment from a
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multi-scale simulation analysis approach, nor have previous studies attempted to provide
an integrated planning approach that explicitly explores related key issues simultaneously.
These key issues include the following: how to estimate the current situation and the trend
in land surface temperature and UHI intensity in an efficient way and how to connect
urban wind corridor planning with urban land use planning and building layout design
by integrating related simulation analysis methods/tools in order to achieve the goals
of cooling cities and mitigating the urban heat island effect. In view of the problems
indicated above and the demand for an integrated simulation analysis approach, this study
attempts to develop a multi-scale urban wind corridor planning approach and ventilation
environment assessment method in order to help mitigate the effect of urban heat islands.
Through the integrated application of RS, GIS, and CFD, this study attempts to develop
a new operational planning approach to foster the development of urban wind corridors.
The research efforts also try to identify the main problems of building layouts affecting
urban wind corridor planning and recommend planning strategies in order to create an
urban living space with heat island effect reduction and good environmental quality.

2. Data and Methods
2.1. Study Areas

This study takes the central urban area of Zhumadian City in Henan Province of China
as an empirical case for urban wind corridor planning (see Figure 1). Zhumadian City is
located at 32°18' to 33°35 north latitude and 113°10 to 115°12’ east longitude, with a total
land area of approximately 15,083 square miles (approximately 191.5 km long from east to
west, and 137.5 km wide from north to south) [67,69].

Typical old tow

L

Figure 1. Location of the study region of Zhumadian and the pilot study areas.

The city is located in the subtropical-to-warm temperate climate transition zone,
which has a continental monsoon climate, with abundant rainfall and four distinct seasons.
The main wind direction in the central urban area of Zhumadian is north-south. The
prevailing winds in summer are southerly, and the sub-prevailing winds in summer are
south-southwesterly and southeasterly. The frequency of a calm wind is high in urban
areas, and the calm wind situation has an increasing trend. With the urbanization and
expansion of the city, the problem of poor ventilation in urban areas has become obvious.

The urban form of the central urban area of Zhumadian is suitable for the planning
of an urban wind corridor system. The orientation of the city’s major roads and railway
lines is consistent with the prevailing wind direction in summer. The city’s government is
also actively promoting the planning of urban wind corridors [65-67] and has developed a
comprehensive green space system plan [69]. Currently, this city faces the dual pressures
of rapid urban expansion and the need for urban renewal in some old districts. Therefore,
Zhumadian provides an excellent empirical case for studying the introduction of urban
wind corridor planning at a critical stage in urban expansion and urban redevelopment.
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This study employs a multi-scale simulation analysis approach. On the city scale, the
central urban area of Zhumadian were selected as the urban wind corridor study region
(see Figure 1) in order to conduct large-scale urban wind corridor planning and identify the
main urban wind corridor paths in the city. This was followed by a local-scale ventilation
environment assessment of two selected representative districts (i.e., the typical old-town
blocks in the old district and the typical new residential blocks in the new district, as
shown in Figure 1). These two representative districts are located at key locations of urban
wind corridor channels. The local-scale simulation analysis attempts to identify the major
problems of community ventilation and building layout patterns that favor or discourage
community nature ventilation and provides suggestions for improving the situation.

2.2. Micro-Climate Measurement

In order to evaluate the ventilation environment of the selected pilot blocks on the
paths of the main wind corridors in the study region and verify the results of CFD simula-
tion analysis, this study conducted a micro-climate measurement of the selected building
blocks by using mobile hot-wire anemometer (model: AM4214SD) and mnemonic humidity
meters (model: HT-3007SD) (see Table 1). These two instruments are manufactured by the
Lutron Company in Taiwan. The accuracy of the instruments can reach 0.10~20 m/s 4 5%.
They were assembled on tripods about 1.60 m above the ground. The survey data were
used for the assessment of the pedestrian wind field on the block scale.

Table 1. Analysis of measurement instruments.

Methods Mobile Measurement Method
Measurement items Wind speed, temperature, humidity.

M t s . .
easuremen Select 28-30 measurement points in each demonstration site
locations

Measurement Mnemonic hot-wire anemometer (AM4214SD) and mnemonic

instrument temperature and humidity meter (HT-3007SD)
o
—_— e
Photos of instruments aep aee
and instrument setup ee e
e =
Mnemonic hot-wire ~ Mnemonic humidity / .
anemometer temperature meter Instrument setup

The measurement time of our survey was between 8 July 2019 and 9 August 2019.
This is the time period when the temperature in the study region is the highest and the
heat island effect is more obvious. The micro-climate measurement was conducted on
selected locations for two time periods each day of the survey time: from 9:00 a.m. to
11:30 a.m. in the morning, and from 13:30 p.m. to 16:00 p.m. in the afternoon. These two
time periods were chosen because they represent the typical weather conditions in the
morning and afternoon in the study region. As for the selection of measurement points,
this study selected 28 to 30 measurement points for each representative strategic location
under study. Figure 2 shows the measurement points of the demonstration urban blocks
of the old district in Zhumadian City. The locations of the measurement points reflect the
characteristics of the external space of the communities, including major nodes of public
space, important traffic passages, key nodes of main roadways, important inflow air inlets,
etc. We avoided locating these measurement points at the corner of buildings, so that they
were not affected by corner winds. Six sets of instruments were used for simultaneous
measurement at each survey site. The starting time of the measuring points was rotated in
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order to ensure that each measuring point had enough survey data for statistical analysis
to calculate mean and mode values. Before the measurement instruments were used, the
consistency of the measurement results was checked. Investigators were trained in advance
to maintain precision and consistency in operations.

Point D2 Point D4 Point D11 Point D13

Figure 2. Spatial distribution of measurement points and instrument setup images in the demonstra-
tion blocks of the old district in Zhumadian City.

2.3. Research Methods and Data
2.3.1. Research Content

The main contents of this study include: (1) collection and analysis of meteorolog-
ical data as well as estimations of land surface temperature and heat island intensity;
(2) analysis of urban ventilation potential and related land use patterns; (3) analysis of
the major paths of large-scale urban wind corridors; (4) CFD simulation analysis of key
strategic locations for ventilation environment improvement; (5) identifying prototype
building layout patterns with poor or good ventilation and developing planning strategies
for improving the situation.

2.3.2. Data Acquisition

This research uses several kinds of data to achieve the research purposes, including:
(1) meteorological data collected from government meteorological stations and actual micro-
climate measurement data collected in this study in order to understand the characteristics
and trends in the wind environment and temperature of the study region; (2) land use
survey data collected by the city government’s planning agency in order to understand
the land use patterns in Zhumadian City and analyze the major types of land cover as
well as the spatial distribution of urban cool islands (e.g., forests, parks, green spaces,



Atmosphere 2024, 15, 257

7 of 37

water bodies); (3) GIS shape file data (created by the city government’s planning agency)
with polygon outlines and height information for all buildings in the research region,
which were used to build the large-scale 3D digital city building volume model for wind
corridor simulation and CFD analysis in this study; (4) population and housing data, which
provided background information to understand the relationship between population
density /household density and urban heat island intensity; and (5) satellite image data
with thermal bands, which were used to calculate land surface temperature and urban heat
island intensity.

Satellite image data from the NASA /USGS Landsat program were adopted to esti-
mate and compare the changes in land surface temperatures over time. Considering the
availability and comparability of the image data as well as the cloud cover ratio (must less
than 5%), the images captured in and around the research region on 10 May 2018 at 02:54
GMT and 18 August 2008 at 02:41 GMT (captured by Landsat 8 and Landsat 5 satellites,
respectively) were utilized in this research. Both image data were provided as Landsat
Collection 2 Level 1 datasets. Thermal band images of these data were used for land surface
temperature estimation, which were Band 10 from Landsat 8 and Band 6 from Landsat 5.
In addition, the red band (Band 4) and near-infrared band (Band 5) from Landsat 8 images
were used for Normalized Difference Vegetation Index (NDVI) calculation.

2.3.3. Research Methods

In order to conduct a systematic and comprehensive planning approach, this study
attempts to integrate remote sensing (RS), GIS, CFD, and the least cost path method in order
to conduct multi-scale urban wind corridor planning analysis and explore the usefulness of
using the wind corridor effect to mitigate heat island impacts. The planning and simulation
analysis process as well as the major steps are shown in Figure 3.

]
: | 2008 Landsat Image I | 2018 Landsat Image I : |
Calculate LST and Urban ' ! : .
Heat Island Intensity Step | I} i | Remote Sensing Analysis
L _ | Land Surface Temperature (LST) and Heat Island Intensity Analysis
sep2 |

Analyze the relationships | 3D Digital City Model Development i
between Urban Heat Island

and Urban Development

1

:

1 1

1 GIS 3D Model Building
S : and Spatial Analysis

T T

1

1

1

1

I GIS Spatial Analysis and Mapping ||<

1
1
1
1
1
1
1
1
1
1
I
I
[}
|
1
' i Least Lost Path Anal
1 . - : east Lost Path Analysis
: | Analysis of Urban Wind Corridor Paths |<— and City-Level CFD Analysis
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Step 5 \l/ 1
| Major Wind Corridor Channels and Strategic Points Identification

1

Step 6 1
| Ventilation Assessment of Selected Urban Blocks (Strategic Points) | : Log?r;(tﬁ;?i%? /Iiﬁ\;‘la)ls(i:sFD
1
1
1
1

Step 7 l,
| Identify Building Layout Patterns with Good or Poor Ventilation

Step 8
| Suggestions of Land Use Adjustment and Urban Design Control I

Urban Wind Corridor
Planning and Block-Level
Ventilation Improvement

to Mitigate Urban

Heat Island Impacts

Figure 3. The process and steps for integrating RS, GIS, and CFD to conduct multi-scale wind corridor
planning analysis for heat island mitigation.

In this study, land surface temperature (LST) estimation and heat island intensity
(UHI) analysis of the study region were first conducted using remote sensing in order to
understand the situation and changes in urban heat island effects as well as identify the
areas with strong urban heat island effects. Then, the 3D model building function and
spatial analysis functions of the GIS were employed to explore the relationship between the
spatial distribution of the heat island effect and land use patterns/development densities
in order to understand the impact of land use patterns and development density on the
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urban heat island effect. This was followed by a large-scale wind corridor simulation
analysis for identifying the main wind corridor paths by using the large-scale wind path
analysis module of 2023 Version WindPerfectDX (based on the least cost path method and
building frontal area index) in order to define the channels and scope of the main urban
wind corridors and facilitate the development of relevant planning strategies and urban
design control measures for introducing cool and clean airflows into the city. Finally, CFD
simulation analysis at the local scale was conducted for selected representative urban blocks
on the wind corridor paths (the selected pilot blocks in the old district and the selected pilot
blocks in the new district shown in Figure 1) in order to find well-ventilated and poorly
ventilated building layout patterns so as to suggest planning strategies to improve the
situation. The research methods of the major research steps are described as follows.

Estimation of Land Surface Temperature and Urban Heat Island Intensity
(1) 2018 LST Estimation from Landsat 8 Image

In order to estimate the land surface temperature (LST) in and around the study region
in 2018, the following steps were employed to estimate the land surface temperature by
using the Landsat 8 image dataset [28,33,70].

A. Convert DNs to TOA Radiance

The DNs from raw image data were first converted into top of atmosphere (TOA)
radiance according to the product instruction from the USGS (Equation (1)) [33,70,71]:

Ly =M X Qear + AL 1)

where: L, = TOA spectral radiance in Watts/(m?-srad-um); M; = band-specific multiplica-
tive rescaling factor; A; = band-specific additive rescaling factor; Q., = quantized and
calibrated pixel values (DNs of the band being processed).

B. Convert TOA Radiance to TOA Brightness Temperature

TOA radiance was later converted into TOA brightness temperature (Tg) by using
Equation (2) [28,33,70,71]. Tp measures the temperature of conceptual blackbody and was
used to estimate the land surface temperature in the next step.

K>

Tg=— 2
ln(IL% +1)

(2)

where: Tp = top of atmosphere brightness temperature (K); Ly = TOA spectral radiance in
Watts/(m?-srad-um); K; = band-specific thermal conversion constant; K, = band-specific
thermal conversion constant.

C. Estimation of Land Surface Emissivity

Land surface emissivity (LSE) was used as a correction to TOA brightness temperature
to estimate LST [28,32]. LSE was calculated upon the proportion of vegetation (P,) using
Equation (3). Where: € denotes LES and P, denotes proportion of vegetation.

¢ = 0.004P, + 0.986 3)

Proportion of vegetation (P,) was estimated based on the maximum and minimum
value of NDV (denoted as NDV I, and NDV I,,,;,,) derived from the image dataset using
Equation (4):

NDVI— NDVI,, 2 )
NDVIyax — NDV Iy,

NDVI was calculated as instructed by the USGS [72] using the red band value (de-

noted as R) and near infrared band value (denoted as NIR) (see Equation (5)):

Py =|

NDVI = (NIR — R)/(NIR + R) (5)
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D. Estimation of Land Surface Temperature
Land surface temperature (LST) was finally estimated with Equation (6) [28,33,73].

_ Ts
1+ (A xTg/p)lne

LST —273.15 (6)

where: LST = the emissivity corrected land surface temperature (°C); Tp = TOA brightness
temperature (K); A = wavelength of emitted radiance of satellite images; p = h x c¢/o (1.438
x 1072 m-K), ¢ = velocity of light (2.998 x 108 m/s), ¢ = Boltzmann constant (1.38 x 102
J/K), and h = Planck’s constant (6.625 x 10734 J.s); and ¢ = the surface emissivity of the
satellite image.

(2) 2008 LST Estimation from Landsat 5 Image

For the 2008 LST estimation, the Landsat 5 image was used. The process was as follows.
First, DNs of the thermal band (Band 6) were converted into radiance using Equation (7):

LMAX, — LMIN,

L p—
A~ |QCALMAX — QCALMIN

x [QCAL — QCALMIN] + LMIN,, 7)

where: L) = spectral radiance; QCAL = quantized calibrated pixel value in DN; LMAX
= spectral radiance scaled to QCALMAX in Watts/(m?-srad-um); LMIN, = spectral ra-
diance scaled to QCALMIN in Watts/(m?-srad-um); QCALMIN = minimum quantized
calibrated pixel value (corresponding to LMIN,) in DN; and QCALMAX = maximum
quantized calibrated pixel value (corresponding to LMAX,).

After that, the radiance values were converted into T using Equation (2).

(3) Estimation of Urban Heat Island Intensity

Urban heat island (UHI) intensity can be defined as the difference between the tem-
perature in the urban cluster and that of the surrounding rural areas [15,74]. To map the
intensity of the urban heat island (UHI), the urban areas were first identified with reference
to the panchromatic band from the Landsat image dataset. The difference between the
LST in the urban area and the average temperature of outskirt areas (rural areas) was then
calculated and used to estimate the UHI intensity. The equation is shown as follows (see
Equation (8)). The higher the difference, the more severe the UHL

UHI =Ts — Tryal (8)

where: UHI denotes urban heat island (UHI) intensity; Ts denotes the land surface tem-
perature (LST) at the observation location in the urban area; and T},,,,;; denotes the mean
temperature of the surrounding rural areas.

Analysis of Urban Wind Corridors Using the Least Cost Path Method and the Building
Frontal Area Index (FAI)

With regard to simulation analysis of urban wind corridor simulation analysis, there
are currently three commonly used methods for identifying the major urban wind corridor
paths: (1) Using the least cost path method and building frontal area index (FAI) to simulate
and identify the paths of large-scale urban wind corridors [11-13,66,68]. (2) Employing
CFD simulation analysis to study the circulation of airflows at the district level, so as to
identify local wind corridor paths. (3) Using planning judgments and designating the main
urban roads and green open spaces of the city as the main urban wind corridors [16,17].
The first two methods can provide scientific information useful for policy discussion;
however, most of the current CFD simulation analysis used in the second method is limited
by computing capacity and cannot be performed with very-high precision in city-scale
analysis. The third method is relatively subjective and lacks a scientific empirical basis for
public discussion. In order to provide a systematic and scientific research approach and
analysis, this study attempts to combine the first and the second methods. First, large-scale
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urban wind corridors were designated based on the simulation analysis of major urban
wind corridor paths using the least cost path method and calculation of the building frontal
area index. This was followed by local-level CFD simulation analysis, which was used to
explore the ventilation environment and airflow circulation of selected key locations that
affect the ventilation effect of the major urban wind corridor channels

This study employs the least cost path method and frontal area index (FAI) to analyze
the main paths of urban wind corridors in the study region. The minimum cost path
method uses map algebra operations to find the minimum cost path between origin and
destination points. This method has been used in several studies and has proven a useful
tool for conducting wind corridor planning [11-13,68]. Some software packages (such as
2023 version WindPerfectDX) contain special modules for conducting simulation analyses
of large-scale urban wind paths using the least cost path method and frontal area index. In
actual operation, cost-weighted distance and direction surfaces are used to find the most
cost-effective path between each origin and destination. The calculation of the frontal area
index (FAI) refers to the ratio of the windward area of the building in the incoming wind
direction to the maximum possible windward area, as shown in Equation (9).

At = Afacets/ Aplame )

where: A¢ = the frontal area index; Ag,.ts = the total area of the building surface on the
windward side; and Apjane = the area of the windward plane.

CFD Simulation Analysis for Ventilation Environment Assessment
(1) The Process of CFD Analysis

Computation fluid dynamics (CFD) numerical simulation analysis and WindPerfect
DX software were employed to analyze the wind environment of the research areas. The
CFD numerical simulation analysis in this study was divided into three stages: (1) Pre-
processing: build the 3D digital city model of the study region and convert it to an STL file,
setting the grid system and boundary conditions. (2) Analytical calculation: execute CFD
simulation analysis including setting the number of calculation iterations, simulation time,
convergence conditions, etc. (3) Post-processing: read and analyze simulation result files,
visualize the results, and output the result files for planning reference. The process of CFD
simulation analysis on the local scale ventilation assessment is shown in Figure 4.

Weather station data On-site microclimate
collection and analysis measurement and analysis
[ |
v
Setting up initial conditions of
simulation and boundary conditions

v

| Urban environmental survey and 3D city model development

v

| Setting up the grid system of CFD analysis

| Conducting CFD simulation analysis |

| CFD model validation and wind environment assessment

v

| Interpretation and visualization of simulation results |

Figure 4. The process of CFD simulation analysis on the local level.

(2) Building the 3D Digital City Model of the Study Region
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Establishing a large-scale 3D digital city model was a very time-consuming task in this
study. The 3D digital city building volume model of the study region was developed based
on the 2019 GIS data from the planning agency of the city government. The GIS data from
the city government have a layer file containing the outline polygon and building height
information of all the urban buildings. This study used the functions of ArcGIS to build the
3D digital city building volume model. After the GIS 3D digital city building volume model
was generated, satellite images from the same time point were used to check the accuracy
of the model. If any missing building units or mistakes were found, the 3D digital city
building volume model was corrected based on satellite images and actual survey data. The
3D digital city building model comprises digital solid blocks that reflect the actual building
layout patterns. It is worth mentioning that in order to effectively conduct numerical
simulation analysis, when building the large-scale 3D digital city building volume model,
the details of building volumes must be appropriately simplified to reduce the total number
of faces of the 3D digital city model. To meet this requirement, this study simplified the
details of building volumes when building the 3D digital city building volume model first,
and then used the software’s face simplification function to delete unnecessary triangu-
lar surfaces in order to control the total number of faces in the 3D digital city building
volume model.

After the 3D digital city model was finally completed, it was then converted into an
STL file and input into the CFD software for subsequent simulation analysis. The 3D digital
city model of the study region after being input to WindPerfectDX software is shown in
Figure 5. The 3D digital city model needed to be checked for broken surfaces, and the total
number of surfaces of the model needed to be reduced in order to facilitate urban wind
corridor analysis in the CFD software.

Figure 5. The 3D digital city model of the central urban area of Zhumadian City after being input to
WindPerfectDX.

(8) Setting the Grid System of the CFD Models for District Level Analysis

The scale of analysis in this study includes two scales: city scale and local scale. The
city-scale grid system setting regards the overall city model as a complete scope for grid
system setting. This study first used WindPerfectDX software to setup the grid system,
approximately 20 m per grid, and then used the large-scale wind path analysis module of
WindPerfectDX to refine the grid system. The final grid system was approximately 6-8 m
per grid cell (mesh). After repeated testing, it was found that this grid system setting can
effectively be used to explore the airflow circulation and ventilation conditions of urban
streets and external spaces in the research region. In terms of the grid system setting for
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local-scale CFD analysis in this study, the division of the grid system was set in three areas:
the focus area, the block area, and the whole area. In accordance with relevant research
practices, the focus area includes the major blocks of the district under study; the block area
includes the surrounding built environment; and the whole area includes the surrounding
wind field environment. The grid (mesh) system’s transition between the focal area, the
block area, and the whole area needed to be gradual and smooth. For the two pilot districts
under study, the grid size was adjusted according to the actual situation. Therefore, the
ventilation conditions of the small alley spaces and small external spaces between buildings
in the focus area could efficiently and accurately be analyzed. The following takes the
selected pilot blocks of the old district in Zhumadian city as an example to illustrate the
setting of the grid system on the local scale in this study.

Figure 6 shows the grid system settings of the CFD analysis of the selected pilot blocks
and surrounding areas of the old district in Zhumadian City under study. Since there are
some narrow alleys in the study area, the grid system in the focus area was set to an average
grid size of approximately 1.0 m in order to allow for analysis of the ventilation status of
narrow traditional alleys in the area. Also, the grid system setting of the Z axis had to be
able to cut at least one section (layer) within the range of the pedestrian-level wind field
(urban spaces with a height of 1.5 to 2 m above the ground). Based on the above principles,
the total number of meshes set for the CFD simulation analysis of this case was about
32.7 million meshes.

Figure 6. Grid system setting of the selected pilot blocks and surrounding areas of the old district in
the central urban area of Zhumadian City.

(4) Setting Weather Conditions and Boundary Conditions

Regarding the setting of simulation conditions, this research is based on the analysis
of the past ten years of data from related national meteorological stations and our field
measurements. Through the data collection and analysis of daily and hourly meteorological
data from meteorological stations in the research region, the main prevailing wind direc-
tions and average wind speed were calculated. The result of the analysis of meteorological
data was reviewed in conjunction with the actual micro-climate measurement data in the
research areas to help determine the simulation parameter settings, such as wind direction
and average wind speed that best represent the actual wind conditions of the study areas.
Regarding the setting of boundary conditions for the CFD simulation, the velocity inlet was
set as the gradient wind, where the vertical wind speed distribution was represented by
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the power law profile (see Equation (10)); the rest of the external space was set as outflow;
and the land surface was set as a no-slip condition.

-

where: Uy = wind speed (m/s) outside of boundary layer (also known as the gradient
velocity); Uz) = the wind speed at the height of Z (m/s); z = the reference height (m);
5 = the height of gradient (m); « = power law value (index).

According to the wind resistance design specifications, the common practice in wind
engineering simulation, and our previous research experiences, the height and the power
law value of the boundary layer were determined based on the terrain conditions (rough-
ness) of the study area. The actual terrain condition of the study area for local-scale CFD
analysis is Condition A (roughness level); therefore, the power law value was set to 0.32
and the height of the boundary level was 500 m according to the wind resistance design
specifications and the standard commonly used by the wind engineering society. The
wind velocity is 2.25 m/s, and the wind direction is southerly. Regarding the selection of
turbulence models, the Large-Eddy Simulation (LES) model and RAND/URANS models
were compared based on the related literature [54,75,76] and modeling tested in this study.
Considering factors such as the geometry of the model, the accuracy of results, and the
computing resources and costs, this study finally employed the LES turbulent model, and
the time step used in the LES model was 0.01 s. WindPerfectDX was the software employed.
Its advantages include the capacity to develop a very-fine grid system as well as the ability
to import SketchUp 3D digital city model files easily. Also, it has a strong visualization
capacity, which makes communication with developers and the general public easier. This
study used the 2023 special professional version of WindPerfectDX, which can reach a
total mesh number of up to 80 million and supports large-scale urban simulation analy-
sis. Finally, the results of the CFD simulation analysis were validated to determine their
reference ability.

3. Results
3.1. Analysis of Wind Conditions

After analyzing the meteorological data collected by the national weather stations in
the study region, it was found that the prevailing winds in summer in the study region
are southerly, while the sub-prevailing winds are south—-southwesterly and southeasterly.
Figure 7 shows the wind rose chart according to the daily and hourly meteorological data
of the government’s weather stations between 2010 and 2019. The analysis results show
that southerly and south-southwesterly winds can be used as the summer prevailing wind
and sub-prevailing wind, respectively, for conducting urban wind corridor planning.

Figure 7. Wind rose chart of Zhumadian City, 2010-2019.
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In addition, in order to understand how the average monthly wind speed changes
over the course of a year, this study sorted the monthly average wind speed data of the
related national meteorological stations between 1990 and 2019, and the analysis result is
shown in Figure 8. It can be noted from Figure 8 that August is the month with the lowest
average wind speed. Since Zhumadian City is hot in August, improving urban natural
ventilation in the summer is important to help mitigate the heat island effect.
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Figure 8. Average monthly wind speed in Zhumadian City, 1990-2019.

3.2. Estimation of Land Surface Temperature and Urban Heat Island Intensity

This research utilizes Landsat satellite image data to estimate land surface temperature
(LST) and to reveal the change in the urban heat island effect in Zhumadian city between
2008 and 2018. After carefully selecting Landsat image datasets that represent summer
weather conditions in the study region and also have very-low cloud cover ratio, the
Landsat images captured on 18 August 2008 and 10 May 2018 through the NASA /USGS
Landsat program were adopted. The results of the Landsat satellite image analyses in 2008
and 2018 are presented in Figure 9. The grading of the analysis results of land surface
temperature was set by considering the frequency distribution and standard deviation
of the estimated value of pixels as well as the consistency of the class break values in
high-temperature areas of the two images for easy comparison. To test the accuracy of our
estimation results of land surface temperature retrieval analysis, this study compared the
analysis results of the spatial distribution LST and heat island intensity with the spatial
distribution of building density and building intensity (the built-up urban areas with high
temperature) using GIS spatial mapping and overlaying analysis in order to confirm the
accuracy of the surface temperature inversion estimation results.

Figure 9. LST estimation of the study region of Zhumadian City, 2008 and 2018. (a) LST estimation
2008 (image: 18 August 2008); (b) LSI estimation 2018 (image: 10 May 2018).
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As revealed in Figure 9, land surface temperature analysis results show that the
urbanized areas of Zhumadian city are experiencing warming. By comparing the 3D digital
city model and the results presented in Figure 9, it can be seen that the central urban area
and areas with high development intensity are also the areas with a high land surface
temperature. In addition, by comparing the result of 2008 and 2018, it can be noted that
after 10 years, the areas with high land surface temperature have increased significantly
along with the trend in rapid urbanization and urban sprawl. Besides, it should be noted
that since there is no multi-year image data with very low cloud coverage available for the
same summer month, this study used two images of different month to study the changes
in the past ten years. The impact of the farming period and agricultural land use cycle in

the suburban areas needs to be considered when comparing the change of LST in suburban
areas. The surrounding suburbs of the central urban area of Zhumadian City are mainly
agricultural land. In middle to late August, the harvest period has just ended and new
sowing has not yet begun, so most of the farmland is exposed and the temperature is
relatively high when there is sunshine during the day. Therefore, the LST of agricultural
land in these suburbs around the city estimated using the image of 18 August 2008 appears
higher than the one using the image of 10 May 2018, when the spring plowing has not yet
been harvested.

After estimating the land surface temperature, estimation of the urban heat island
(UHLI) intensity was conducted based on the results of the land surface temperature analysis.
The analysis results of the 2008 Landsat image and the 2018 Landsat image are shown in
Figure 10. The results reveal that urban heat islands occur in most of the urbanized areas,
including central urban areas and the surrounding areas along with rapid urbanization.
Given that the phenomenon of urban heat islands in the urbanized areas of Zhumadian
City is becoming increasingly obvious alongside the city’s rapid urbanization and urban ex-
pansion, if the cleaner and cooler airflows from the surrounding rural areas can be brought
into the city through urban wind corridors (e.g., the cool airflows from the southwest

woodlands), the impact of the heat island effect may be reduced to certain degree. Also, the
analysis results of land surface temperature and heat island intensity show that high heat
island intensity locations in Zhumadian City are mainly concentrated in several urbanized
areas, including some old urban districts, high-density built-up areas and eastern industrial
areas. Therefore, how to introduce cooler airflows through urban wind corridors to cut

the heat islands as well as alleviate the spread of the heat island effect has become an
increasingly important issue in urban planning and design.
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Figure 10. LST estimation of the study region of Zhumadian City, 2008 and 2018. (a) LST estimation
2008 (image: 18 August 2008); (b) LSI estimation 2018 (image: 10 May 2018).
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3.3. Planning of Large-Scale Urban Wind Corridors

This study uses the central urban area of Zhumadian city as the pilot study region for
conduct urban wind corridor planning. To conduct major wind corridor path identifica-
tion, a grid system of 6~8 m per grid was used for large-scale urban simulation analysis.
The analysis results were validated with data from related national weather stations and
our micro-climate measurements of key locations. Large-scale urban wind corridor path
simulation analysis was conducted for the prevailing southerly summer winds and the
sub-prevailing south-southwesterly winds of the study region. After repeated model simu-
lation testing and model refinement, the major urban wind corridor paths with the highest
probability were identified. The analysis result for the prevailing southerly summer winds
is shown in Figure 11, and the identified major urban wind corridor channels are shown
in Figure 12. It should be noted that the paths derived from the results of the large-scale
simulation analysis are three-dimensional urban wind paths. Considering the average
building height and land development status of the study region, the analysis of the main
urban wind corridor paths at the city scale focused on urban spaces ranging from a height
of 10 to 25 m above the ground. The simulation analysis results reveal that urban form and
building layout patterns are two key factors influencing the development of urban wind
corridors in the study region. As shown in Figure 11, the urban form of the north-south
road system in the central urban area of Zhumadian City is consistent with the direction
of the prevailing winds in summer, which is conducive to the development of an urban
wind corridor system. Also, it can be noted from Figure 11 that the corridor of Jingguang
(Beijing-Guangzhou) Railway and several spacious north-south arterial roads have the
potential to serve as the main urban wind corridors. In summary, the major roads that have
the potential to serve as major urban wind corridors include Tongshan Ave., Tianzhongshan
Ave., Wenming Ave., Leshan Ave., and Xingye Ave. (see Figures 11 and 12). However, the
continuity of the city’s main wind corridors in some road sections is interrupted due to
problems regarding improper building layouts and land use patterns; furthermore, some
enclosed large building complexes as well as large and tall building masses at certain
key locations also obstruct the linkage of urban wind corridors (see Figure 13). Figure 12
shows the main urban wind corridor channels identified in this study. These major wind
corridor channels include a first-level urban wind corridor channel formed by the Jing-
guang Railway Line corridor and several second-level wind corridor channels formed by
arterial roads. In order to explore the implementation of urban wind corridor planning,
this study identified the key strategic ventilation improvement points (locations) that affect
the development of urban wind corridor system. The analysis result is shown in Figure 13.
These include key ventilation barrier sites and the demonstration blocks in this study (the
typical old-town blocks of the old district and the typical new residential blocks of the new
district), as shown in Figure 13 (the yellow-colored blocks). The key ventilation barrier
points (sites) are mainly formed due to narrow road sections, improper building layouts,
and massive building volumes on wind corridor paths. For the demonstration blocks, CFD
simulation analysis of the ventilation environment was carried out and is discussed in the
following section.

In addition to simulation analysis of the prevailing southerly winds, this study also
simulated and analyzed the main urban wind corridor paths for the sub-prevailing south—
southwesterly summer winds. The result is shown in Figure 14. The analysis result shows
that if the sub-prevailing winds are south-southwesterly in the summer, Tianzhongshan
Ave., Wenming Ave., and Jingguang railway corridor can serve as the major urban wind
corridors of the city. The first two arterial roads and the railway corridor were also
identified as the major wind corridors for the prevailing southerly summer winds, therefore
further confirming their importance in developing city-level wind corridors. According to
the simulation analysis results of the prevailing and sub-prevailing summer winds, it is
suggested that priority should be placed on these arterial roads and the Jingguand Railway
corridor when implementing Zhumadian’s urban wind corridor planning.
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Figure 11. Simulation analysis result of large-scale urban wind corridor paths in the central urban
area of Zhumadian City (summer prevailing winds: southerly winds).
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Figure 12. Identification of main urban wind corridor channels in the central urban area of Zhumadian
City (summer prevailing winds: southerly winds).
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Figure 13. Key strategic ventilation improvement points (locations) in the central urban area of
Zhumadian City (summer prevailing winds: southerly winds).
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Figure 14. Simulation analysis result of large-scale urban wind corridor paths in the central urban
area of Zhumadian City (summer sub-prevailing winds: south-southwesterly winds).
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3.4. Integrated Analysis of GIS Spatial Analysis and Urban Wind Corridor Planning

In order to efficiently manage and analyze the large amount of data required for
urban wind corridor planning, this study employed a GIS to integrate related land-use
data, 3D digital city model data, meteorological data, population and housing data, urban
heat island effect estimation results, urban cool island data, etc. Using the GIS’s functions
of spatial mapping and spatial overlay analysis, the relationships between related key
planning elements (e.g., land-use patterns, spatial distribution of population and housing
density, urban form and urban structure, major urban open spaces) and urban heat island
effects were explored. A portion of the data analysis results is summarized in the overlay
diagram shown in Figure 15 (on the following page), which reveals that between 2008 and
2018, the scope of urban warming and urban heat island effects in the central urban area of
Zhumadian City expanded along with the increase in urbanized areas. From the overlap
analysis of relevant influencing factors, it can be seen that the spatial distribution of urban
heat island intensity is related to land-use patterns, the ventilation potential indicator, and
the spatial distribution of urban cool islands (water bodies and green spaces).

The calculation of the ventilation potential indicator (VP) in Figure 15 was based
on the analysis of the building density, building height, urban roughness, and sky view
factor calculated using the 3D digital city model and GIS land-use data. The green space
system planning map and urban land use map are generated based on the Comprehensive
planning of Zhumadian city (2018-2035) [69]. Based on integrated analysis of GIS spatial
analysis and urban wind corridor path analysis, it can be noted that the development of
urban wind corridors can introduce cleaner and cooler airflow from surrounding rural
areas into the city as well as connect urban cool islands and cut heat islands areas, which
should mitigate the phenomenon of urban heat islands in the study region.

In summary, the 3D analysis and spatial analysis functions of the GIS played an
important role in exploring the relationships between the spatial distribution of heat island
intensity and urban wind corridor planning/land use planning. Using the simulation of
urban wind corridor paths and integrated GIS spatial analysis, it can be found that factors
such as urban form and urban land-use patterns as well as building layout models of some
key locations will influence the development of urban wind corridors. This was further
explored in this study using CFD simulation analysis and is discussed in the following
paragraphs. This research shows that through the integration of relevant data by using the
GIS platform, relevant big data and graphic data can be more efficiently managed, which is
helpful when conducting multi-scale urban wind corridor planning.

3.5. CFD Simulation Analysis of the Key Strategic Locations (the Pilot Urban Districts) for Urban
Ventilation Improvement

After the analysis of large-scale urban wind corridor paths and identification of key
strategic ventilation improvement points (locations), this study proceeds to analyze two
key strategic locations (the typical old-town blocks of the old district and the typical new
residential blocks of the new district, as shown in Figures 1 and 13) in order to assess their
ventilation status and find key factors affecting urban ventilation. Before discussing the
CFD simulation results, the model validation process is explained as follows.
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Major urban wind corridors of the
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Figure 15. Overlay analyses of the main factors in urban wind corridor planning of the study region.
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3.5.1. Model Validation

In order to verify the reference ability of the simulation results of the CFD simulation
model, this study examines the simulation model and simulation results in the following
ways: (1) the simulation analysis results must reach the threshold of the convergence curve,
and the convergence curve should show a trend toward convergence (see Figure 16 as
an example); (2) the simulation results should conform to the principles of related wind
theories and the actual wind environment. After model calibration and model refinement,
the results of the convergence curves of our CFD simulation analysis show that all the
final models tend to converge and meet the convergence threshold requirements, and the
outcomes are reasonable according to wind engineering theories and the real situation.
This study also compares the results of the CFD simulation analysis with the results of
our micro-climate survey in order to examine the accuracy of the simulation model. This
model validation process was conducted for the selected blocks in both the old district
and the new district in Zhumadian City. Using the selected typical blocks of the old
district as an example, the validation process and results are summarized as follows: In the
model validation process, a CFD simulation model based on the current situation was first
calibrated; then, the CFD simulation results were compared with the results of our micro-
climate survey conducted on the site. Part of the results are shown in Figure 17. The results
show that the simulation values at key measurement points D2, D6, D11, D20, and D26
(see Table 2 for the locations of the measurement points) are close to the measured values,
which indicates that the model is reasonable. In addition, a correlation analysis between
the simulation values and measured values of the measurement points was conducted for
all measurement points, and the results show a Pearson correlation coefficient r = 0.745
(p < 0.05), which indicates that the simulation results were close to the measured results.
This further confirms that the CFD simulation model can be used in the subsequent scheme
assessment and analysis.
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Figure 16. CFD simulation analysis convergence curve of the selected typical blocks in the old
district in Zhumadian City (the green line is the convergence threshold line, and the red curve is the
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Figure 17. Comparison between simulation analysis results and experiment results of key measure-
ment points of the selected typical blocks of the old district.

3.5.2. CFD Simulation Analysis of Typical Urban Blocks at the Key Strategic Ventilation
Improvement Locations of Urban Wind Corridor Routes

In order to find the major urban ventilation problems at the local scale, CFD simulation
analyses for the typical urban blocks at the key strategic ventilation improvement locations
were conducted, and the simulation analyses results are summarized as follows.

The main analysis sections of the local scale wind assessment are the pedestrian wind
field at a height of 1.5-2.0 m above the ground. The typical urban blocks analyzed included
the typical old-town blocks of the old district and the typical new residential blocks of
the new district shown in Figures 1 and 13. According to the Beaufort wind force scale
and the characteristics of the wind environment in the study region, the average wind
speed of the pedestrian-level wind field in the summer falling in the range of 1.0 m/s to
3.0 m/s is a comfortable wind speed for outdoor activities. However, when it is lower than
0.6 m/s (the deep blue color areas in the following simulation result figures), it is considered
poor ventilation with a calm-wind or no-wind situation. The criteria are consistent with the
suggestion of a previous study in Hong Kong by Yuan and Ng (2012), which classifies the
pedestrian-level natural ventilation in the street canyon as: stagnant (u < 0.3 m/s), poor
(03m/s <u<0.6m/s),low (0.6 m/s < u<1.0m/s), satisfactory (1.0 m/s <u<1.3m/s),
and good (u > 1.3 m/s) [57]. The CFD simulation analysis of the selected typical urban
blocks (demonstration blocks) in this study was based on the prevailing wind being
southern wind in summer. The following floor plan maps show the CFD simulation
analysis results with a height of about 1.60 m above the ground.

CFD Analysis of the Demonstration Old-Town Blocks in the Old District

The research area of the old district in this study is about 545 m long and 510 m
wide. It is a demonstration urban redevelopment site (superblock) with unique traditional
residential buildings that need to be preserved. The buildings in this area have various
building forms and building layout patterns, resulting in different ventilation effects.
Figure 18 shows the 3D building model of the CFD simulation analysis areas constructed
in this research and photo images of the major building types in this district. The dense
square-shaped residential buildings in the demonstration blocks are typical traditional
housing units in Zhumadian City, while some of the peripheral areas of the research blocks
are middle-rise apartments and high-rise buildings built after 1980s. Figure 19 shows the
overall CFD simulation analysis result of the research blocks and the surrounding areas, and
Figure 20 shows the enlargement of the CFD analysis results of the demonstration blocks
(Figures 19 and 20 show the simulation results at height of about 1.6 m above the ground).
Figure 21 shows a selected sectional view of the CFD analysis result. It can be noted from
Figures 19 and 20 that the outdoor ventilation environment in most areas of the research
district is not good in summer, and there is no obvious wind corridor effect introduced
to the inner open space of the dense square-shaped residential building communities in
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the blocks.

From Figures 19-21, it can be noted that although the effect of some wind corridors
has been introduced to the communities on both sides of the wind corridors, the ventilation
of the external spaces in the traditional square-shaped enclosure housing and in some old
residential buildings is generally not good. The problem of the ventilation environment in the
old district is mainly due to the high-density land development of the old urban communities
and the enclosed building layout patterns, resulting in poor ventilation in the district. In
addition, the lack of continued wind corridor routes in this district also affects the wind
corridor effects being introduced to the open spaces of some communities (see Figures 19
and 20). Moreover, the large and long building volumes arranged on the windward side of
the summer prevailing winds also prevent the introduction of wind corridor effects to the
open spaces of some communities (see Figure 21). Using CFD simulation analysis and field
investigation and analysis, this study attempts to identify the basic building layout patterns
with poor ventilation (see OBs in Figure 22) or good ventilation (see OGs in Figure 22) in
the old district of Zhumadian City and analyzes the main factors affecting the ventilation
condition of external spaces. The analysis results are summarized in Figure 22 and Tables 2
and 3. These prototype patterns can serve as a design pattern language for community design
and urban redevelopment in order to promote the concept of wind friendly urban planning
and design.

I High-rise building type Low-rise building type

I High-rise building type Low-rise building type

f traditional square- | The atrium of the traditional
shaped courtyard building unit square-shaped courtyard building

square-shaped

Clusters of tradi
buildings courtyard buildings

Figure 18. Three-dimensional building model and the current situation of the old town blocks in the
old district.
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Figure 19. CFD analysis result of the demonstration blocks and surrounding areas in the old district.
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Figure 20. CFD analysis result of pedestrian wind field of the demonstration blocks in the old district.
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Figure 21. Sectional view of CFD analysis result of the Demonstration blocks and surrounding areas
in the old district.
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Figure 22. Locations of poorly ventilated building layout patterns and well-ventilated building layout
patterns of the demonstration blocks in the old district.

A. Analysis of Old District Poor Ventilation Building Units (OBs)

This research attempts to identify the basic building units and layout patterns with poor
ventilation in the old district (poor ventilation building units of the old district, hereinafter
referred to as OBs in Table 2) and analyze the major reasons for their poor ventilation. The
research results show that small building spacing, densely land development, long and tall
building volumes on the summer windward side, high-rise buildings on the outside and
low-rise in the middle, a lack of proper opening of enclosed building cluster, and the square-
shaped enclosed buildings without proper openings are the major reasons leading to the
poor ventilation of the external spaces of these building units. The locations of the building
units with poor ventilation in the old district are shown in Figure 22, and the analysis of
ventilation problems and the basic building layout patterns is shown in Table 2. Some of the
suggested alternatives in Table 2 employed the scenario analysis method, which assumes how
the situation would improve if these were conducted.
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Table 2. Analysis of basic building layout patterns with poor ventilation in the external spaces of the

demonstration blocks of the old district.

Poor Ventilation  Label
Reasons No.
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B.  Analysis of Old District Good Ventilation Building Units (OGs)

Although the overall ventilation condition of the research blocks of the old district
is not good, there are still several well-ventilated building units. After CFD simulation
analysis, this study identified two well-ventilated building units in the old district (good
ventilation building units of the old district, hereinafter referred to as OGs in Table 3), and
the influencing factors are discussed below. The locations of well-ventilated building units
of the old district are shown in Figure 22, and the analysis of prototype good ventilation

building layout patterns is summarized in Table 3.
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Table 3. Analysis of basic building layout patterns with good ventilation in the external spaces of the
demonstration blocks of the old district.

Good Ventilation
Reasons

Label . . Good Ventilation
No. CFD Simulation Result Building Layout Patterns

Employing scattered
building layout model
and maintaining
sufficient distance
between adjacent
buildings
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meets the ventilation
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the street consistent with
the direction
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CFD Simulation Analysis of the New Residential Blocks in the New District

The new residential blocks of the new district analyzed in this study are the result
of a new housing development. This is a representative case of high-ranking residential
community development in Zhumadian City (See Figure 23). The entire residential de-
velopment project includes two large urban blocks. The project employs the superblock
concept and the planned unit development (PUD) model, with various residential building
types, good community greening, and sufficient spacing between adjacent buildings (See
Figure 23). The area of the researched blocks is about 830 m long and 510 m wide. A 3D
model of the entire community and photos of major building types are shown in Figure 23.
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Mixed-form townhouse residential | Strip multi-unit residential buildings High-rise deluxe residential
buildings buildings

Figure 23. Three-dimensional building model and the current situation of the new residential blocks
in the new district.
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The CFD simulation analysis result of the demonstration new residential blocks is
shown in Figure 24. The figure shows the CFD simulation result of the pedestrian wind
field at a height of about 1.6 m above the ground. It can be seen from Figure 24 that the
ventilation environment of the residential block external spaces in the new district varies
greatly. There are residential building clusters with good ventilation; however, there are
also building units with relatively poor ventilation. This reflects some problems that must
be paid attention to in the planning and design of residential communities.
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Figure 24. CFD analysis result of the demonstration blocks and surrounding areas of the new
residential communities in the new district.

Figure 25 shows the enlargement of the CFD analysis result of the demonstration
blocks in the new district at a height of about 1.6 m above the ground. Figure 26 shows
a selected sectional view of the CFD analysis result. The results show that the residential
buildings on the east side of the block arranged in a staggered spatial layout together with
sufficient spacing between buildings result in better ventilation in the external space.
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Figure 25. CFD analysis result of pedestrian wind field of the new residential blocks in the new district.
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Figure 26. Sectional view of CFD analysis result of the new residential blocks in the new district.

However, due to the land development project employing a superblock concept—which
places tall and large building volumes on the periphery of the community to surround
the internal low-rise buildings so that the summer windward side is blocked by long and
high-rise buildings—inflow winds are not easily introduced to the community.

Using CFD simulation analysis and field investigation, this study also identifies basic
building layout patterns with poor ventilation (poor ventilation building units of the new
district, hereinafter referred to as NBs) and good ventilation (good ventilation building
units of the new district, hereinafter referred to as NGs) of the demonstration blocks in the
new district (see Figure 27), examines the main factors affecting ventilation conditions, and
suggests improvement strategies. The analysis results are described below.

Figure 27. Locations of poorly ventilated building layout patterns and well-ventilated building layout
patterns of the new residential blocks in the new district.

A.  Analysis of New District Poor Ventilation Building Units (OBs)

This study identified several poorly ventilated building units in the demonstration
blocks of the new district and analyzed the reasons for poor ventilation. The research results
show that the major factors affecting the ventilation of the study area are that the building
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layout failed to leave appropriate ventilation openings and that the building volumes are
too long and tall on the summer windward side. The locations of the building units with
poor ventilation of the demonstration blocks in the new district are shown in Figure 27,
and the analysis of ventilation problems is summarized in Table 4.

Table 4. Analysis of basic building layout patterns with poor ventilation in the external spaces of the
new residential blocks of the new district.

Poor Taps .
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flow to the
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Spacing of
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buildings is too NB5 spacings N roper buildin
small, resulting between L proper bu g
. NB7 o1 : spacings
in poor buildings s
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buildings are . proper
openings of -
too long and NB4 ) openings of
. windward .
without proper buildines windward
ventilation & buildings
openings
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ventilation openings on ' Sy gz -
. NB6 - & openings of
openings on windward % .
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the windward street corner
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street corner

B.  Analysis of New District Good Ventilation Building Units (OGs)

There are also some well-ventilated building units in the new district. Using CFD
simulation analysis and field investigation, this study selected the following three well-
ventilated building layout patterns for analysis. The analysis results are shown in Figure 27
and Table 5.
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Table 5. Analysis of basic building layout patterns with good ventilation in the external spaces of the
new residential blocks of the new district.

Good Ventilation
Reasons

Label . . Good Ventilation
No. CFD Simulation Result Building Layout Patterns

Scattered building
layout model with
proper distance between
buildings, which is
conducive to good
ventilation

7 RN

NG1
NG2

Maintain appropriate
building openings and
spacing at street corners
to facilitate the
introduction of summer
inflow wind

NG3

Appropriate building
spacing, proper street
orientation, and
scattered building
layout, which are
conducive to wind
circulation

NG4

4. Conclusions and Recommendations
4.1. Promoting Urban Wind Corridor Planning as a New Approach to Mitigate Urban Heat
Island Impact

This study explored how to conduct urban wind corridor planning and community
ventilation improvement in Zhumadian City by using a multi-scale simulation analysis that
integrated RS, GIS, and CFD in order to alleviate the impact of the urban heat island effect.
The analysis results show that factors such as urban form, land use patterns, orientation
and width of the major urban roads, building layout patterns, and the location and size of
building openings are the key factors affecting the development of urban wind corridors.
This research also shows that urban wind corridor planning in Zhumadian City can play
an important role in mitigating the impact of urban heat islands.

By analyzing the study region’s meteorological data and land surface temperature at
two time points, this research found that urban temperature and the impact of heat islands
have increased in Zhumadian City alongside the trend in urbanization and urban sprawl.
Using numerical simulation analysis, this study also found that urban wind corridors in
Zhumadian City can be used to introduce relatively cool airflow, which should have a
specific effect on cooling the city and improving air quality. The results also show that
the urban form and the orientation of urban road system of Zhumadian City favor the
development of urban wind corridors, and that some arterial roads in the city can act as
main urban wind corridors. However, there are still some ventilation barriers resulting
from the existing land use model and building layout patterns that need to be adjusted in
urban redevelopment or the urban design process.

As evidenced by the increasingly severe effect of urban heat islands in Zhumadian City,
the implementation of urban wind corridor planning in current urban land use planning
and urban design is becoming an important issue in green city development. This study
proposed a new planning approach that combines several spatial analysis and simulation
methods/tools to help evaluate the influence of urban land-use patterns and building
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layout patterns on urban wind corridor planning. The new planning approach proposed
was tested and proved useful in developing climate-sensitive land use plans and building
layout modes. Based on the results of our empirical analysis, this study suggests the
following planning strategies for promoting the development of urban wind corridors in
order to mitigate the impact of the urban heat island effect:

1.

10.

Use remote sensing and GIS analysis to identify areas with obvious heat island effects
and locations with significantly increased heat island intensity, and explore their
relationship with land use and building layout patterns.

After identifying the critical areas with obvious heat island effects, employ urban
wind corridor planning and CFD simulation analysis to help introduce clean and
cooler airflow into city to cut the heat islands and prevent the spread of the heat
island effect.

Conduct a complete planning approach to designate first- and second-level urban
wind corridors. This task should be processed with the help of systematic simulation
analysis and open discussion to obtain public supports. In addition to first- and
second-level urban wind corridors, potential local-level wind corridor paths should be
suggested later, so as to construct a multiscale urban wind corridor system. According
to urban planning practice in the research region, it is recommended that the first-level
urban wind corridors has a width of 200-300 m, and the second-level urban wind
corridors has a width of 80-200 m.

Conduct suitable land use adjustment and urban design control (such as the control
of building setbacks, building height, building openings, location of square and green
space, etc.) within a reasonable distance on both sides of the main wind corridor
routes in order to maintain a good ventilation environment and urban environmental
quality. Relevant control measures need to consider land market demand as well as
public acceptance at the same time.

National land planning and urban land use planning should avoid allocating polluting
industries or polluting land use activities in upwind areas where the inflow wind
blows into the city. It is suggested that polluting industries or polluting land use
activities should not be placed on main urban wind corridor paths. If there is a need,
it should be placed at the end of the urban wind corridor path.

Urban wind corridor planning needs to be coordinated with the planning of regional
open space systems. For example, the planning of river open spaces and green open
spaces should consider their potential and functions in developing urban cool islands.
Urban wind corridor planning should connect these urban cool island elements.
When designating major road systems, the feasibility of developing them into major
urban wind corridors should be considered. The characteristics of the wind envi-
ronment and climate should be considered in road system adjustment and street
section design.

Railway lines and spacious arterial roads have the potential to serve as main urban
wind corridors. Therefore, when conducting the comprehensive planning of a city,
the orientation and structure of the main road system as well as the establishment of
green belts on both sides of the main roads/railways should be considered in order to
meet the need of developing urban wind corridors.

When conducting building layout planning and open space design in urban blocks,
appropriate ventilation openings or corner squares should be reserved to match the
routes of the wind corridor in the region. The main opening of the atrium of the
enclosed building communities should face the airflow direction of the prevailing
wind corridor in summer.

During the urban renewal of old urban blocks, appropriate green open spaces or
squares should be reserved at important spatial nodes where the urban wind corridor
flows, or through the adjustment of building layout or building mass organization, in
order to introduce wind corridor airflow to the external space between buildings.
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11.  When conducting land development in new urban blocks or building new residen-
tial communities, the proportional relationship between the building masses and
atrium open spaces as well as the positions of building openings should be carefully
considered so wind corridor airflow can be introduced to the atrium space.

12.  Strengthen the integrated application of urban simulation analysis tools in urban wind
corridor planning, including remote sensing in land surface temperature and heat
island intensity analysis, GIS spatial analysis of the relationship between land use and
wind corridors, numerical simulation analysis of major urban wind paths, and CFD
application in wind environment assessments, so as to assist in the development of
appropriate building layout models and planning strategies to improve the ventilation
environment of urbanized areas.

4.2. Applicability of This Study and Recommendations for Future Research

This study proposes an urban wind corridor planning approach as well as a community
ventilation assessment method. The research results show that if the abovementioned
considerations of wind environment response design and suggested planning approach can
be included in the strategic planning stage of urban planning/design or in the evaluation
stage of urban redevelopment, the goals of optimizing the ventilation environment of
urban spaces as well as meeting the demand of local land development can be achieved
simultaneously. The innovation point of this study is to propose a new planning approach
and planning processes that integrate RS, GIS, and CFD within the process of urban wind
corridor planning to mitigate the impact of heat islands. It is hoped that the methods,
planning processes, and analysis results presented can provide useful information for urban
planners, urban designers, architects, and policymakers to help implement the concept of
urban wind corridors.

Using multi-scale urban wind corridor planning analysis and community ventilation
assessment, this study attempted to combine the functions of RS, GIS, CFD, and the
management of a variety of related planning data. However, due to the limitations of
research data and computing capacity, this study should be regarded as a preliminary pilot
study, and it is suggested that the following topics be explored in depth to provide further
information for the implementation of urban wind corridor planning: (1) Validation and
comparison of mathematical models for the analysis of large-scale wind corridor paths as
well as optimization of mesh systems in simulation models for more efficient computing.
(2) Integrated application of related big data (e.g., meteorological data, land use data, and
land cover data) and CFD simulation analysis results based on a GIS platform in order
to provide more comprehensive analyses for urban wind corridor planning. (3) Use of
empirical simulation analysis results to assist in policy review and public involvement
of urban wind corridor planning and to conduct project evaluation of multi-scale wind
corridor planning. (4) Rethinking the definition, functions, methodology, and impacts of
urban wind corridor planning in order to seek public consensuses on related planning
practices and policy implementation.

Furthermore, for the planning and implementation of urban wind corridors, this study
found that there are still some basic conceptual issues that need to be clarified: (1) Which
type of urban ventilation corridor should be emphasized? We need to make a decision
on developing either a passthrough-type urban wind corridor for the near-ground field
below 10 m (e.g., for improving the situation of the pedestrian wind field) or the main wind
corridor for the overall three-dimensional space field of the city (e.g., based on the average
building height and building masses condition of the city). (2) How do we incorporate
specific living considerations into urban wind corridor planning to reflect seasonal climate
characteristics, such as introducing wind airflows to reduce temperature and pollution in
the summer as well as blocking wind airflows to keep warm and comfortable in the winter?
(3) What is the relationship between the construction of urban wind corridors and urban
activities/user behavior in urban spaces? Answering these questions requires some public
discourse and public involvement to seek consensuses. It also requires more systematic
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empirical research to provide scientific information that can be used as planning references
and in public debates. It is suggested that these issues be addressed in future studies.

Finally, referring back to the title of this article, “Make Way for the Wind” actually
means providing opportunities for a more climate-responsive urban environment as well
as more room for promoting the concept of “design with nature”, as originally proposed by
Ian McHarg (1969) [77]. The title outlines the key concept of this study, which attempts to
introduce a climate-friendly urban planning/design approach using the process of multi-
scale urban wind corridor planning by integrating RS, GIS, and CFD. “To Give Up” (“Make
Way”) is actually “To Get.” What we need to give up is a crowded, enclosed, high-intensity,
sprawling planning model in land development practice, and what we will in turn receive
is a good quality living environment with better ventilation and fewer urban heat islands.
Our hope is that the planning concept, approach, and methods proposed in this study will
lead to more public discussion and stimulate more relevant empirical research. Under the
global trend in promoting cooling cities and a policy direction emphasizes the development
of smart, sustainable, and ecological cities of many localities, let us develop an innovative
planning approach to help create urban wind corridors. The reward will be a cool and
healthy urban environment.
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