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Abstract: Urban ventilation corridors are designed to enhance air quality, alleviate urban thermal
conditions, reduce pollution and energy consumption, as well as improve human comfort within
cities. They play a pivotal role in mitigating environmental impacts, particularly in densely populated
urban areas. Based on satellite remote sensing data, meteorological observations, basic geographic
information of Zhengzhou City and its surroundings, and urban planning data, we analyzed the urban
wind environment, urban heat island, ecological cold sources, and ventilation potential. The findings
reveal several key insights: (1) Dominant winds in Zhengzhou City predominantly originate from the
northwest, northeast, and south, influenced by topography and the monsoon climate, with seasonal
variations. These wind patterns are crucial considerations for designing primary ventilation corridors.
(2) The urban heat island exhibits a polycentric spatial distribution, with intensity decreasing from
the city center towards the periphery. Ecological cold sources, primarily situated in the city outskirts,
act as reservoirs of fresh air that mitigate the urban heat island effect through designated corridors.
(3) A preliminary corridor system, termed “eight primary and thirteen secondary corridors”, is
proposed for Zhengzhou City based on an integrated assessment of ventilation potential, urban
surface roughness, and sky view factor. This research contributes to advancing the understanding
of urban ventilation systems and provides practical insights for policymakers, urban planners,
and researchers seeking sustainable solutions to mitigate climate impacts in rapidly urbanizing
environments in the region.

Keywords: urban ventilation corridor; wind environment; thermal environment; ecological cold
source; ventilation potential

1. Introduction

With global warming and rapid urbanization, large-scale urban expansion and popu-
lation growth are accompanied by a series of environmental and ecological problems [1–3],
such as heat island effect [4–6], air pollution [7], and vegetation degradation [8,9]. Rapid
urban population growth and limited urban space have led to compact and high-density
building layouts in most cities [6,10]. In high-density urban areas, the surface roughness
increases, the temperature, wind field, humidity and other meteorological conditions near
the surface change significantly, while the climate and environmental problems become
increasingly prominent [9,11,12]. Urban heat islands increase energy use in relatively hot
areas and harm nearby water quality, increasing building and energy consumption, as well
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as affecting the health of city residents. Studies have shown that people in cities are at
higher health risk during hot weather, especially in the face of climate change, urbanization,
and an aging population [13–15]. So, it is crucial to mitigate the urban heat island effect for
enhancing thermal comfort, reducing energy consumption, and improving public health in
urban areas. Therefore, it is important to consider the influence of climate factors in urban
planning and development, and to optimize the urban ecological environment by planning
the spatial distribution of buildings [16–19], optimizing building design, and greening
urban areas to reduce the urban heat island effect and improve urban ventilation [20–22].

Urban ventilation corridor, as an effective planning tool for coordinated solutions to
urban climate problems, has been developed and implemented in many countries [23–33].
As early as 1930, German scientists pointed out that urban planning and construction can
affect or even change the local climate and air quality [23]. The city of Stuttgart takes urban
environmental climate analysis as one of the tools to assist urban planning, providing
technical support for the rational layout of urban green space, water systems, and other
ecological spaces. Kress [34] divided the urban ventilation corridor system into function
space, compensation space, and air guiding passage according to the evaluation criteria of
the underlying surface climate function proposed by the local circulation operation law.
Japan uses the connection with the actual river, green space, street, and building space to
establish “wind channels” [35], so that fresh cold air can flow into the nearby urban space or
deep into the urban hinterland, to ensure the effectiveness of air exchange and circulation
in the urban near ground. In Hong Kong, ventilation corridors have been designed for
waterfront sites to promote air circulation and bring sea breezes inland, thereby improving
the climate of localized areas [36]. Many large cities in China, such as Beijing, Shanghai,
Wuhan, Hefei, Xi’an, Guangzhou, Shenzhen, Chengdu, Dalian, Hangzhou, and Jinan, have
carried out studies on urban ventilation corridors [37–46]. Considering the combination
of building information and geographic information technology with meteorology, they
use observation, multi-scale numerical simulation, and other methods to evaluate the
ventilation environment at the urban scale and to propose guidance for urban planning.

Urban ventilation depends on the combination of multiple urban geometric param-
eters; the purpose of constructing urban ventilation corridor is to organize rationally
urban space and create channels for air circulation [47,48]. The construction of ventilation
corridors should consider not only roads but also water bodies and green spaces, while
controlling the height, density, and distribution of buildings [49]. The influence of meteo-
rological parameters such as wind speed, wind direction, temperature, and humidity on
urban ventilation is also extremely important [50]. In the construction of urban multi-level
ventilation corridor systems, the width, orientation, open space, adjacent interfaces, build-
ings, and other aspects are also the control indicators for the planning and construction of
ventilation corridors [51,52].

Methods for urban wind environment assessment mainly include field observation,
wind tunnel tests, and numerical simulations [53–55]. The field observations are limited by
the scarcity and uneven distribution of stations, and are not very generalizable and repre-
sentative. Wind tunnel experiments are more accurate but mostly used for small-scale wind
simulation with high simulation cost and long evaluation period, and are not applicable
to the evaluation of natural ventilation at urban and regional scales. Numerical simula-
tion methods for urban climate are mainly classified into mesoscale and microscale. the
Weather research and forecasting (WRF) model [55,56] and computational fluid dynamics
(CFD) [57–59] model are often used to simulate the wind environment conditions to obtain
a better understanding of urban ventilation at the city and neighborhood levels [59,60],
but they require complex boundary condition configurations and model construction.
Remote sensing and geographic information system (GIS) technologies can support spa-
tially continuous extraction of information on urban surface morphology with high spatial
resolution, independent of the scale of the study, and provide a new means of assessing
ventilation environments at the urban scale [58,61,62]. Utilizing building and urban form
data in a geographical information system format, to calculate urban roughness length and
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building density to test the permeability and ventilation capacity of the urban form under
prevailing wind conditions, can provide a reference for the planning of urban ventilation
corridors [41,63,64].

As a megacity in China, Zhengzhou’s climate and environmental problems are becom-
ing increasingly prominent with the expansion of the city’s scale and urbanization [65,66].
There is an urgent need to explore the application of urban climate information in sustain-
able urban planning. We hope that through the rational construction of ventilation corridors
in Zhengzhou, the ventilation capacity of the city will be improved, thus improving the
urban climate and creating a good living environment. In this study, we combine the urban
climate information of Zhengzhou City with urban development planning, consider the
characteristics of urban wind and thermal environments, combine the spatial layout of
the city, and utilize remote sensing inversion, climate statistics, and geographic informa-
tion system spatial analysis to assess the urban ventilation environment, so as to provide
technical support for urban planning.

2. Materials and Methods
2.1. Study Area

Zhengzhou is the capital of Henan Province, a megacity in China. It is located in the
southern part of the North China Plain and the lower reaches of the Yellow River, with a
continental monsoon climate. The terrain is high in the west and low in the east, with the
Yellow River in the north, Songshan Mountain in the west, and the vast Huanghuai Plain
in the southeast. The city covers an area of approximately 7889 km2, with a population of
1300.8 million in 2023; the main urban area of Zhengzhou City was selected as the study
area with nine administrative districts and a total area of 990 km2. Figure 1 shows the
location and elevation of the study area. The changes in population and urbanization rate
in Zhengzhou City over time are shown in Figure 2. It can be seen that after 2000, the
population and urbanization rate increased significantly, and tended to stabilize after 2016.
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Figure 2. Change in population and urbanization rate in Zhengzhou City.

2.2. Data

The satellite remote sensing data, derived from the Geospatial Data Cloud website
(http://www.gscloud.cn, accessed on 22 September 2018), are used to extract ecological
cold source and land surface temperature inversion, which mainly contain satellite images
of the clear sky on 22 September 2018 of Zhengzhou, from Landsat-8 OLI with a resolution
of 30 m. The meteorological observation data come from Henan Meteorological Bureau,
including wind direction covering 49 national stations in Zhengzhou and its surrounding
areas from 1991 to 2020 for statistical analysis of large-scale wind environment as well
as wind direction data from 69 regional automatic stations in Zhengzhou City from 2015
to 2017 for refined wind field statistics analysis. The basic geographic information data,
collected from the urban planning department including the 1:2000 topographic map of
Zhengzhou in 2018 with building height and building density, are used to extract the
morphological characteristics of urban buildings, calculate the surface roughness and sky
view factor, and estimate the surface ventilation potential.

The urban planning data are used for the analysis of urban morphology and the iden-
tification of ventilation corridors, which are obtained from Zhengzhou Natural Resources
Bureau, mainly including urban master planning, green space system planning, urban
ecological protection and construction planning, etc.

2.3. Method

Based on the multisource data collected above, urban wind environment, thermal
environment, and surface ventilation potential are calculated using mathematical statistics,
remote sensing, and geographic information system techniques.

2.3.1. Urban Heat Island

Urban heat island (UHI) is the temperature difference between urban and rural areas.
Surface temperatures obtained from satellite image inversion are used to calculate the UHI.
The specific calculation is as follows:

Ii = Ti −
1
N ∑N

j=1 Tcropj (1)

where Ii is the intensity of surface urban heat island (SUHI) of the ith pixel, expressed in
degrees Celsius (◦C),; Ti is the surface temperature of the ith pixel, Tcropj is the temperature

http://www.gscloud.cn
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of the j pixel in the farmland area, and N is the total number of all pixels in the farmland
area [59].

SUHI can be divided into daily heat island intensity (Iday) and monthly or seasonal
heat island intensity (Imth,ssn) [35,67]. The grades of SUHI are shown in Table 1. In this
paper, the spatial distribution of SUHI is obtained by using the daily grades.

Table 1. Classification of SUHI.

Grade Iday/◦C Imth,ssn/◦C Significance

1 (∞, −7.0] (∞, −5.0] ESCI
2 (−7.0, −5.0] (−5.0, −3.0] MSCI
3 (−5.0, −3.0] (−3.0, −1.0] WCI
4 (−3.0, 3.0] (−1.0, 1.0] N
5 (3.0, 5.0] (1.0, 3.0] WHI
6 (5.0, 7.0] (3.0, 5.0] MSHI
7 (7.0, ∞) (5.0, ∞) ESHI 1

1 ESCI = extremely strong cold island, MSCI = moderate strong cold island, WCI = weak cold island, N = neutral,
WHI = weak heat island, MSHI = moderate strong heat island, ESHI = extremely strong heat island.

2.3.2. Ecological Cold Source

Ecological cold sources are areas capable of generating fresh cold air, generally refer-
ring to water bodies, forest lands, farmlands, and high-cover green spaces in cities. They
can effectively alleviate the UHI effect, and are also an important source of cold air and
a place to improve the circulation and living environment, which is one of the important
prerequisites for ventilation corridor planning.

The two indicators, land use type and green quantity, extracted from remote sensing
images, are used jointly to determine the ecological cold source class (Table 2) [35,46],
and the Landsat normalized vegetation index (NDVI) data are used to estimate the green
quantity S in urban areas:

S = 1/(1/30000 + 0.002 ∗ 0.03V) (2)

V = (Rnir − Rred)/(Rnir + Rred) (3)

where: S represents green quantity—unit is square meter (m2); V represents vegetation
index; Rnir ~Landsat near-infrared band reflectance; Rred ~reflectance of satellite in red band.

Table 2. Classification of the ecological cold source.

Grade Land-Use-Types S/m2 Significance

0 - (∞, 3600) N
1 Water body [3600, ∞) ESECS
2 Forest or green land [20,000, ∞) MSECS
3 Forest or green land [16,000, 20,000) GECS

4
Forest or green land [12,000, 16,000)

WECS 1
Crops [12,000, ∞)

1 N = none, ESECS = extremely strong ecological cold source, MSECS = moderate strong ecological cold source,
GECS = general ecological cold source, WECS = weak ecological cold source.

2.3.3. Surface Roughness Length

Surface roughness length is the height at which the near-surface wind speed in the
atmospheric boundary layer decreases to zero and indicates the surface roughness in urban
and vegetated areas, which is used to characterize the degree of surface irregularity and
heterogeneity of the surface. The calculation of surface roughness is categorized into natural
surface roughness and urban surface roughness. For urban areas, the urban morphology
model established by Grimmond [68] is adopted for estimation:
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Z0 = Zh ×
(

1.0 − Zd
Zh

)
exp(−0.4 × Uh

u∗
+ 0.193) (4)

Zd = Zh × (1.0 −
1.0 − exp

[
−(7.5 × 2 × λF)

0.5
]

−(7.5 × 2 × λF)
0.5 ) (5)

u∗
Uh

= min
[
(0.003 + 0.3 × λF)

0.5, 0.3
]

(6)

Z0 is the roughness length in meters, Zh is the building height in meters; Zd is the height
of zero plane displacement in meters; Zd/Zh is the normalized zero plane displacement
height; Uh is the wind speed at the height of the building in m/s; u* is fiction velocity in
m/s; λF is the frontal area of urban building per unit area, which is called the frontal area
density, and it is an important index reflecting the wind permeability of urban buildings.

2.3.4. Sky View Factor

Sky View Factor (SVF) is a morphology parameter that indicates the extent to which
the sky is obscured by surrounding obstacles, reflecting the geometry of different street
channels in a city. In this study, the grid calculation model based on digital elevation
proposed by Zakšek [69] is used to estimate the sky view factor. The formula is as follows:

SVF = 1 − ∑n
i=1 sinγi

n
(7)

where SVF ranges between 0 and 1 and is dimensionless; γi stands for the elevation angle
of the relief horizon at the ith azimuth; and n stands for the number of directions used to
estimate the vertical elevation angle of the relief horizon.

2.3.5. Urban Ventilation Potential

Urban ventilation potential is the air circulation capacity determined by surface vege-
tation, building cover, and sky view factor. The ventilation potential grade is determined by
the combination of sky view factor and surface roughness length, as shown in Table 3 [35].

Table 3. Classification of ventilation potential.

Grade Z0/m SVF Significance

1 (1.0, ∞) -- None or poor
2 (0.5, 1.0] (0.65, ∞) Relatively poor
3 (0.5, 1.0] [0.65, ∞) General
4 (∞, 0.5] (∞, 0.65) Relatively high
5 (∞, 0.5] [0.65, ∞) High

3. Results
3.1. Characteristics of Urban Climate

Annual temperatures in Zhengzhou are on an increasing trend, consistent with global
and national warming. The number of high-temperature days has also increased year
by year, especially after 2000, which is related to the development of the city. Rising
temperatures tend to increase the intensity of UHI and the frequency of heat islands,
especially in densely populated urban centers where the extreme high temperatures and
the intensity of heat islands increase significantly in summer.

Annual precipitations range from 350 mm to 1000 mm, with significant inter-annual
variability but with no clear trend. Precipitation is mainly concentrated in summer, ac-
counting for more than half of the total. The number of rainy days in summer decreases
slightly, but heavy precipitation increases.

Annual wind speeds show a decreasing trend, which is not only related to the regional
climate change in the context of global warming but also to the influence of anthropogenic
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factors such as urbanization in Zhengzhou. The decrease in wind speed leads to an increase
in the frequency of small and static winds, which is not conducive to urban ventilation and
air pollution diffusion.

The urban climate of Zhengzhou City is moving towards warmer and drier conditions.
These changes not only exacerbate the UHI effect, but also impede wet deposition of pollu-
tants. In response to urban climate change and its impacts, we are introducing fresh cold
air into urban areas through ventilation corridors, aiming to improve air mobility, mitigate
the heat island effect, and improve human comfort for sustainable urban development.

3.2. Assessment of Urban Wind Environment

The urban ventilation corridor system mainly considers the primary and secondary
corridors [35]. Primary urban corridors act as wind guides, blocking the spread of heat
islands between cities and creating ecological separation. Secondary corridors play a role
of conducting winds, cutting off the heat islands, connecting cold sources to heat island
areas, and promoting air circulation.

To understand further the characteristics of the urban wind environment, we expanded
the scope from Anyang in the north to Xuchang in the south, Kaifeng in the east, and
Luoyang in the west, as the background field for the large-scale wind environment, which
was used for the analysis of wind sources. Taking Zhengzhou City area and its counties,
cities, and districts as the second layer, the fine urban wind environment was analyzed to
identify the distribution of wind in different regions of the city.

3.2.1. Wind Rose in Zhengzhou City

The prevailing winds in Zhengzhou are northeasterly, southerly, and northwesterly,
with frequencies of 8.9%, 8.5%, and 6.8%, respectively. The prevailing wind frequency is
similar in all seasons, but slightly different in winter and summer. In summer, it is mainly
influenced by the summer monsoon, which above all comes from the south. In winter, the
winter monsoon is more influential, with northeasterly and westerly winds predominating
(Figure 3).
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Figure 3. Wind rose of Zhengzhou (1991–2020): (a) year; (b) spring; (c) summer; (d) autumn;
(e) winter.

3.2.2. Background of Wind Environment

The spatial distribution of the first layer of the wind environment is shown in Figure 4.
The prevailing wind in the northwest is northeast–southwest, influenced by the Taihang
Mountains, with a northeast–southwest wind direction. In the southwest are the Songshan
Mountains in a northwest–southeast direction, with prevailing winds in a northwest–
southeast direction. In the east is a vast plain less than 100 m above sea level, and under
the influence of the monsoon climate, the wind direction is north–south.
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Due to topographical and climatic characteristics, the ecological environment of the
riverside forest ecological zone along the Yellow River in the north and the ecological
reserve in the south of Zhengzhou is relatively good. Fresh, clean air affecting the central
city is usually brought in by the north wind, which is more effective in improving the local
climate environment and human comfort. Since the biggest role of the primary ventilation
corridors in the city is to bring clean air from the ecological reserve outside the city to the
central city smoothly, its direction should be set according to the regional background wind
environment and the distribution of ecological cold sources. Therefore, the direction of the
primary ventilation corridors in Zhengzhou should be designed with more consideration
to the north–south direction, and be consistent with the background wind field as much
as possible.
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3.2.3. Refine Wind Environment

The wind frequency in different wind speed bands and different urban areas are
somewhat different. Due to the influence of buildings, streets, and other factors, the
direction of the secondary ventilation corridors should be set differently from the primary
ventilation corridors, which pays more attention to the local wind direction in small and
medium wind speed bands, with a speed of 0.3 m/s to 3.3 m/s [35,41]. Therefore, when
determining urban secondary ventilation corridors, the distribution of soft and light winds
is mainly considered.

The dominant wind directions for soft and light winds in Zhengzhou are mainly
northeast, south, and west. In spring and summer, south and northeaster winds are obvious,
while west winds are slightly less. In autumn and winter, northeasterly and westerly winds
predominate, with slightly less southerly winds. In the second layer (Figure 5), the wind
frequency varies in different areas of the city. The northern part of the city is influenced
by the Yellow River and is dominated by east–west winds; the eastern part of the city is
a plain with northeast–southwest winds. The western part of the city is influenced by
different mountain ranges, with northeast–southwest winds dominating in the northwest
and northwest–southeast winds in the southwest. Secondary ventilation corridors should
be oriented as closely as possible to these directions.
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3.3. Assessment of Urban Thermal Environment

Based on Landsat satellite image data, surface temperature inversion and urban green
quantity estimation were carried out to analyze the spatial distribution of UHI and the
ecological cold sources.

3.3.1. Urban Heat Island

Mitigating the UHI effect is an important purpose of ventilation corridor design, and
the spatial distribution of heat islands should be fully considered in the identification of
ventilation corridors. Based on the synthesized satellite remote sensing data, land use in
Zhengzhou City, the ground temperature was inverted and the spatial distribution of SUHI
in Zhengzhou City was mapped (Figure 6). It can be seen that the UHI of Zhengzhou is
located in the densely populated and built-up area of the central city, and is distributed in a
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polycentric manner with the development of the city. The intensity is higher in urbanized
and sparsely vegetated areas, industrial and warehousing areas, and lower in water bodies,
parks, and green spaces.
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With the current development status of the city, the population density of the central
city is relatively high and accompanied by the distribution of heat islands, some of which
exhibit extremely strong heat islands. The southeastern region is an industrial storage
area with large scale development and construction, with low green space coverage and
moderate strong SUHI, indicating a strong heat absorption effect of urban buildings and
roads. Due to the coverage of water systems, forests, and green spaces in the north and
east of Zhengzhou, the intensity is weaker than in other urban areas, showing moderate
strong cold island or neutral.

3.3.2. Ecological Cold Source

Ecological cold sources play an important role in mitigating UHI as a source of fresh
and cold air. Zhengzhou’s ecological cold sources are mainly located in the north, east, and
south of the city, and less in the city center (Figure 7). The cold source is extremely strong
in the riverside forest ecological zone along the Yellow River in the north, and strong in the
northeast and southwest; in the southern and southwestern parts of the city, the ecological
cold source alternates from strong to weak. At the periphery, the western, and the eastern
edges of the city, the ecological cold source is weak. Therefore, fresh air can be introduced
from the north, northeast, and south to improve the urban thermal environment, and to
provide cooling, humidification, and dust removal.

3.4. Assessment of Urban Ventilation Environment

Using building height, density, and land use data, urban surface parameters and
spatial morphology parameters were extracted by remote sensing and GIS techniques to
assess surface ventilation capacity.
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3.4.1. Surface Roughness Length

There are many factors that affect surface roughness, but the key parameters are the
coverage and height of buildings. In terms of the distribution of the underlying surface,
water bodies have the least roughness, followed by green spaces, woodland, and roads.
Surface roughness is lower in areas with low development intensity. Roughness lengths
in Zhengzhou City (Figure 8) are generally over 1 m, mainly in the city center, and when
the air flows through these areas, the wind speeds are significantly reduced. In urban
fringe and most farmland, roughness lengths are relatively low, generally between 0.5 and
1.0 m. In most areas of the north and mid-west region, roughness lengths are relatively
small, below 0.5 m, which facilitate urban ventilation and are less affected by air as it
passes through.

3.4.2. Sky View Factor

Figure 9 shows the distribution of the sky view factor. Lower SVF values are found in
areas with dense and taller buildings, mainly in the central city of Zhengzhou, where the
SVF values are generally below 0.5, indicating that the openness of the sky in these areas is
severely obscured. The SVF gradually increases from the central city to the suburbs, with
less shading outside the central city. In Zhengdong New District, Huiji District, western
Zhongyuan District, and southern Erqi District, there is less urban shading, and the values
are all above 0.9, indicating a better SVF.

3.4.3. Urban Ventilation Potential

Ventilation potential is one of the important reference bases for identifying urban
ventilation corridors. Based on the surface roughness and sky view factor, the ventilation
potential of the central city of Zhengzhou was calculated and its high-resolution distribution
map obtained. Figure 10 shows that areas close to the periphery have a higher ventilation
potential, while areas with high urban density have a lower one. Most of the central,
southeastern, northern, and western areas have a ventilation potential grade of 1–2. These
areas are densely built-up areas with fewer parks and green spaces and relatively narrow
roads, resulting in poor ventilation potential. Ventilation potential grades of 3–5 are found
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in most of the northern, southeastern, central, and western portions of the region, which
have relatively good air circulation and high ventilation potential.
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Areas with higher ventilation potential are mainly green spaces, rivers, farmlands,
wide streets, and areas with low and scattered buildings, while areas with dense buildings
and narrow streets have relatively low ventilation potential. An important means to
identify ventilation corridors is to connect and communicate effectively these areas of high
ventilation potential to realize the transfer of fresh air from the city and mitigate the UHI.
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3.5. Construction of Urban Ventilation Corridor
3.5.1. Construction Principle of Ventilation Corridor

The construction of urban ventilation corridors, as an integral part of urban plan-
ning, should be in accordance with the characteristics of the local natural landscape and
respect the reality of the existing urban structure [28,35,36,52,64]. Ventilation corridors
should pass through areas with high ventilation potential as much as possible, and the
width of the corridors should take into account the current state of land use in the city
center, the future planning, and the realistic conditions under which the corridors can be
constructed and implemented. In conjunction with the current status of urban land use
and urban planning, geographic information technology is utilized to initially construct
primary and secondary urban ventilation corridors by superimposing the urban wind envi-
ronment, thermal environment, distribution of ecological cooling sources and ventilation
potential [37,42].

Primary urban ventilation corridors should run throughout the city, connecting eco-
logical cold sources to the city center along areas with low surface roughness and high
ventilation potential, high ventilation in the suburbs, low ventilation in the urban areas,
weak ventilation in the city center, and high heat island intensity, relying on existing
transportation arteries, rivers, parks, green spaces, and urban high voltage line corridors
connecting recreational lands and other types of open spaces. Secondary ventilation corri-
dors should be planned along areas with high ventilation potential, connecting ecological
cold sources to densely built-up areas and to neighboring areas with significant differences
in ventilation capacity, in order to compensate for areas within the city with low ventilation
capacity and high heat island intensity that are not connected to primary ventilation corri-
dors [34,37,38,53]. Secondary ventilation corridors, utilizing existing streets, rivers, parks,
and green spaces in the city as carriers of the corridors, should complement and extend the
efficiency of primary ventilation wherever possible.

3.5.2. Urban Ventilation Corridor System in Zhengzhou

Based on the spatial distribution of the urban thermal environment, ecological cold
sources, functional space, and compensation space, in combination with Zhengzhou’s



Atmosphere 2024, 15, 1034 14 of 19

urban master plan and special planning for green space system, the pattern of urban
ventilation corridor system of “eight main and thirteen secondary” was preliminarily
identified. Ventilation corridors connect ecological green spaces such as parks and water
systems, with linear open areas such as urban arterials and point openings, to bring fresh air
into urban areas, creating a good ventilation cycle and improving the effect of microclimate.

The primary ventilation corridors identified in this study are roads, rivers, green land
areas, and a combination of the three, with a width of more than 200 m and running through
the city. Corridors are important air guiding channels under dominant wind conditions,
blocking the expansion and development of UHI, and playing a role in separating urban
space and controlling urban layout and development patterns.

The secondary ventilation corridors are mainly located in the urban interior, as the
“urban ventilation veins” extend from the primary corridors to the city, showing the spatial
distribution characteristics of “six horizontal and seven vertical, external bearing and
internal connections”. Secondary corridors are 50 m or more in width, aligned with the
directions of higher frequency of soft and light winds, direct fresh air from the suburbs to
areas of higher heat island intensity, and improved air circulation.

4. Discussion

With remote sensing, GIS technologies, and multi-source data, we identified a corridor
system for Zhengzhou City. We expanded the scope to assess the wind environment,
and not just limited to the local wind characteristics. In order to test the “ventilation and
cooling” effect of the corridor, we used portable automatic weather stations and selected
the central business district (CBD) on Zhongzhou Avenue, the primary ventilation corridor,
as observation point 1 and a location 400 m away from the CBD as observation point 2.
Then, we carried out 24 h simultaneous uninterrupted continuous meteorological element
observation comparisons under the typical weather conditions of small to medium winds
with good air quality on 19–20 August 2019.

As can be seen from the comparison of the wind speeds at the two observation points
(Figure 11a), the variation of the wind speeds is similar during the observation period, and
when the wind speed is greater than 1 m/s, the average wind speed at the observation
point of the ventilated corridor is obviously greater than that of the observation point of the
non-ventilated corridor; whereas in the case of small wind speeds (less than 1 m/s), there
is not much difference in the observed values of the wind speeds at the two points. This
shows that in the background of small and medium wind speeds, the ventilation corridor
can make the wind speed increase significantly, while in static winds or near static winds,
the effect of the corridor on the wind speed is not obvious.
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Figure 11. Comparison of observation points in ventilated and non-ventilated corridors: (a) wind
speed, (b) air temperature.

From the comparative observation of air temperature (Figure 11b), it can be seen
that the observed value of air temperature at site 1 (28.8 ◦C) is about 0.6 ◦C lower than
that at site 2 (29.4 ◦C), which means that the cooling effect of the ventilation corridor is
more obvious; whereas in the afternoon from 14:00 to 17:00, due to the road’s small heat
capacity and more obvious heat absorption, the observed value of air temperature at site
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1 (33.6 ◦C) is slightly higher than that of site 2 (33.3 ◦C), which results in the temperature
at the observation site being also slightly higher than that at the non-ventilated corridor.
Therefore, it is important to increase the green space around the corridors and to ensure
the greening of the road-type ventilation corridor. And numerous studies have revealed
that urban water bodies and vegetation can effectively mitigate the UHI effect, which is
conducive to urban cooling, humidification, and local flow field changes [70–73].

As an effective means of optimizing the urban ventilation environment, urban ven-
tilation corridors can effectively improve the urban ecological environment and play an
important role in improving the urban climate. Reasonable corridor settings play an obvi-
ous role in improving the local wind and heat environment [11,28,74]. Urban ventilation
corridors are mainly considered ventilation for large-scale; at the regional or neighborhood
scale, regional or neighborhood wind and thermal environments can be evaluated with
mesoscale models such as WRF and CFD software, combined with observations from mete-
orological stations. It is recommended that on the basis of the identified urban ventilation
corridors, the overall layout of the city’s future development should be rationally planned,
the urban structure should be optimized, and the research on the impact of the climate en-
vironment on the planning of the central urban area of Zhengzhou should be strengthened
and climate feasibility demonstrated. This will ensure that the regional planning and the
ventilation effect of the corridors are improved to the maximum extent.

Seeking ways to optimize urban morphology is a daunting but important task for
urban planning in coping with climate change and the development of urbanization in
the future. (1) Protecting the cold source space around the city: The farmland, woodland,
and water area around Zhengzhou are the cold source compensation space and clean
air generation area; attention should be paid to protecting and controlling these spaces
and avoiding development, construction, and productivity distribution in these areas.
(2) Improving the urban open space system: There is a close correlation between urban
spatial layout and climate environment. Appropriately increasing the number of urban
wedge-shaped green spaces, especially the formation of ribbon or surface green spaces,
is conducive to the introduction of cold sources. (3) Adjusting and optimizing the spatial
layout of the city: Combined with the renovation of old cities, the building density should
be reduced, the greening rate should be increased, and priority should be given to freeing up
land for the construction of urban green space. In the planning of new districts, combining
the ventilation corridor system with urban water bodies, green areas, squares, and other
open spaces as early as possible is more conducive to the improvement of urban air quality
and the thermal comfort of urban residents. (4) Strict control and protection of ventilation
corridors: Ventilation corridors should be protected through the development of guidelines
for the control of different systems in regions, cities, and neighborhoods to avoid urban
development and construction affecting the normal air circulation in the corridors. The
ecological space area around the corridor should be kept at low density development to
enhance the penetration of cold air compensation space into high-density building areas.

5. Conclusions

Based on multi-source data, this study comprehensively evaluated the wind and the
thermal and ventilation environments of Zhengzhou City, and initially identified urban
ventilation corridors in Zhengzhou City. (1) Influenced by the Taihang Mountains in the
northwest, the Songshan Mountains in the west, and the Yellow River in the north, the
prevailing winds in Zhengzhou are northeast, south, and northwest, varying slightly in
different seasons. The direction of the city’s primary ventilation corridors was designed
with greater consideration for consistency with the background wind field. Due to the
influence of buildings, streets, and other factors, the dominant wind direction varies in
different areas of the city, and secondary ventilation corridors should be identified to
represent the local wind environments as much as possible, so as to provide the actual
ventilation within the city. (2) With the development of the city, the UHI of Zhengzhou
shows a trend of expanding scope and increasing intensity. The UHI has the characteristics
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of a multi-center spatial distribution, the intensity decreases from the urban area to the
periphery, and the UHI exhibits an increasing pattern matching the urban development
area. The UHI is positively correlated with urbanization indicators such as built-up area,
urban population, and development intensity. Ecological cold sources are mainly located in
the periphery of the city, mainly the mountains, river systems, farmland, and green areas,
which serve as ecological compensation spaces to introduce fresh cold air into the city and
alleviate the UHI effect. (3) On the basis of comprehensive evaluation of urban ventilation
potential by combining urban surface roughness and sky view factors, combined with
refined wind fields and UHI while taking into account the influence of surface ventilation
environment, a preliminary urban ventilation corridor system pattern of “eight primary
and thirteen secondary” in Zhengzhou City based on river wind corridors, green space
wind corridors, and road wind corridors was identified. The primary corridors are more
than 200 m wide and run through the city, playing a role in separating urban space and
controlling urban pattern and development. The secondary corridors are wider than 50 m
and follow the direction of soft and light winds, which can guide fresh air from the suburbs
into areas with high SUHI, improve air circulation capacity, and alleviate the UHI.

The identification of ventilation corridors was achieved on the basis of considering the
wind environment, heat environment, and ventilation environments, and is also inseparable
from the planning and construction of the city. There are also certain limitations due to
the impact of climate change and the increase in extreme weather on the urban thermal
environment, as well as the impact of urban construction on the ventilation environment.
In future study, it will be possible to further strengthen the comparative observation of
corridor effects under different wind speed ranges of typical weather, and couple the
rapidly updated urban mesoscale meteorological model with the fine scale model that can
be distinguished from streets and buildings, and apply it to evaluate quantitatively the
impact of the corridor on local and regional climate and environment.
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