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Mitigation of heat island effect
by green stormwater
infrastructure: a comparative
study between two diverse
green spaces in Nanjing

Haishun Xu*, Kai Sheng and Jing Gao

College of Landscape Architecture, Nanjing Forestry University, Nanjing, China
Introduction: Studies have shown that green spaces and water bodies can

alleviate heat island effects. However, uncertainty remains regarding the

characteristics and influence of Green Stormwater Infrastructures (GSIs) on the

cooling effects under different weather conditions. To address this issue, a

comparative study was conducted between the green spaces in a wetland

park with GSIs and a general green space without GSIs.

Methods: In this study, atmospheric temperatures were collected from both

green spaces using mobile measurements to compare the cold island effect. In

addition, the precise characteristics of the surface temperatures of the

underlying surfaces in the wetland park were explored using an Unmanned

Aerial Vehicle (UAV).

Results: The results revealed that green spaces with GSIs had a stronger cooling

effect on the surrounding thermal environment than green spaces without GSIs,

in most cases. The heat fluxes of different types of underlying surfaces in green

spaces with different GSIs varied at different time periods. During the daytime,

permeable pavement and some grasslands had a warming effect. The cooling

effect of the other underlying surfaces was in the order of water

bodies>arbors>shrubs>grasslands. At night, the changes in heat flux were

lower, and only the arbors showed cooling due to evapotranspiration.

Discussion: These findings may provide innovative ideas and methods for

planning GSIs to mitigate the urban heat island effects.

KEYWORDS

green stormwater infrastructures, cold island effect, cooling effect, field measurement,
heat flux
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1 Introduction

Extreme urbanization has had a dramatic influence on urban

surfaces (Ucal and Xydis, 2020), and changes in surface materials

have led to changes in the urban thermal environment and

disrupted existing hydrological processes (Chew et al., 2021; Yang

et al., 2022). Superimposed on extreme rainfall events and

heatwaves caused by climate change, cities have suffered serious

ecological consequences such as urban flooding (Feng et al., 2021)

and the heat island effect (Chapman et al., 2017; Yan Q. et al.,

2020), which have significantly affected the well-being of

inhabitants. Therefore, it is crucial to develop a rational plan for

an urban green stormwater infrastructure to alleviate urban

ecological problems.

Previous studies have shown that urban blue-green spaces have

favorable ecological benefits (Shi et al., 2020; Yu et al., 2020).

Because it is a permeable underlying surface, it can effectively

mitigate urban stormwater problems (Nguyen et al., 2019).

Simultaneously, plants in green spaces can effectively mitigate

urban heat through shading and transpiration (Yan C. et al.,

2020; Tan et al., 2021). Numerous studies have shown that green

stormwater infrastructure (GSI), as a composite of green spaces and

water bodies, can play an important role in urban stormwater

infiltration, delaying flood peaks, and replenishing groundwater

(Eckart et al., 2017; Steis Thorsby et al., 2020; Yang et al., 2021).

Owing to the coupled characteristics of vegetation and water bodies,

their internal and external energy exchanges are more frequent and

stronger than those of a single green space, and they exhibit

stronger ecological edge effects (Du et al., 2019). However, it is

unclear whether GSIs have a stronger cooling effect than individual

green spaces. Most existing studies have focused on the ideal

conditions of sunny days (Wu and Chen, 2017; Spahr et al., 2020;

Li et al., 2023). With global climate change and the frequent

occurrence of extreme rainfall events (Ohba and Sugimoto, 2019;

Moustakis et al., 2021), there is an urgent need to conduct studies

on the characteristics of the cooling island effect of GSIs under

different weather conditions, such as rainy and cloudy days, by

comparing them with general green spaces without GSIs, thus

providing new insights into improving the problems of urban

waterlogging and thermal environments.

Evapotranspiration, is one of determining factors in process of

hydrologic cycle in regional watersheds, and is the factor that has

the greatest impact on surface runoff other than rainfall (Zhao

et al., 2020). In the context of energy balance, the strong

evapotranspiration of the GSI affects urban hydrological and

ecological processes, causing a decrease in sensible heat fluxes and

an increase in latent heat fluxes to improve the urban thermal

environment (Singh et al., 2020; Angelini et al., 2021). However,

existing research on the comprehensive ecological effects of GSIs

focuses on the study of their stormwater control capacity (Eckart

et al., 2018; Taghizadeh and Khani, 2021). Research on the

mitigation of the heat island effect remains scarce, and most of

them are qualitative studies that lack accurate and detailed

quantitative studies (He et al., 2019). In quantitative studies, on-

site monitoring or numerical simulations of individual facilities,
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such as green roofs (Sanchez and Reames, 2019; Iaria and Susca,

2022), permeable pavements (Wang et al., 2019), and rain gardens

(Zhao et al., 2022), have been conducted. There is a lack of research

on the overall cooling effect of GSIs.

In addition, studies have found that the areas of green spaces

and water bodies are not linearly related to their cooling effect; there

is a certain threshold beyond which the cooling effect dramatically

weakens (Yan C. et al., 2020). When the area of the blue-green space

was too large, it was difficult for heat from the surrounding

environment to reach the center of the site. Therefore, small- and

medium-scale green infrastructures can fully perform the functions

of vegetation and water to alleviate the thermal environment

(Oliveira et al., 2011). Nevertheless, most existing studies based

on remote sensing images have been conducted at medium or large

scales to study the cooling effect of the entire urban green space

system, which is of macroscopic guidance significance (Peng et al.,

2021; Qian and Li, 2023; Yu et al., 2020), and there are still few

studies on the cooling effect of small-scale green spaces or water

bodies at neighboring scales (Wang et al., 2021).

To address the research gap on the cold island effect of small-scale

GSI under different weather conditions, a green space in Nanjing

Yinchun Road Wetland Park and a general green space without GSIs

in its vicinity were selected for a comparative study under different

weather conditions. By obtaining atmospheric temperatures from field

measurements and thermal infrared images from UAVs, this study

quantified the different cooling effects and characteristics of the GSI in

summer. The objectives of this study were: (1) to analyze the

characteristics of daily changes in atmospheric temperatures of

green spaces with GSI compared to general green spaces under

different weather conditions; (2) to analyze the effect of GSI

application on temperature; and (3) to determine the characteristics

of heat fluxes and cooling effects of the underlying surfaces of green

spaces with GSIs. The findings of this study provide relevant

guidelines for local GSI planning regarding the benefits of GSIs in

mitigating the urban heat island effects.
2 Materials and methods

2.1 Study area

Nanjing (31°14’–32°36’N, 118°22’–119°14’E), the capital of Jiangsu

Province, is one of the large metropolitan areas in eastern China. As of

2022, the permanent urban population of Nanjing has reached 8.258

million, with an urbanization rate of 87.1% and a population density of

1,430 people per square kilometer. Nanjing has a northern subtropical

monsoon climate with abundant rainfall, four distinct seasons, and a

significant temperature difference between the day and night. With the

expanding scale of urban construction and intensive socioeconomic

activities in Nanjing’s main districts, the urban thermal environment

problem is becoming increasingly significant. The implementation of

blue-green infrastructure is crucial to alleviate the urban heat island

effect and improve the urban environment. For this study, the Yinchun

RoadWetland Park and the green space adjacent to the Qixia Bridge in

Nanjing’s central district were selected as research areas.
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As shown in Figure 1, the Yinchun Road Wetland Park is a

provincial sponge city construction pilot project that was completed in

November 2018. As an initial exploratory project for sponge city

construction in Nanjing, it serves as an important demonstration

and guide and is an instrumental part of the city’s adaptive planning.

The park covers a total area of approximately 10.5 hm2, of which

around 4.1 hectares dedicated to transformation. The park includes

water-wet ponds, grass-planting ditches, and rain gardens. Through

numerous model validations and years of field monitoring, the park

demonstrated effective stormwater management capabilities.

Furthermore, the construction of GSIs significantly improved the

cooling effect of the park’s surrounding environment. The green

space attached to the Qixia Bridge is separated from the wetland

park by Yinchun Road, and the area has a certain slope, which has high

potential for constructing GSIs. The green space is separated into two

sections by the Qixia Bridge, north and south, each with an area of

approximately 1 hm2. The eastern side of the green space near Yinchun

Road had a higher amount of three dimensional greening, whereas the

western side was dominated by grasslands.
2.2 Data acquisition

2.2.1 Atmospheric temperature measurement
Wireless temperature sensors were used to conduct dynamic

measurements of green spaces throughout the day. These sensors

rely on cell phone signals to transmit data suitable for field

monitoring. Multiple sensors were placed at fixed points,

atmospheric temperature measurements were obtained every 10

minutes, and the data were uploaded to the server platform

immediately after the measurements.
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Onsite atmospheric temperature measurements were conducted

between June 12 and July 16, 2021. Considering the significant impact

of the overpass on the surrounding thermal environment, the

measurement site was divided into two sections, with Qixia Avenue

serving as the boundary for comparison and analysis. Figure 2

illustrates that the water bodies on the south side of the Yinchun

Road Wetland Park (sequence A) primarily consist of blocky wet

ponds, whereas the water body on the north side (sequence B) is an

east–west-oriented river. The disparity between the northern and

southern sides makes this comparison meaningful. Starting from the

boundary of the green space, six sensors were placed at equal intervals

of 30 m on the waterside of the path, maintaining a distance of 2 m

from the path. This arrangement weakens the influence of different

environments on atmospheric temperature. The greenspace attached

to the Qixia Bridge was divided into several separate greenspaces

using ramps. On both the north and south sides of Qixia Avenue

(south side: C sequence; north side: D sequence), sensors were

positioned every 30 m towards the west, ensuring that at least one

sensor was present in each green space, separated by a ramp. In

addition, a sensor was installed at the bottom of the viaduct (sequence

E) to obtain the temperature in the region without direct sunlight for

comparative analysis.

Data measured under different weather conditions were used to

compare the atmospheric temperatures of the two green spaces.

Considering the influence of rain on temperature, the average

values for June 24 and July 14, 2021, which were sunny for three

consecutive days, were selected for sampling on sunny days. The

averages of June 16 and July 8, 2021, which had the longest rainfall

periods, were selected for the rainy day sample. The atmospheric

temperature was collected at two-hour intervals starting from 00:00

on the measurement date.
FIGURE 1

(A) Location, (B) details, and (C) aerial photos of the study area.
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2.2.2 Surface temperature measurement
Using Landsat8 and other satellite images to obtain surface

temperatures has some problems, such as low image resolution and

short shooting times. Currently, the thermal infrared technology of

unmanned aerial vehicles (UAVs) has been widely used in all types

of measurement research, and the accuracy of surface temperature

measurement has been affirmed by all circles (Sagan et al., 2019).
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This study used the DJI Mavic 2 Advanced Unmanned Aerial

Vehicle (UAV) to conduct regular flights every two hours from June

20 to July 20, 2021, to obtain thermal infrared images. Subsequently,

the Pix4Dmapper was used to concatenate the images, as shown in

Figure 3. The surface temperatures at the sites were obtained from

these images. In this study, when measuring the surface

temperature of the surrounding environment of the GSIs, five
FIGURE 2

Point map of temperature measured sensor.
FIGURE 3

Thermal infrared plan of the study area.
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sample areas that were equidistant from the site were selected using

the box selection method, and the average temperature in the

sample area was taken as the surface temperature of the

underlying surface during the measurement to reduce the error

caused by a few samples.
2.3 Cooling intensity calculation

The intensity of the cold island effect is generally expressed by

its magnitude, distance, and cooling rate. This study compared the

intensity of the cold island effect using the cooling magnitude,

which refers to the temperature difference between different green

spaces at the same time and is a relative value that is generally

calculated by selecting the higher temperature measurement point

as the reference value (Huang et al., 2008). The research selected the

average value of points A1 and B1 adjacent to the road in the two

green spaces as the reference value and took the difference between

it and other atmospheric temperatures as the cooling magnitude,

which was calculated by Equation 1:

DT = Tu − Tp (1)

where Tu represents the average of the atmospheric temperature at

point A1 and B1, and Tp is the atmospheric temperature measured

by each of the other atmospheric thermometers. A positive value of

DT indicates that the surrounding environment represented by this

point produces a cold island effect, the larger the value, the stronger

the cold island effect; conversely, it produces a heat island effect, the

larger the value, the stronger the heat island effect.
2.4 Heat flux calculation

In this study, the surface temperature obtained from the UAV

thermal infrared image and the atmospheric temperature and wind

speed obtained by the wireless sensor were used to calculate the heat

flux of each underlying surface, and the impact of various

underlying surface types on the thermal environment was

analyzed qualitatively and quantitatively according to the heat

flux value.

Heat flux is the heat energy through a unit area per unit time,

which reflects the effect of the wind environment on the

temperature of matter. In the process of heating or cooling, the

heat flux absorbed or released by substances whose temperature

increases or decreases without changing their original state is the

sensible heat flux, and the heat flux absorbed or released by

substances whose temperature and state do not change is the

latent heat flux. Generally, the larger the sensible heat flux, the

higher is the atmospheric temperature; the larger the latent heat

flux, the lower is the atmospheric temperature. The stronger the

atmospheric turbulence, the more heat flux was exchanged. The

heat flux was calculated by Equation 2 (Qin and Hiller, 2014):

H = hc(Ts − Ta) (2)
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where H is the sensible heat release, Ts is the surface temperature,

Ta is the air temperature, and hc is the air turbulence coefficient,

which can be obtained using Equation 3:

hc = 5:6� 4:0v     v < 5 (3)

where v is the wind speed at a height of 9 m above ground level. The

height of the wind speed sensor used in this study was 1.5 m. To

obtain the wind speed at 9 m, the wind speed profile was used to

convert wind speed as shown in Equation 4:

u = u1
z
z1

� �m
(4)

where u is the average wind speed at a known height z1, u1 is the

average wind speed at the calculated height z, and m is the stability

parameter, which refers to the degree of atmospheric stability. In the

actual measurements, the atmospheric stability was neutral and the

value of m under neutral conditions was 0.25.
3 Results and analysis

3.1 Characteristics of daily changes in
atmospheric temperature

Figure 4A illustrates the daily variation of atmospheric

temperature in the two green spaces under different weather

conditions. The absolute values of temperature changes followed

the pattern of sunny day>cloudy day>rainy day. Both green spaces

showed a positive correlation between atmospheric temperature

and solar radiation intensity. However, the time required to reach

the highest temperature differed between the two groups. The

general green space without GSIs reached its peak at

approximately 14:00, whereas the green space with GSIs, which

had water bodies with a high heat capacity, continued to rise until

approximately 16:00. Throughout the day, both green spaces

experienced a sharp drop in temperature after reaching a peak,

which gradually slowed until approximately 20:00. Overall, the

green space with GSIs exhibited better cooling effects, except for a

brief period from 08:00 to 10:00, when it heated faster than the

general green space.

Under cloudy conditions, as shown in Figure 4B, the

atmospheric temperature variation was similar to that on sunny

days, but with a slower temperature increase from 10:00 to 15:00

owing to weak solar radiation. The temperature range on cloudy

days (20.9°C–37.6°C) was much lower compared to sunny days

(26.7°C–42.5°C). General green spaces without GSIs had higher

temperatures than green spaces with GSIs on cloudy days, and wind

speed had a greater influence on temperature. In the morning and

evening, regions C and D of the general green space had similar

temperatures, but region D on the north side had slightly lower

temperatures, owing to the north wind. Region E, located at the

bottom of the overpass, consistently had lower temperatures during

the daytime, indicating a significant influence of solar radiation.
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On representative rainy days, as shown in Figure 4C, heavy rainfall

between 09:00 and 12:00 reduced the maximum temperature

compared with sunny and cloudy days. As shown in Table 1, the

minimum temperature on rainy days was higher than that on sunny

and cloudy days, likely because of the absorption of surface energy by

rainfall and increased surface runoff. Overall, the atmospheric

temperature in ordinary green spaces was higher than that in green

spaces with GSIs. However, the temperature differences between the

regions within the green spaces decreased after rainfall. Region E

consistently had similar temperature patterns to cloudy days and

became the warmest region after 08:00 due to the influence of rain.
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3.2 Comparison of cold island effect
intensity between two green spaces
Considering the impact of the Qixia Bridge on the thermal

environment, when comparing the green space with GSI and the

general green space, regions A and C on the south side of the bridge

and regions B and D on the north side were compared. This study

used the maximum daytime and average nighttime temperatures to

calculate the intensity of the cold island effect under different

weather conditions.
A B

C

FIGURE 4

Daily variation of atmospheric temperature under three weather conditions: (A) sunny day; (B) cloudy day; (C) rainy day.
TABLE 1 Atmosphere temperature under different weather conditions.

Weather

Region temperature(°C)

A B C D E

Green space with GSIs Ordinary green space Control region

Sunny
Minimum 26.8 26.7 28.0 27.8 26.1

Maximum 40.2 41.0 41.2 42.5 38.3

Cloudy
Minimum 21.0 20.9 21.2 21.1 25.0

Maximum 36.0 36.4 37.6 37.3 33.3

Rainy
Minimum 27.7 27.8 27.7 27.6 27.9

Maximum 32.9 33.0 34.2 33.1 29.2
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3.2.1 Analysis of cold island effect intensity in
sunny days

Figure 5A shows that green spaces with GSIs had a better cooling

effect than general green spaces on sunny days. During the daytime,

the cooling range of Sequence A was 0.20–0.90°C, higher than that of

sequence C, 0.07–0.30°C. At night, there was a heat island effect in

both sequences. The warming amplitude of sequence A was 0.23–

0.92°C, which was lower than 0.68–1.15°C of sequence C, indicating

that the warming effect of general green space was higher than that of

green space with GSIs on sunny nights.

The different vegetation structures in the four regions had

varying effects on the thermal environment. During the daytime,

region B showed a cold island effect except for point B1, with a

cooling range of 0.09–2.7°C, which was significantly higher than

region A. This is because of the presence of more water bodies and

trees in region B that can transpire to cool temperatures. Unlike

region C, region D exhibits a cooling effect at points D1 and D2,

whereas points D3 and D4 exhibit warming effects. Point D1 had a

sparse forest grassland with fewer trees and only a 0.97°C cooling

range, while the structural integrity of trees, shrubs and grasses at

point D2, resulted in a cooling range of 1.85°C. Points D3 and D4,
Frontiers in Ecology and Evolution 07
which were closer to the residential area, experienced temperature

increases of 0.59°C and 1.17°C respectively compared to B1, likely

influenced by the thermal environment of the nearby residential

area. At night, a heat island effect was observed in all four regions.

The heating effect range in region B was the lowest, ranging from

0.15 to 0.25°C.

3.2.2 Analysis of cold island effect intensity in
cloudy days

Under cloudy conditions, as shown in Figure 5B, with weak

solar radiation and less temperature fluctuation than sunny days,

the green space with GSIs still exhibited a cooling effect during the

daytime, with a cooling range of 0.2–1.3°C in region A. In contrast,

the ordinary green spaces showed a warming effect at each point in

Region C, ranging from 0.10–0.75°C. At night, region A had a slight

warming effect range of 0.05–0.18°C, while region C experienced a

cooling effect range of 0.10–0.48°C. Green spaces with GSIs

maintained the cold island effect, whereas ordinary green spaces

showed the opposite trend, warming during the day and cooling at

night, which is consistent with the findings of Doick et al. (2014), Lu

et al. (2017) and Pan et al. (2023). This can be attributed to the
A

B

C

FIGURE 5

Cooling range of cold island effect in each sensor area: (A) sunny conditions; (B) cloudy conditions; (C) rainy conditions.
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strong influence of weaker solar radiation, strong winds, and

atmospheric turbulence under cloudy conditions.

The absolute value of the heat flux was small on cloudy days,

and the surrounding environment had a stronger correlation with

atmospheric temperature. Region B showed similar patterns as

region A, both of which experienced cooling effects. However, the

cooling range in region B (0.3–1.6°C) was lower than the maximum

cooling range under sunny conditions (2.7°C), indicating that the

intensity of the cold island effect in the green space with GSIs was

directly proportional to solar radiation intensity. The night-time

temperature fluctuation between the measurement points in Region

B was smaller. Region D generally exhibited higher temperatures,

with heat island effects at points D3 and D4, showing warming

amplitudes of 1.65°C and 1.8°C respectively, stronger than the

warming amplitudes under sunny conditions. Points D1 and D2

had cooling effects, with the cooling range at D1 point being higher

than that at point D2, contrary to that under sunny conditions. This

may be because region D was affected by its proximity to a

residential area with a severe thermal environment.

3.2.3 Analysis of cold island effect intensity in
rainy days

Figure 5C shows that the intensity of the cold island effect on

rainy days was significantly different from those on sunny and

cloudy days. Green spaces with GSIs have a warming effect, whereas

ordinary green spaces still have a cooling effect. In the daytime,

region C had a cooling range of 0.2–1.9°C, while region A had a

warming amplitude of 0.9–1.5°C. This may be because green spaces

with GSIs intercept more surface runoff during rainfall, collecting

heat from the high-temperature surface, which increases vegetation

and soil temperature, resulting in a heat island effect. However,

rapid infiltration and convergence of rainwater in ordinary green

spaces reduces the temperature of the surrounding environment.

Point C1, surrounded by sparse forests and grasslands, had a

smaller cooling range of 0.2°C compared to points C2–C4 with

more trees. The presence of many roads around C1 also contributes

to its smaller cooling range. Both green spaces experienced a heat

island effect in most areas at night, similar to sunny and cloudy
Frontiers in Ecology and Evolution 08
days, but the increased nighttime temperature due to rainfall was

small, below 0.5°C, with a maximum of only 0.7°C. Point C4 had a

temperature drop of 0.1°C, but the range was small, possibly due to

atmospheric turbulence caused by strong winds on rainy days.

The temperature trend in Sequence B was similar to that in

Sequence A. During the day, sequence B had a warming amplitude

of 0.5-1.6°C, and at night, it had a heat island effect of about 0.5°C.

The smaller difference may be attributed to differences in the water

volume and living vegetation volume in each region. During the

daytime, region D showed the opposite trend to region C, with

higher atmospheric temperatures at points D2, D3, and D4, which

had higher living vegetation volumes than point D1. This

phenomenon may still be influenced by the proximity of Region

D to residential areas. The temperature trend in sequence D at night

was similar to that of sequence C, but irregular owing to the

influence of gale weather.
3.3 Analysis of heat flux of underlying
surface of the green space with GSIs

Based on the current situation, the site is divided into five types

of underlying surfaces: arbors, shrubs, grasslands, water bodies, and

permeable pavements. Combined with the surface temperature

obtained from the UAV thermal infrared image and the

atmospheric temperature and wind speed obtained by the wireless

sensors, the heat fluxes of each underlying surface were calculated.

Based on the nature and magnitude of the heat flux, the influence of

various types of underlying surfaces on the surrounding

environment was analyzed qualitatively and quantitatively.

3.3.1 Analysis of heat flux during daytime
According to the results presented in Section 3.1, the heat and

cold island effects of both green spaces under sunny conditions were

stronger than those on cloudy days, and the green space with GSIs

showed the highest temperature at 16:00. As shown in Figure 6, the

data measured at 16:00 were selected as representative for

calculating and analyzing the daytime heat flux.
A B

FIGURE 6

Heat flux of each underlying surface type during daytime: (A) region A; (B) region B.
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Permeable pavements have sensible heat flux in both regions,

resulting in an increase in temperature. This effect varies, depending

on the pavement material used. Marble had a lower sensible heat

flux (115.69 W/m³) compared to permeable plastic (524.82–424.99

W/m³). This suggests that the marble has a weaker heating effect

under sunny conditions. In region B, where the pavements were

made of permeable plastic, the sensible heat flux ranged from

360.22–417.02 W/m³, contributing to warming. The lack of a

linear relationship in region B may be due to differences in the

permeability efficiency and the surrounding environment.

Grasslands in region A had a small absolute value of the sensible

heat flux (12.10–47.33 W/m³), while grasslands in region B had a

cooling effect with the latent heat flux of 10.47–21.90 W/m³.

According to the investigation, the survival condition of the

grasslands in Region B was better; therefore, they could absorb

heat more effectively. This suggests that the cooling effect of

grasslands is significantly influenced by their growth status.

Water bodies were the most effective in cooling both regions,

with a strong correlation between cooling effect and water volume.

The latent heat flux of water bodies in region A ranged from

283.97–199.83 W/m³, decreasing with decreasing water area. In

region B, the latent heat flux ranged from 339.14–457.51 W/m³ and

did not show a linear correlation. This could be attributed to the

differences in river width and flow rate between the two regions,

with flowing water bodies having a stronger cooling effect than

static water bodies.

Both arbors and shrubs had a cooling effect, which was

determined by the volume of the living vegetation. The latent

heat flux of arbors in region A ranged from 68.36–220.87 W/m³,

while shrubs had a latent heat flux of 82.14–120.95W/m³. However,

the heat flux of the shrubs at points A4 and A5 was higher, possibly

because only sparse trees were planted near the points in their

vicinity, which were greatly affected by the surrounding

environment. In region B, owing to the limited planting of shrubs

for slope protection, arbors were planted between the river and the

path, and there were few shrubs for slope protection. Therefore, the

latent heat flux of arbors in region B was always higher than that of
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shrubs, at 291.86 W/m³–210.88 W/m³. The intensity of the cooling

effect at other points gradually increased.

3.3.2 Analysis of heat flux during night time
During the nighttime, the average values at 18:00, 20:00, and

22:00 were selected to calculate the heat flux of each underlying

surface. As shown in Figure 7, there were certain differences in heat

flux between different underlying surfaces, but the maximum

absolute value of heat flux at night was only 150 W/m³, with a

gentler change compared to daytime.

Permeable pavements had a warming effect at night but with a

significantly lower amplitude. The sensible heat flux ranged from

36.46–95.71 W/m³, much lower than daytime values. The different

permeable pavement materials exhibited similar heat fluxes,

possibly owing to equipment limitations or the lower impact of

permeable pavements at night.

Grasslands had a warming effect at night, with a lower sensible

heat flux compared to daytime. In Region A, the sensible heat flux

ranged from 2.08–7.56 W/m³. In region B, the grassland changes

into a heat island effect due to the influence of the surrounding

environment, with a sensible heat flux of 2.32–7.14 W/m³.

Water bodies, which had the strongest cooling effect during the

day, exhibited warming effects at night. The sensible heat flux ranged

from 36.46–82.04W/m³ in region A and 77.48–95.71W/m³ in region

B. The latent heat flux in Region A showed an increasing trend with

decreasing water area, in contrast to the daytime trends. The heat flux

in region B is not linearly related to the distance from the boundary,

possibly because of the influence of the surrounding environment.

Arbors continue to absorb heat from the surrounding

environment through evaporation at night, resulting in a unique

cooling effect. The latent heat flux ranged from 18.23–54.69 W/m³

in region A and 36.16–123.05 W/m³ in region B, lower than

daytime values. The reduction in latent heat flux in region A was

related to the decrease vegetation volume, while the increasing

latent heat flux in region B indicated compared with the boundary

of green space, the center of green space is more likely to form a

center of cold island or a heat island.
A B

FIGURE 7

Heat flux of each underlying surface type at night: (A) region A; (B) region B.
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In shrubs with lower vegetation volume and evapotranspiration

at night, the stomata of plants were mostly closed and had the

strongest warming effect. The sensible heat flux ranged from

118.50–164.07 W/m³ in A and 132.17–154.96 W/m³ in region B.

The sensible heat flux increased with the number of shrubs and

distance from the boundary in both regions.
4 Discussion

4.1 Comparison with existing studies

Previous studies have primarily focused on the cold island

effect in water bodies or green spaces (Liu et al., 2021), neglecting

the investigation of blue-green composite spaces, such as GSIs.

Furthermore, studies on GSIs have mainly concentrated on

stormwater management and rainwater purification (Baek et al.,

2020; Zhao et al., 2023), with limited attention given to the

mitigation of the urban heat island effect. However, this study

confirms that green spaces with GSIs generally exhibit a stronger

cooling effect than ordinary green spaces, supporting the notion

that a combination of blue and green spaces is more likely to

create the center of a cold island (Le Phuc et al., 2022). This

phenomenon, known as the “synergistic cold island effect,” has

been observed in previous studies comparing the cooling effects of

urban blue-green spaces in various locations. For example, a

comparative assessment of Chongqing (Li and Chuck Wah,

2014) found that the comprehensive effect of blue-green spaces

surpassed that of lakes and regular parks without water bodies.

Similarly, Aboelata et al. (2021); Nasir et al. (2021) and Kridakorn

Na Ayutthaya et al. (2023) found that GSIs, such as green roofs,

bioretention facilities, and permeable pavements, can significantly

alleviate the urban heat island effect while ensuring urban

flood management.

In contrast to previous research that relied on a limited

number of temperature-measuring instruments to capture

temperatures at a few points at different sites, this research

employed multiple wireless temperature sensors to continuously

monitor atmospheric temperatures at various nodes within the site

over a 24-hour period. This approach can be used to effectively

investigate the effect of the distance to the boundary of a green space

on the thermal environment of the site. Furthermore, this study

employed thermal infrared images captured by a UAV to obtain

surface temperatures. This method offers several advantages over

current research on the cold island effect in blue-green spaces,

which primarily relies on remote sensing images for temperature

inversion (Sun et al., 2020) and microclimate software for

temperature simulation (Lin and Lin, 2016). The UAV thermal

infrared imaging provides high accuracy, flexibility in shooting

time, and applicability under different weather conditions (Feng

et al., 2022). Moreover, this method allows the collection of surface

temperatures from various types of underlying surfaces, providing a

more detailed exploration of the cold island effect characteristics of

GSIs compared to the limited accuracy of subsurface temperatures

obtained from satellite images at a resolution of 100 m×100 m.
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4.2 Application, limitations and future work

The presence of Green Stormwater Infrastructure (GSIs)

enhances the cooling effect of green spaces compared to general

green spaces without GSIs. By optimizing the elements and spatial

layout of general green spaces, the thermal environments of green

spaces and their surroundings can be significantly improved.

Additionally, this study highlighted the specific characteristics of

the cold island effect in green spaces with GSIs, which can help

maximize their ecological service functions and overall benefits.

However, this study had some limitations. The equipment and

experimental conditions were limited, resulting in the comparison and

analysis of only two types of green spaces. The selected samples were

relatively narrow in scope with fewer types of underlying surfaces in

green spaces with GSIs, and the coverage of seasons and weather types

was not sufficiently comprehensive. Therefore, the findings of this study

cannot guide the construction of large-scale green spaces using GSIs.

Future field research should focus on diversifying research

objects and scales (Du et al., 2017). For example, measurements

should be conducted in green spaces with GSIs of different scales

and types. The number and duration of measurements should be

increased, including more measurements in spring, autumn, and

winter, and monitoring before and after different rainfall scenarios.

Considering the various factors that influence the cold island effect,

microclimate simulation software can be utilized to compare and

analyze different planning and design schemes, with the goal of

maximizing the cold island effect per unit area.
5 Conclusion

This study compared the cold island effect of green spaces with

GSIs and general green spaces without GSIs under different weather

conditions and found that the impact of green spaces with GSIs on

the surrounding thermal environment was always higher. The

atmospheric temperatures of the two green spaces varied greatly

depending on the weather conditions. Green spaces with GSIs had a

stronger cold island effect than ordinary green spaces on both sunny

and cloudy days. At night, both green spaces exhibited a heat island

effect. On rainy days, ordinary green spaces exhibit the cold island

effect in the daytime, whereas green spaces with GSIs exhibit the

heat island effect due to the warming effect of surface runoff.

A study on the characteristics of the cold island effect in green

spaces with GSI showed that different types of underlying surfaces have

different heat fluxes and mitigation effects on the heat island effect.

During the daytime, permeable pavements and parts of grasslands have

a warming effect on the surrounding environment, whereas the other

types have a cooling effect. The water body is the type of underlying

surface with the best cooling effect, and the cooling effect of the other

types of underlying surfaces is arbors>shrubs>grasslands. At night, the

absolute value of the heat flux change was smaller than that during the

daytime. Except for arbors with strong evapotranspiration, which still

have a cooling effect, other types of underlying surfaces have a warming

effect. The overall warming effect followed the order shrubs>water

bodies>permeable pavement>grasslands.
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