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Abstract: The urban heat island (UHI) effect caused by urbanization is a major environmental concern.
Utilizing cooling effects of water bodies as one type of ecosystem service is an important way to
mitigate UHI in urban areas during the daytime. This study aims to examine the influence of water
bodies’ cooling effects on the urban land surface temperature (LST). The potential influence on the
relationship between urban land cover and the LST are also discussed. The daytime LST in April
was retrieved from Landsat-8 thermal infrared band and the grid-based method was adopted to
analyze the potential influence. The results indicated that Suzhou Bay is broadly capable of lowering
daytime temperatures. The cooling distance can reach 800 m in horizontal space, and the maximum
cooling effect was 3.02 ◦C. Furthermore, the distance to the Suzhou Bay is a great factor for the
relationship between land cover and the LST. We found that the cooling effects have weakened
the correct quantitative correlation between land cover (e.g., green space and impervious surface)
and the LST, particularly green space in the range of 200 m. In addition, the cooling effects have
strengthened the “cool edge” phenomenon when analyzing the relationship between the normal
difference vegetation index (NDVI) and the LST. We suggest that the distance to the water bodies
should be effectively utilized in the microclimate regulation provided by ecosystem services of
water bodies. When investigating the thermal effects of urban land, urban planners and designers
should consider water bodies’ effects on surrounding areas. These findings have implications for
understanding the role of water bodies with ecosystem services of temperature mitigation, which
must be fully appreciated for sustainable urban and landscape planning.

Keywords: ecosystem services; cooling effects; land cover; urban heat island; normal difference
vegetation index (NDVI)

1. Introduction

In recent years, anthropogenic impacts caused by rapid urbanization and climate change have
profoundly influenced biodiversity and ecosystem functioning. Urban heat island (UHI) effects are
among such anthropogenic disturbances to influence urban communities [1]. The UHI is one of
the major environmental problems in the world [1–3], as well as in China [4–6]. Land use, water
bodies, urban structures and location have important influences on the urban land surface temperature
(LST) [7–11]. Previous studies indicated the composition and configuration of land cover (e.g., green
space, impervious surface and water bodies) can greatly impact the LST [12–16]. Among them, green
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space was considered as an effective way to reduce the UHI through shading, evaporative cooling,
and air exchange. The increased coverage of green space [17–19], the aggregated patterns and patch
sizes [20–23], and edge characteristics [24,25] have stronger cooling effects for mitigating UHI.

Water bodies (e.g., oceans, lakes, rivers and streams) are an important factor for temperature
mitigation during the daytime, though water bodies may provide a warming effect during the
nighttime [26–28]. As water bodies have a greater specific heat capacity compared to other physical
objects, its warming-up rate is slower than other materials, resulting in the cool island effects during the
daytime [29]. This cool island effect can potentially reduce UHI in urban areas, particularly those with
a larger surface water area [30,31]. Saaroni and Ziv [32] revealed that even small water bodies (the scale
of 100 m) can reduce heat stress during the daytime. Kim et al. [33] found that the stream has changed
sensible heat flux and mitigated the temperature in Seoul, Korea. Völker et al. [34] revealed that the
average cooling for water bodies compared to urban reference sites was 2.5 ◦C through a systematic
literature review. However, the urban form (e.g., land cover, architectural form, surface roughness and
terrain height) of surrounding water bodies can affect the cooling effects [35,36]. Murakawa et al. [37]
found the horizontal influences of the Ota River on the microclimate can reach at least a few hundred
meters. Hathway and Sharples [35] found that the cooling effects of a river (22 m wide) can reach to
30 m from the river bank in Sheffield.

Studies on the urban thermal environment are performed using different research methods.
Deriving data empirically from on-site measurements is conducted using calibrated thermometers
either at fixed stations or with mobile devices. On-site measurement of data needs standardized
measurement procedures at the various locations. Thermal infrared remote sensing technology can
make up for the spatial restrictions of on-site measurement data, making fast and efficient visual spatial
patterns possible. Many scholars have applied remote sensing data in LST retrieval and examination
of the influence of water bodies on the LST. Previous studies showed that the water bodies’ cooling
effects are influenced by the size, shape and location [36,38,39]. Sun et al. [40] and Hou et al. [41] found
that the shape and location could significantly affect the cooling effects of wetlands in urban regions.
Du et al. [39] found the cooling effects of rivers are significantly less than those of lakes in Shanghai,
and the average horizontal distance of the cooling effects was 0.74 km. Cai et al. [36] indicated that
water bodies’ cooling effects have an obvious influence on the relationship between the LST and urban
form factors (e.g., sky view factor and mean building height) in Chongqing, China.

Many studies have examined the cooling effects of water bodies on the LST. However, previous
studies paid little attention to the propagation of cooling effects from water bodies to surrounding
areas. Furthermore, few scholars test the cooling effects on the relationship between land cover and the
LST, particularly in those cities with a large surface water area. Our study was carried out in Suzhou, a
rapidly urbanizing city with a large surface water area. Understanding the influence of water bodies
with the ecosystem service of temperature mitigation on the urban thermal environment is therefore
of great importance for many other cities in China and around the world [42,43]. The aims of this
study are as follows: (1) assess water bodies’ cooling effects on the LST in Suzhou Bay during the
daytime, and reveal how far the maximum cooling distance can reach the surrounding area; and (2) test
whether the cooling effects influence the relationship between land cover and the LST as the distance
from water bodies increases. The objective of this study is to provide implications for microclimate
regulation through ecosystem services of water bodies, achieving more ecological environments with
sustainable urban and landscape planning.

2. Materials and Methods

2.1. Study Area

Suzhou is located in south-eastern Jiangsu Province in China (119◦55′-121◦20′E, 30◦47′-32◦02′N).
Its urban land area is 4652.84 km2, and the water area (including rivers, lakes and shallows) accounts
for 36.6% of its total territory. By the end of 2017, there were 5.51 million residents in its built-up
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area (473.33 km2). Suzhou has experienced rapid urbanization and significant UHI effects since
2000 [16,44,45]. Our study focuses on the area between Wuzhong District and Wujiang District, which
has been defined as a vacation-oriented resort in Suzhou (Figure 1). It is necessary to investigate the
thermal environment and improve the living environments in this area. In order to investigate the
cooling effects of a large water body, we selected Suzhou Bay as a typical water body for the following
analysis. The study area is about 72.11 km2, with Suzhou Bay accounting for 32.34% of the study area.
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Figure 1. Location of the study area in China (a); distribution of the digital surface model (b), land
surface temperature (c), impervious surface (d) and vegetation fractional coverage (e) in the study area.

2.2. Data

One cloud-free Landsat-8 image which covered the study area (Row/Path: 038/119) was acquired
at 10:30 a.m. (time in China), April 28, 2018 from USGS Earth Resources Observation and Science
(EROS) Center. The digital surface model (DSM) was obtained from the Advanced Land Observing
Satellite Global Digital Surface Model (AW3D30), provided by Japan Aerospace Exploration Agency.
The land impervious surface map (30 m) and building cover data were obtained from the China
GEOSS Data Sharing Network (Source: http://www.chinageoss.org/en/index.html) and Baidu Map
(1:500), respectively.

2.3. Materials and Methods

2.3.1. LST Retrieval

The LST map was retrieved from Landsat-8 thermal infrared band. The effective at-satellite
temperature was converted by the at-sensor radiance, at-sensor brightness temperature and the
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radiance of a blackbody target of kinetic temperatures [46,47]. The LST was expressed in equation as
follows:

T = K2/ ln(K1/LT + 1) (1)

where T is the effective at-satellite temperature in Kelvin; K1 and K2 are the calibration constants
(K1 = 774.89 W·m−2·sr−1·µm−1, K2 = 1321.08 K), respectively; LT is the radiance of a blackbody target
in W·m−2·sr−1·µm−1.

LT = [Lλ − L ↑ −τ·(1− ε)·L ↓]/τ· ε (2)

where Lλ is the at-sensor radiance in W·m−2·sr−1·µm−1; L↑and L↓are the upwelling and downwelling
atmospheric radiance in W·m−2·sr−1·µm−1, respectively; τ and ε are the total atmospheric
transmissivity and the land surface emissivity, respectively.

2.3.2. Urban Land Cover

Coverage of the impervious surface (IS), vegetation fractional coverage (VFC), digital surface
model (DSM) and building density (BD) were selected as the main analysis factors. The reflectance
values of near-infrared band (B5) and red band (B4) were used to calculate the normal difference
vegetation index (NDVI). The VFC was expressed in equation form as follows:

NDVI = (B5− B4)/(B5 + B4) (3)

VFC = (NDVI−NDVIsoil)/
(
NDVIveg −NDVIsoil

)
(4)

where NDVIsoil and NDVIveg are the NDVI values in the bare soil area and fully covered vegetation
areas, respectively. The VFC measures the coverage of vegetation, and the VFC equals zero when the
cell is bare soil. The VFC equals one when the cell is vegetation fully covered.

2.3.3. Grid-Based Method

In order to assess the potential maximum cooling distance of water bodies in the surrounding area,
the spatial variation of the LST along an axis going from the edge of water bodies to the surrounding
area has been given. We set a grid size of 200 m as the analysis scale [31,36] and a total of 1236 polygon
grids were created to clip IS, VFC, DSM, BD and LST. In order to test whether the cooling effects
influence the relationships between each factor and the LST as the distance from water bodies increases,
we gradually removed the polygon grids depending on the distance from the Suzhou Bay, and the
remaining polygon grids were used to analyze the relationships between each factor and the LST.

2.3.4. Statistical Analysis

The relationships between each factor and the LST were investigated by Pearson correlation
analysis, linear and curve fitting. The correlation coefficients and t-statistics were used to compare the
differences on each distance gradient.

3. Results

3.1. The Maximum Cooling Distance and the Correlation with the LST

The LST changed along the distance from the edge of Suzhou Bay to the surrounding area
(Figure 2a). We found a significant positive correlation between the distances and mean LST,
particularly when the distance was less than 800 m. Figure 2b shows that the correlation coefficient
decreased as the distance increased when the polygon grids near the Suzhou Bay were gradually
removed. Notably, the correlation coefficient was stable after the distance reached 800 m. This indicated
that the surrounding area near water bodies had been affected by its cooling effects. In order to calculate
the maximum cooling distance of Suzhou Bay, we tried to identify the inflection point of the fitting
curves in Figure 2a. The results showed that the maximum cooling distance was 752 m, and the
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maximum cooling effect was 3.02 ◦C. Based on the spatial overlaying analysis, we can deduce that
about 35.88% of the study area may be affected by the cooling effects of Suzhou Bay.Sustainability 2018, 10, x FOR PEER REVIEW  5 of 12 
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3.2. The Cooling Effects on the Correlations between Land Factors and the LST

The scatter plots between each factor and the mean LST at different distance gradients are shown
in Figure 3. After gradually removing the influenced polygon grids, some linear fittings were observed
between each factor (e.g., IS and VFC) and the LST. We found the polygon grids near the Suzhou Bay
had low LST values, meaning the water bodies had an impact on surrounding area and affected the
relationship between land cover and the LST.

We found significantly negative correlations between VFC and the mean LST. Similarly, a relatively
weak correlation was observed without considering the water bodies’ cooling effects. The correlation
coefficient was –0.416 (p < 0.01) when using all polygon grids. After removing polygon grids for
distances less than 200 m, the correlation coefficient immediately increased (R = −0.514). When the
polygon grids for distances less than 600 m were removed, the correlation coefficient rose to the
maximum (R = −0.526).

Although there were significantly positive correlations between the IS coverage and mean LST,
the correlation coefficient shows the differences when the polygon grids near the Suzhou Bay were
gradually removed. A relatively weak correlation was observed without considering the water bodies’
cooling effects. The correlation coefficient was 0.616 (p < 0.01) when we used all polygon grids.
However, the correlation coefficient rose to 0.635 (p < 0.01) when the polygon grids for distances less
than 200 m were removed.

The difference of correlation coefficients between VFC and mean LST was 0.098 in the range
of 200 m from the Suzhou Bay, which is much greater than the difference of correlation coefficients
between IS coverage and the mean LST. Compared with the IS coverage, the VFC was more susceptible
to the cooling effects of Suzhou Bay, particularly in the range of 200 m. Another important finding from
the relationship between NDVI and the LST also supports this phenomenon. As a commonly used
index to identify the green space, NDVI can be used as an important indicator of the LST. Figure 4a
shows a weak negative correlation between NDVI and mean LST when using all polygon grids. After
excluding the polygon grids where distances were less than 200 m to Suzhou Bay, the R squared value
was considerably greater than in Figure 4a. In addition, the “temperature edge” phenomenon was
clearly displayed in Figure 4a. The warm edge shows the expected relationship between NDVI and
the mean LST, indicative of the cooling effects of green space. Remarkably, the polygon grids with
the same NDVI values were cooler compared to those near the warm edge. The LST was positively
correlated with the DSM. Lots of polygon grids surrounding water bodies (polygon grids on the
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lower-left of Figure 4a) had low mean LST and DSM, indicating that lower DSM areas were easily
affected by the cooling effects.Sustainability 2018, 10, x FOR PEER REVIEW  6 of 12 
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Correlations between each factor and the mean LST are shown in Table 1. The absolute values of
correlation coefficients (e.g., IS and VFC) increased first and then stabilized as the distance increased.
Specifically, the correlation between IS coverage and the mean LST reached the maximum when the
distance was more than 200 m. This suggests that the distance to the water bodies has weakened the
correct correlation between IS coverage and the mean LST. Similarly, the correlation between BD and
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the mean LST reached the maximum when the distance was more than 200 m. This phenomenon
also occurred in the correlation between VFC and mean LST in the range of 600 m. The correlation
coefficients between DSM and the LST changed little with the increase of the distance.

Overall, the distance to the water bodies is a great factor for the relationship between urban land
cover and the LST, and the cooling effects have changed the correct quantitative relationship between
land cover and the LST, particularly green space in the range of 200 m.

Table 1. Correlations between each factor and the mean LST.

Distance (m) LST (◦C)
Correlations (R)

IS (%) VFC DSM (m) BD (%)

>0 28.637 0.616 −0.416 0.340 −0.167
>200 28.857 0.635 −0.514 0.321 −0.213
>400 28.963 0.632 −0.514 0.321 −0.196
>600 29.049 0.632 −0.526 0.333 −0.168
>800 29.100 0.619 −0.491 0.353 −0.115

>1000 29.134 0.617 −0.491 0.361 −0.077

4. Discussion

Our study demonstrated that Suzhou Bay is broadly capable of lowering daytime temperatures.
Notably, the distance to water bodies has a great influence on the LST, particularly in cities with a
larger surface water area. Specifically, the cooling effects have weakened the correct quantitative
relationship between land cover (e.g., green space and impervious surface) and the LST in urban areas.
In addition, the cooling effects can also influence the relationship between BD and LST. The BD was
slightly negatively correlated with the mean LST, and the R squared values only ranged from 0.006
to 0.045. We found that the negative correlation gradually disappeared as the distances increased
from the water bodies. Similar results were found by Cai et al. [36]. The cooling effects have a great
impact on the relationship between NDVI and the LST. We found the polygon grids with distances less
than 200 m to Suzhou Bay were slightly positive correlated with mean LST (Figure 5), rather than the
correct negative correlation between NDVI and mean LST. Similar results were obtained by previous
studies [48–50]. Chen and Zhang [51] also revealed that a combination of Modified Normalized
Difference Water Index and NDVI was the best indicator of the LST.
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A “temperature edge” phenomenon has been shown by previous studies when analyzing the
relationship between NDVI and the LST [48,52–54]. In our study, we also found the “cool edge” and
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“warm edge” were clearly displayed in the scatter plot of NDVI and the mean LST. We found that most
of the NDVI values near the cool edge were the polygon grids affected by the cooling effects of water
bodies. When we removed these polygon grids (distance <200m), the range of values was considerably
smaller than in Figure 4a. This suggests that water bodies’ cooling effects have strengthened this
“cool edge” phenomenon. This phenomenon requires us adopt a new method to correctly distinguish
the cooling potential of green space due to evapotranspiration, as well as the cooling effects of water
bodies [55].

The solar radiation can be greatly blocked by large amounts of shadows, which can be provided
by high buildings, resulting in a lower LST [56,57]. In our study, the LST was positively correlated
with the DSM (Figure 6), which is not entirely consistent with the previous study [36]. This can be
approached from two aspects, the first one being data sources. In most cases, the DSM represents the
earth’s surface and includes all objects (e.g., buildings, bridges and trees) on it. Although the DSM
can be used as a proxy for height, the high value area of DSM mainly reflects the distribution of the
rooftop materials of buildings. It can be concluded from Figure 1b,c that the high value area of DSM
basically corresponds with the high LST area. The rooftop materials of buildings in the study area lead
to an extraordinary relationship between DSM and the LST. Similar findings were also reported by
Guo et al. [58]. The second idea is the low-rise urban form in the study area. The mean height of most
grids is less than 15 m, and large amounts of shadows cannot be provided in this area. In addition, the
cooling effects provided by high-rise buildings will be weakened by the median-low resolution when
calculating the mean value of the image cell. Consequently, we cannot find the negative correlation
between DSM and mean LST in this area. When we removed the polygon grids with the relatively
higher DSM values (samples on the right of Figure 6a), the R squared value between the mean LST
and DSM increased. Based on this point we can still find the cooling effects caused by the shadows of
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5. Conclusions

The cooling effects of water bodies on the LST in Suzhou Bay area during the daytime were
examined by using the Landsat-8 thermal infrared band. The potential influence of cooling effects on
the relationship between the urban land surface temperature and land cover were discussed. Our study
indicated that Suzhou Bay’s cooling effects decrease as the distance from the water bodies increases.
The cooling effects are significant when horizontal distance is less than 800 m. Furthermore, the
distance to Suzhou Bay is a great factor for the relationship between the land cover and the LST.
We found that the cooling effects have weakened the correct relationship between land covers and the
LST in urban areas near large water bodies. Compared with IS, the green space was more susceptible
to the cooling effects of Suzhou Bay, particularly in the range of 200 m. We also found that the
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Suzhou Bay’s cooling effects have strengthened the “cool edge” phenomenon when analyzing the
relationship between the LST and NDVI. This study suggests that large water bodies are broadly
capable of lowering daytime temperatures, and the distance to the water bodies should be effectively
utilized in microclimate regulation provided by water bodies in cities which have a larger surface
water area. In addition, urban planners and designers need to fully appreciate the cooling effects
on surrounding areas when investigating the thermal effects of the land cover during the daytime.
With improving quantification of the spatial variations of water bodies’ cooling effects, these findings
have implications for understanding the role of water bodies with ecosystem services of temperature
mitigation, which must be fully appreciated for sustainable urban and landscape planning.
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