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• NDWI can effectively delineate UBI and
relate it to LST.

• Linear relationship exists between
mean LST and NDWI large than a
threshold value.

• Negative logarithmic relationship ex-
hibits between UBI size and its mean
LST.

• Quantitative relationships exist be-
tween UBI and its cooling indicators.

• The cooling effect of UBI varieswith sea-
sons and UBI's geographical location.
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Urban heat island (UHI) effect has serious negative impacts on urban ecosystems and humanwell-being. Mitiga-
tion of UHI using nature-based solutions is highly desirable. It was well known that urban green infrastructure
(UGI), i.e., urban vegetation, can effectively mitigate UHI effect. However, the potential of urban blue infrastruc-
ture (UBI), i.e., urban surfacewater, on UHImitigation is not well understood, although its potential to lower UHI
effect via evaporation is similar to the biophysical mechanism of evapotranspiration through vegetation. In this
paper, we study the relationship between UBI and land surface temperature (LST) in Wuhan city in central
China, using a normalized difference water index (NDWI), maximum local cool island intensity and the maxi-
mum cooling distance as indicators for the cooling effects of UBI, respectively. We found a significant negative
linear relationship between mean LST and NDWI after NDWI passes a critical threshold value. NDWI is an effec-
tive biophysical parameter to delineate the spatial distribution of UBI. The cooling effects of UBI are influenced
both by its size and shape.Water surface temperature decreased logarithmically with increasing UBI size, critical
threshold values of UBI size corresponding to maximum cooling efficiency do exists. Maximum cooling distance
and maximum local cool island intensity are also affected by the shape and size of UBI, and exhibit seasonal and
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spatial variations. These results provide insights for urban landscape planning regarding how to use UBI as a
nature-based solution to improve urban thermal environment.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Globally, 55% of the world's population are living in urban areas in
2018, and this proportion is projected to be 68% by 2050 (UN, 2018).
Rapid urbanization has resulted in various environmental and ecologi-
cal problems, especially the urban heat island (UHI) effect. Previous
studies demonstrated that the UHI effect increased with city size mea-
sured both in urban population and urban area (Oke, 1973;
Ramamurthy and Bou-Zeid, 2017; Streutker, 2003). Therefore, UHI ef-
fect is expected to be enhanced under the current global urbanization
trend. UHI has many negative effects, such as exacerbation of urban en-
vironmental pollutions (Rosenfeld et al., 1998), increase of energy
(Akbari and Konopacki, 2004; Akbari and Konopacki, 2005; Hassid
et al., 2000) and water (Aggarwal et al., 2012; Guhathakurta and
Gober, 2007) consumption, extra heat stress on urban organisms
(Harlan et al., 2006), as well as increase of heat-related morbidity and
mortality of urban residents (Barnett, 2007; Chestnut et al., 1998; Li
et al., 2015). Therefore, mitigating UHI effect to alleviate the associated
negative impacts, especially in natural ways are of high societal values
(Kabisch et al., 2016; Nesshöver et al., 2017).

Urban green space, also known as urban green infrastructure (UGI),
is one of the natural elements of urban landscape. UGI can regulate sur-
face energy exchange processes through evapotranspiration,
shadowing, adjusting emissivity, and affecting air movement and heat
exchange (Bonan, 1997; Oke, 1982; Shishegar, 2014), and often forms
urban cool islands during the hot weather periods (Chang et al., 2007;
Cheng et al., 2015). Therefore, UGI has been widely used to mitigate
UHI effect (Kong et al., 2014; Ng et al., 2012; Oliveira et al., 2011; Ren
et al., 2015). The Normalized Difference Vegetation Index (NDVI) de-
rived from remotely sensed images has been widely used as a measure
of vegetation abundance in relationship to land surface temperature
(LST) in theurban environment (Oliveira et al., 2011;Weng et al., 2004).

Open surface water in the urban environment, also known as Urban
Blue Infrastracture (UBI), is a critical natural landscape, whose functions
of UHI mitigation are often overlooked. UBI include all kinds of water
bodies within a city, either natural or artificial, including running
water bodies such as rivers, streams and canals, fountains, waterfalls,
water walls, as well as the standing water bodies such as lakes, reser-
voirs, ponds, and also the wetlands and seashore lines (Völker et al.,
2013). UBI canmost effectively emit longwave radiation to cool the sur-
face because of its high emissivity, and efficiently consume shortwave
radiation through evaporation. At the same time water surface energy
can be transferred through conduction, convection, advection with
water bodies (Gunawardena et al., 2017; Theeuwes et al., 2013). There-
fore, UBI has similar cooling effect as UGI in hot weather condition.
However, the UBI effects on urban thermal environment have not
been well understood yet (Völker et al., 2013), even during the hot
season.

McFeeters (1996) proposed a Normalized Difference Water Index
(NDWI) to delineate water bodies. Subsequently, several other NDWIs
have been developed and widely used to enhance the delineation of
water bodies (Ouma and Tateishi, 2006; Rogers and Kearney, 2004),
to evaluate water contents in forest canopy (Gao, 1996) and vegetation
productivity (Huang et al., 2009; Xiao et al., 2005). NDWI proposed by
Gao (1996), as an indicator of land surface moisture, was employed to
analyze its relationship with LST in the Pearl River Delta region, and
the non-linear negative correlation between them was found when
the NDWI value was limited within a range (Chen et al., 2006). How-
ever, Gao's NDWI was primarily developed to examine the liquid
water contents in vegetation canopy, not the land surface water body.
Therefore, whether NDWI can be used as an indicator for the cooling ef-
fect of UBI on LST, and how it varies when related to LST remains
unclear.

Some recent studies explored the effects of UBI on surface UHI and
the thermal stress to urban residents (Xu et al., 2010) using remotely
sensed LST (Theeuwes et al., 2013). Coutts et al. (2013) demonstrated
that water sensitive urban design features could lower temperature
and improve human thermal comfort in Australian cities. The study in
Budapest, Hungary demonstrated that water bodies had most efficient
cooling effect in the summer, reducing the surrounding temperature
by more than 10.0 °C (Oláh, 2012). While a study in Beijing, China
showed that the temperature difference between wetland and sur-
roundings ranged from 0.7 °C to 5.8 °C in August, and cooling distance
could reached as far as 2500 m (Sun and Chen, 2012). However, the
cooling effect of water bodies was influenced by area, location, geome-
try of water bodies, and the proportion of the surrounding build-up
areas in summer (Sun and Chen, 2012). Small water bodies, such as
ponds and lakes, are different from larger lakes in terms of physical
and biogeochemical condition and processes, which could regulate the
microclimate efficiently (Downing, 2010). While the shape and size of
UBI has a broad range of effects on their hydrologic and ecological func-
tions (Steele and Heffernan, 2014), most of the previous studies have
not provided evidence on how the landscape characteristics of UBI in-
fluence the cooling effects.

This paper uses Wuhan, the capital city of Hubei province as a case
study. Wuhan is the largest urban agglomeration in Central China. The
aims of the study are to quantify the relationship between UBI and
LST, and to measure the mitigation effects of UBI on surface UHI in the
daytime of spring and summer. Specifically, the paper addresses the fol-
lowing questions: (1) What is the relationship between NDWI, an indi-
cator of UBI, and LST? (2) How to quantify the mitigation effects of UBI
on LST? (3) Do the landscape features of UBI influence its cooling effect?
The answers to these questions can provide insights into how to use
nature-based solutions, such as UBI to regulate urban climate in the fu-
ture, and to improve thermal comfortness to urban residents.

2. Materials and methods

2.1. Study area

Wuhan is located between 113°41′~115°05′ E and 29°58′~31°22′ N.
The municipal administrative border encloses a total area of 8569 km2,
and the study area covers 2154.9 km2 (Fig. 1). After rapid urbanization
in the past three decades, its build-up area reached 566 km2. The per-
manent resident population of the city was 10.89 million by the end of
2017. The urban development has significantly impacted urban surface
water bodies, either by size reduction or complete reclamation. The eco-
logical potential of water bodies to provide ecosystem services to the
general public was greatly under evaluated here, leading to the reduc-
tion, disappearance and pollution of surface water. Wuhan has a sub-
tropical humid monsoon climate, with a mean annual temperature of
17.1 °C, and mean annual precipitation of 1320 mm. Wuhan is known
as one of the hottest cities in China (Shen et al., 2016), where the Han
River flows into Yangtze River. The city is characterized by hundreds
of small rivers, lakes, reservoirs, and ponds with a total surface water
area of 2217.6 km2, accounting for 26.1% of the entire city territory
(WMBS, 2018). Therefore, Wuhan is an ideal place to study the UBI
and its influence on LST.



Fig. 1. Location of the study area in Wuhan city, the image is Landsat ETM+ image with band 5, 4, and 3 in RGB on July 9, 2002.
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2.2. Data pre-processing

Two cloud-free Landsat ETM+ images (Path/Row: 123/039) col-
lected onMarch 19th and July 9th, 2002with high visibility of the atmo-
sphere, were used to derive LST and NDWI. The atmospheric correction
has no effect on the analysis because uniform atmospheric condition
was assumed (Song et al., 2001), and therefore it has not been imple-
mented with these images.

In the next step, we convert digital numbers (DNs) to at-sensor radi-
ance for both the reflective and thermal bands using the following equa-
tion (Chander et al., 2009):

Lλ ¼ LMAXλ−LMINλ

Qcalmax−Qcalmin
Þ Qcal−Qcalminð Þ þ LMINλ

�
ð1Þ

where Lλ is spectral radiance at the sensor's aperture (W·m−2·sr−1·-
μm−1); LMAXλ is the maximal spectral at-sensor radiance that is scaled
to Qcalmax (W·m−2·sr−1·μm−1); LMINλ is minimal spectral at-sensor
radiance that is scaled toQcalmin (W·m−2·sr−1·μm−1);Qcal is Quantized
calibrated pixel value; Qcalmax is maximum quantized calibrated pixel
value corresponding to LMAXλ, and Qcalmin is minimum quantized cali-
brated pixel value corresponding to LMINλ..

The at-sensor spectral radiance was converted to Top-Of-
Atmosphere (TOA) reflectance for all the reflective bands using the
equation (Chander et al., 2009):

ρλ ¼ π∙Lλ∙d
2

ESUNλ∙COSθS
ð2Þ

where ρλ is the planetary TOA reflectance; Lλ is spectral radiance at the
sensor's aperture in W·m−2·sr−1·μm−1; d is the Earth–Sun distance
(astronomical units); ESUNλ is exoatmospheric solar irradiance in
W·m−2·sr−1·μm−1; θs is solar zenith angle.

2.3. Land surface temperature estimation

Landsat ETM+ thermal infrared band data were used to derive land
surface temperature. The at-sensor spectral radiance was converted to
effective at-sensor brightness temperature using the following equation
(Chander et al., 2009):

TB ¼ K2

ln
K1
Lλ

þ 1
� � ð3Þ

where TB is the effective at-sensor brightness temperature (°K); K1 and
K2 are the calibration constant, which are 666.09 W·m−2·sr−1·μm−1

and 1282.71 K respectively for Landsat ETM+.
The brightness temperature calculated above is in reference to a

black body. It should be converted to LST with the corrections for spec-
tral emissivity (ε) of a grey body. The emissivity-corrected land surface
temperature (TS) was calculated using the formula (Artis and Carnahan,
1982):

TS ¼ TB

1þ λ� TB=αð Þlnε ð4Þ

where λ is thewavelength of emitted radiance, taking a value of 11.5 μm
(MarkhamandBarker, 1985); andα=hc/b (1.438× 10−2m·K), h is the
Planck's constant (h = 6.626 × 10−34 J·s), b is the Boltzmann constant
(b = 1.38 × 10−23 J/K), c is the speed of light (2.998 × 108 m/s); ε is
the surface emissivity and was estimated using the method proposed
by Li et al. (2011), where ε= 0.02644Fv + 0.96356 with Fv being veg-
etation fraction. The derived land surface temperature of the study area
is showed in Fig. 5.

2.4. Calculation of NDWI and statistical analysis

There were several NDWIs in literature to identify the water bodies.
Theoretically these indices' values range from−1 to 1 and only positive
values represent water body, while the negative values denote the non-
water surface types. Therefore, the water indices were utilized to
deleneate UBI. NDWI proposed by McFeeters (1996) has been chosen
to delineate the open water because it could best reduce the interfer-
ence of vegetation on the delineation of UBI and highlights water bod-
ies. The NDWI used in this study is calculated with the following
formula (McFeeters, 1996):

NDWI ¼ ρgreen−ρnir

ρgreen þ ρnir
ð5Þ
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where the ρgreen and ρnir are the reflectance values of Landsat ETM+
green band (band 2) and near-infrared band (band 4), respectively.

Although the positive values of NDWI theoretically represent water
bodies, previous studies found noise in using different NDWI to map
water bodies, especially in urban areas where there were shadows of
high buildings with similar spectral signature as a water body (Xu,
2006). In order to suppress noise and to accurately discriminate water
bodies, it was feasible to set a threshold value for NDWI to differentiate
water and non-water objects. We evaluated a series of threshold values
at an increment of 0.01 starting fromzeroNDWI to delineatewater bod-
ies. The water body vector data were then overlapped upon the map of
randomly selected water bodies digitized from high spatial resolution
Google Earth images which was used as reference to test the accuracy
of water body extraction. We utilized the quantity and allocation dis-
agreement for accuracy assessment proposed by Pontius and Millones
(2011). Here we tested the extraction accuracy using the threshold
value. Standard Kappa coefficientwere 0.81 and 0.77 in spring and sum-
mer, exhibiting high allocation agreement and quantity agreement. The
threshold value which corresponds to the highest accuracy was then
identified as the critical threshold value. The final threshold values
were 0.05 for spring and 0.10 for summer, and the NDWI values less
than the threshold represented non-water pixels (Fig. 3).

In order to quantify the relationship between LST and NDWI, regres-
sion analysis was utilized to relate LST to NDWI derived from the
Landsat images. To reduce noise, a zonal analysis (Yuan and Bauer,
2007) was performed to NDWI from −1 to 1 at a increment of 0.01.
For each bin of NDWI, a mean LST value was calculated for all the pixels
falling within the bin. Before the statistical analysis, LST data were
checked for outliers. The outliers refer to the pixels with positive
NDWI, but their LST is two standard deviations higher than the mean
LST value. In most cases, these pixels were non-water mixed pixels, or
pixels of dark older buildings etc., whenwe double checked these pixels
overlapping on a high-spatial resolution images from Google Earth.
Since theywere not water bodies, thereforewere excluded in the statis-
tical analysis.

2.5. Estimation of cooling effect of UBI

To explore the relationship between blue infrastructure size and
water surface temperature, and to examine the cooling effect of UBI,
the lakes were selected randomly within the rectangle study area. To
avoid the subjectivity and to meet the requirement of statistical analy-
sis, we set the following criteria for the selection: (1) enough number
of lakes should be selected randomly using the random selection algo-
rithm in the ArcGIS tool, (2) the lake area should most likely cover var-
ious size, which was spatial explicitly identified in Landsat TM/ETM+
image, (3) each selected lake should avoid as far as possible to over-
lapped with another lake within 600 m in urban area and 1400 m in
rural area which were the buffer rings can reach the farthest in our
study, (4) The selected lakes should be at least 600 m away from the
Large rivers such as the Yangtze River. We selected 51 lakes that meet
the criteria with areas ranging from 0.03 km2 to 42.7 km2. Among
them only one lake is larger than 30 km2 in the urban and rural area, re-
spectively. The boundaries of sampled lakeswere digitized via visual in-
terpretation from high-spatial-resolution Google Earth images in
August 5, 2002 and March 27, 2003 which closely match the date of
Landsat images.

We used two measures, the maximum cooling distance and maxi-
mum local cool island intensity proposed by Cheng et al. (2015), to
characterize the cooling effect of UBI (Chang et al., 2007; Cheng et al.,
2015; Sun and Chen, 2012). The maximum local cool island intensity
(MLCII) measures the maximum cooling effect of UBI, and is computed
in the following formula (Cheng et al., 2015).

MLCII ¼ Ts−Tp ð6Þ
where Ts is the maximum mean land surface temperature in the sur-
rounding buffer zones; Tp is the mean surface temperature of the lake.

Maximum cooling distance was utilized to quantify the largest dis-
tance of the UBI cooling effect, and is defined as the distance from the
location where the maximum local cool island intensity occurs, that
means, where the land surface temperature does not decline and
keeps stability (Cheng et al., 2015). Chang et al. (2007) originally de-
fined the local cool island intensity (LCII) as the temperature difference
between the urban park interior and its nearby surroundings. Here we
define it as the surface temperature difference between the lake and
its surroundings. The local cool island effect declines with the increase
of distance from the UBI. However, the local cool island intensity may
be influenced by the surrounding landscape characteristics, including
the adjacent water bodies, therefore, there may be several turning
points of fitness curve between local cool island intensity and distance,
the turning point of fitting curve between mean water surface temper-
ature and the lake buffer distance was designated as the location of the
maximum cooling distance for each lake (Cheng et al., 2015; Sun and
Chen, 2012). Using ArcGIS, a series of 20 m-width buffer rings starting
from the lake shoreline were sequentially created, following the prac-
tice of existing studies (Sun and Chen, 2012). In our study, the farmost
buffer distance was set to 600 m for all lakes except for some lakes
with area larger than 30 km2 whose cooling effect can reach much far-
ther, especially in summer time. Thus, the outmost buffer distance for
these lakes was set to 1400 m. Because of the high lake density in
Wuhan,we found some lake buffer rings overlap. To reduce the interfer-
ences,we calculated themean LST for each buffer zone using the follow-
ing equation:

Tbi ¼
PN

j¼1 f ij � TijPN
j¼1 f ij

ð7Þ

where, Tbi is themean LST of a given buffer i of the target lake A. Tij is the
LST of a pixel in the buffer i;N is the total number of pixels in the buffer i;
fij is the weight that a pixel carries for buffer i. If a pixel is located in a
non-overlap buffer, fij takes a value of 1. If pixel j is in overlap zone
with another lake, fij is calculated with the following equation:

f ij ¼
1

d2Aij
Þ= 1

d2Aij
þ 1

d2Bij

 ! 
ð8Þ

where dAij is the distance of pixel j in buffer i to target Lake A, and dBij is
the sample pixel to overlapping Lake B.

In addition, considering the higher urban landscape heterogeneity
and the associated large spatial variations of surface urban heat island
(Buyantuyev and Wu, 2010), and the significant differences between
the urban and rural environment (Fig. 1). Furthermore, because the
maximum local cool island intensity is a relativemeasurement compar-
ing to the surrounding areas, therefore, the maximum local cool island
intensity will be influenced differently by their urban and rural condi-
tions. For the environmental settings of the lakes exert significant influ-
ence on their cooling effects,we separated the lakes into urban and rural
groups using the Third Ring Road inWuhan as the boundary to approx-
imately separate the study area into urban and rural parts.

A polynomial fitting was used to obtain the maximum local cool is-
land intensity and maximum cooling distance for each lake. However,
we could not find a significant fitting curve in spring or/and summer
time for some of the lakes, therefore no maximum local cool island in-
tensity and maximum cooling distance for these lakes. Finally, 17
lakes in spring and 15 lakes in summer in urban area, 33 lakes in spring
and 27 lakes in summer in rural area were used to regression analysis.
The details of the polynomial fitting and themaximum local cool island
intensity and maximum cooling distance are given in supplementary
Table 1. Considering the area of one lake whose area is larger than
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30 km2 in the urban and rural areas, respectively, it was excluded in the
regression analysis.

2.6. Landscape pattern metrics calculation

The cooling effects of the lakes may vary with their shapes, which
may generate the edge effects. Landscape metrics can well describe
the composition and configuration of urban landscape, and commonly
are used to quantify urban landscape patterns (O'Neill et al., 1988; Wu
et al., 2011). Previous study showed that the shape of surface water
could influence the cooling effect (Sun and Chen, 2012), here, edge den-
sity (ED) and mean shape index (MSI) were used to measure the lake
shape complexity, and to explore how lake shapes influence the cooling
effect.

3. Results

3.1. Urban blue infrastructure mapped with NDWI

NDWI maps for two seasons are showed in Fig. 2, in which the light
blue to dark blue colors indicate water areas, while the green to cyan
colors represent other land surface types such as vegetation, soil, and
impervious surface. The NDWI exhibits differences in water surface ex-
traction for two seasons. The maximum value and data range of NDWI
in the summer is larger than that in the spring, and the mean values
are negative in both seasons. The NDWI standard deviations are gener-
ally higher in the summer than the spring, indicating that NDWI varied
to different extents in different seasons. NDWI better capture the water
bodies in the spring than that in the summer.

3.2. The relationships between LST and NDWI

The pixel-based scatter plots between LST and NDWI were used to
reveal their relationships and shown in Fig. 3. The scattergram of
NDWI-LST could be divided approximately into two parts. The first
part is theNDWI value less than the threshold value, which is composed
of non-water pixels. The other part is the NDWI value larger than the
threshold value, which represent the real water pixels. The scatterplot
of NDWI-LST shows a triangle shape. The envelope of the scatterplot
presented a “warm edge” on the top and a “cool edge” at the bottom
which indicated the upper and lower limit of water surface tempera-
ture, respectively. This means that the same NDWI value could
Fig. 2. The NDWI maps (a is for the
correspond to a range of LST. The range would be relatively confined
in the spring, but enlarged in the summer.

The scatterplots of theNDWI-LST forwater surfaces have shown that
LST decreased with the increase of NDWI value, indicating negative re-
lationship between NDWI and LST. To further explore the relationship
between the NDWI and LST, the zonal analysis was used to get the
mean LST for each 0.01 increment of the NDWI value. Then regression
analysis was carried out to relate the mean LST to the mean NDWI
value for all pixels within the 0.01 bins. The results are displayed in
Fig. 4. Generally, nonlinear relationship existed between LST and
NDWI. When NDWI was less than zero or the threshold, the LST in-
creased with NDWI, because negative values of the NDWI represent
the non-water surface. When NDWI is larger than the threshold, indi-
cating the water surface, a significant negative linear relationship
could be seen between LST and NDWI both in the spring and summer.
Fig. 4 shows the NDWI-LST relationship based on the zonal means in
the spring and the summer. The slope is slightly steeper in spring than
that in summer.

3.3. Relationship of UBI area to mean LST

The spatial patterns of LST derived from remote sensing images in
spring and summer were shown in Fig. 5, The LST ranged from 4 °C to
41 °C with an average of 21 °C in the spring image, and ranged from
17 °C to 51 °C with a mean of 34 °C in the summer image. It showed
that UBI always made up the zones with the lowest temperatures
both in the spring and summer.

Among the 51 lakes, the highest mean LST was 22.2 °C in spring and
32.1 °C in summer which was associated with the smallest lake
(0.03km2) in the Changqing Park. While the largest lake, the Tangxun
Lake with 42.76 km2, had the mean LST 16.1 °C in spring and 27.0 °C
in summer. The regression analysis demonstrated that themean LST de-
creased with the increase of the lake area both in urban and rural areas,
Negative logarithmic relationships existed between lake area andmean
water surface temperature both in spring and summer and whether in
urban or rural area (Fig. 6). From Fig. 6 we can see the water surface
temperature decreased sharply as the lake areas increases when the
lake size is small, and the rate of decrease tends to stabilized after the
lake size pass a certain point which we call it the turning point. If we
set a change ratio of the water surface temperature to a given threshold
value, in this study, 0.5 °C per unit, i.e. 1 km2, at this point, let the deriv-
ative of the logarithmic function to the threshold value, then we could
get turning point value of lake size, approximately 1.42 km2 and
spring; b is for the summer).



Fig. 3. Scatter plots of NDWI and LST. The blue line in each figure represents the threshold value, NDWI value less than the threshold represent non-water. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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1.18 km2 in urban area, and 1.07 km2 and 0.64 km2 in rural area in
spring and summer, respectively.

3.4. Relationship between UBI area and cooling effect

For the cooling effect of UBI, the highest maximum local cool island
intensity was 6.9 °C observed in the East lake in spring and 8.0 °C oc-
curred in Xibei lake in summer. The average maximum local cool island
intensity were 4.3 °C and 5.5 °C in spring and summer, respectively for
urban lakes, and 3.3 °C and 2.4 °C, respectively for rural lakes. In spring,
maximum local cool island intensity increases linearly with lake area in
urban environment (Fig. 7a). However, there is no significant relation-
ship between lake area and maximum local cool island intensity both
in urban and rural area in the summer, and in rural area in the spring.

The maximum cooling distance shows strong association with lake
size in spring and summer for both urban and rural areas. For urban
lakes, the largest and smallest maximum cooling distance were
1232 m and 28 m in summer, and 575 m and 84 m in spring, respec-
tively. For rural lakes, the largest maximum cooling distance were
532 m in summer, and 440 m in spring, respectively. There were signif-
icant relationships between lake area andmaximum cooling distance in
both urban and rural area in each of the two seasons (Fig. 8). The max-
imum cooling distance logarithmically increasedwith lake area for rural
lakes in both spring and summer, and for urban lakes in summer
(Fig. 8b, c and d), but linearly increased with lake area for urban lakes
in spring (Fig. 8a).

3.5. Relationship between UBI shape and cooling effect

The maximum local cool island intensity increased linearly with the
edge density of urban lakes in spring (Fig. 9a). However, there was no
Fig. 4. The relationship between NDWI and mean LST. The regression
significant relationship between maximum local cool island intensity
and edge density of rural lakes in spring, urban and rural lakes in sum-
mer. The maximum cooling distance linearly increased with the edge
density of lakes in urban area in spring (Fig. 10a), and logarithmically in-
creasedwith edge density of lakes in rural area (Fig. 10c and d), indicat-
ing that the lake shape complexity could enhance themaximumcooling
distance. But there was no significant relationship between maximum
cooling distance and edge density of urban lake in summer (Fig. 10d).
Therewere no significant relationships betweenmaximum local cool is-
land intensity and mean shape index for either urban or rural lakes in
any of the two seasons (Fig. 11). The significant linear relationships
existed between maximum cooling distance and mean shape index in
urban and rural areas in the summer (Fig. 12b and d). However, there
were no significant relationships between maximum cooling distance
and mean shape index for urban and rural lakes in spring (Fig. 12a,
and c).

4. Discussions

4.1. The representation of NDWI to UBI and its relationship to LST

Most previous studies demonstrated that NDWI had the ability to
well delineate water bodies in various contexts, such as the urban set-
tings (Xu, 2006), the desert areas (Campos et al., 2012; McFeeters,
1996), mountain areas (Ouma and Tateishi, 2006), etc.. Theoretically,
NDWI represents real water when the index value is larger than zero
(McFeeters, 1996; Rogers and Kearney, 2004; Xu, 2006). However,
when delineating water bodies in urban areas, NDWI was suffering
from the noises induced by high building shadows, dark land surfaces
such as old roofs, asphalt, etc.. Therefore, we found it necessary to find
a threshold value to accurately delineate water bodies as our results
equations used the positive values of NDWI to fit the Mean LST.



Fig. 5. Maps of LST in study area in spring (a: 2002-03-19) and summer (b: 2002-07-09). The black polygons are the boundaries of sampled lakes.
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showed in Fig. 2. This is similar to a previous comparative study, which
demonstrated that setting threshold value was a useful approach to de-
lineate water surface using different normalized difference water indi-
ces (Campos et al., 2012).

Our study demonstrated that there was a nonlinear relationship be-
tween NDWI and LST when considering the full range of NDWI values,
which include all land-use/land-cover types (Fig. 4a and b). When the
relationship is examined within the theoretical or empirically set
threshold values of NDWI that represent UBI, we found a very strong
linear relationship between NDWI and LST both in spring (R2 = 0.92,
P b 0.01) and summer (R2 = 0.83, P b 0.01). Under this condition, the
LST, which is actually the water surface temperature, linearly decreased
with NDWI, i.e., the larger the NDWI value, the higher potential cooling
effect of the UBI on the adjacent land surface. It should be noted that
there are warm and cold edges in the scatterplot of NDWI vs. LST both
in spring and in summer (Fig. 3a and b), which means that the same
NDWI can be associated with different water surface temperature, the
reasons behind this should be further studied in the future.

4.2. The cooling effects of UBI and the influencing factors

UBI can form urban cool island and has cooling potential to surface
urban heat island. Our results explicitly showed that higher LST in
Wuhan mainly concentrated in urban areas and corresponded to
urban land use types such as commercial, dense residential and indus-
trial areas which positively contribute to surface urban heat island,
Fig. 6. The relationship between lake area an
while lower LST corresponded to natural elements of urban green and
blue infrastructures. Previous studies also demonstrated that UBI
could form local cool island in the daytime (Sun et al., 2012; Sun and
Chen, 2012; Theeuwes et al., 2013). Our results support their findings
and demonstrated that UBI, as a critical natural element in urban
areas, can be used to mitigate urban heat island effect and to improve
the urban thermal environment.

The mitigation effects of UBI on surface urban heat island can be
quantified by several factors using a novel framework we presented in
this paper. Firstly, the mitigation effects of UBI on surface urban heat is-
land could be well quantified by two indicators of maximum local cool
island intensity and maximum cooling distance (Cheng et al., 2015).
Our study showed that the maximum local cool island intensity of UBI
change with seasons in both urban and rural settings. For example,
the highest maximum local cool island intensity could reach 6.9 °C in
spring and 8.0 °C in summer in urban lakes. While the highest maxi-
mum cooling distance of UBI could reach 575 m in spring, and 1232 m
in summer for urban lakes. The similar results of maximum cooling dis-
tance were also observed to be 400 m and 2500 m for lakes in Beijing
(Sun and Chen, 2012).

Secondly, the size of UBI is a fundamental feature which influences
the surface temperature of UBI, which in turn determines the potential
of UBI to mitigate LST. Previous studies reported that UBI could signifi-
cantly cool the surface or air temperature in their surrounding urban
areas (Inard et al., 2004; Steeneveld et al., 2014; Sun and Chen, 2012;
Theeuwes et al., 2013). However, few studieswere designed to examine
d the mean water surface temperature.



Fig. 7. The relationship between lake area and the maximum local cool island intensity.
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the relationship betweenUBI area and LST. Our results revealed a signif-
icant negative logarithmic relationship between lake area and its mean
water surface temperature (Fig. 6). When the lake area was larger than
Fig. 8. The relationship between lake area
a critical size, in our case, approximately 1.42 km2 and 1.18 km2 in urban
area, and 1.07 km2 and 0.64 km2 in rural area in spring and summer, re-
spectively, the mean water surface temperature would be relatively
and the maximum cooling distance.



Fig. 9. The relationship between lake edge density and maximum local cool island intensity.
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stable. This phenomenon was also observed in urban green infrastruc-
ture in previous studies (Fan et al., 2019; Yu et al., 2017). Furthermore,
our results revealed that the UBI area could influence itsmaximum local
Fig. 10. The relationship between lake edge de
cool island intensity and maximum cooling distance. The maximum
local cool island intensity and lake area were related linearly in spring
for urban area (Fig. 7a).
nsity and the maximum cooling distance.



Fig. 11. The relationship between mean shape index and the maximum local cool island intensity.
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Thirdly, the lake shape is another landscape featurewhich influences
the mitigation effects of UBI on LST, but depends on the season and lo-
cation. Our results demonstrated that the maximum local cool island
Fig. 12. The relationship between mean shape
intensity could be affected by edge density of the lakes and linearly in-
creased with edge density in spring in urban area (Fig. 9a). While
edge density could influence the maximum local cooling distance of
index and the maximum cooling distance.
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urban lakes in spring (Fig. 10a), and logarithmically related to themax-
imum local cooling distance of rural lakes (Fig. 10c and d). The shape of
lake indicated bymean shape index affectedmaximumcooling distance
in summer for urban and rural lakes (Fig. 12b and d). Previous study on
wetlands in Beijing also demonstrated that the cooling effect was posi-
tively correlated with the shape (Sun and Chen, 2012), however, they
did not reveal the quantitative relationship between them.

Fourthly, the surrounding landscape and their patternmay influence
themitigation effect of UBI, particularly vegetation around the lakes and
in the urban area. In our study, some of the urban lakes, such as
Changqing, Lingjiao, and Simeitang in urban area, were small in size,
but their maximum local cool island intensity could exceed 3 °C in the
summer, the maximum cooling distance could reach at least 120 m,
which be partly caused by the abundant green space around them,
whenwe zoom out to check them one by one on high spatial resolution
image on Google Earth. These phenomena were also observed for some
rural lakes due to water bodies surrounded by vegetation. In addition,
few of our water bodies that had no significant fitness curves may due
to the same reasons. Previous studies demonstrated that the surround-
ing landscape types and its spatial patterns may influence the cooling
effects of UGI (Cheng et al., 2015; Oliveira et al., 2011) or UBI (Sun and
Chen, 2012).

Lastly, there are other factors that would make a difference in the
cooling effect of lakes. Lake depth, lake volume, and lake water quality,
such as chlorophyll, suspendedmaterials, all of which can influence the
thermal properties of lakes, contributing to the difference of heat ab-
sorption and exchange, thus further affect the cooling effect of lakes.
In addition, the natural geographical settings, such as the land form,
and wind speed and directions around the lake could affect the cooling
effects of lakes, and these potential factors should be considered in the
future.

4.3. The relevance of UBI as multi-functional landscape in urban planning

Small lakes and ponds which have long been ignored in global pro-
cesses and cycles, however, have unexpectedly high importance in
UHImitigation (Downing, 2010). Coutts et al. (2013) recently addressed
the potential of water sensitive urban design framework to help im-
prove outdoor human thermal comfort in Australia by integrating
stormwater harvesting and reusing to increase water coverage in
urban landscape for surface cooling. Under the current accelerating ur-
banization speed worldwide, one of the significant environmental chal-
lenges the global cities and towns face is the UHI. How to mitigate UHI,
especially using nature-based solutions is of great importance. Our re-
sults demonstrated that UBI, as one of the two key natural landscape
types in urban areas, may have significant implications for urban
multi-functional landscape planning and construction.

Our results demonstrated that UBI had the stable cooling capacity in
the spring and summer daytime. The logarithmic relationship between
urban lake area and water surface temperature suggests a critical lake
size which should be considered to exert better and efficient cooling ef-
fect. Considering the larger thermal capacity of UBI, it may have more
stable cooling effect than vegetation (Huang et al., 2008). UBI could pro-
vide numerous ecosystem services from social and/or ecohydrological
perspectives (Pataki et al., 2011).

Landscape shape complexity of UBI should be taken into account
when evaluate its functions on surface urban heat island and design
urban water landscape. The morphological characteristic, especially
the size, and shape of urbanwater bodies havemultiple ecological func-
tions on urban ecosystem (Steele and Heffernan, 2014). Although this
study was not designed to investigate the biogeochemical and ecologi-
cal functions of UBI, but the shape of UBI do influenced its mitigation ef-
fect on surface urban heat island, especially on the maximum cooling
distance. The edge density can explain 21.8% to 46.4% variation of max-
imum cooling distance of UBI (Fig. 10) in urban and rural areas in two
seasons. While the mean shape index can explain 18.9% and 28.7%
variation of maximum cooling distance of UBI in urban and rural areas
in summer (Fig. 12b and d). A previous study found the shape complex-
ity could impact themitigation effect of UBI on surface urban heat island
in Beijing (Sun and Chen, 2012).

Our results revealed that UBI has strong effect onmitigating UHI. Al-
though the development of new UBI has strong constraints in densely
developed urban areas, the results can be used by urban planning to de-
sign for new urban development, and gentrification for existing urban
areas. To increase the mitigation effects, the choice for new elements
of the UBI should go, where possible, to large basin over planar water
feature, and to the re-use and retrofitting of vacant land or brownfields
(Wihlborg et al., 2019).

5. Conclusions

This paper analysed the cooling effect of urban blue infrastructure
(UBI) on its adjacent land surface. We found that the NDWI can be
used as an effective biophysical index to map urban blue infrastructure,
and to assess the impacts of UBI on surface urban heat island. Logarith-
mic relationship existed between UBI area and water surface tempera-
ture. UBI has great potential to mitigate urban surface heat island
effect. The mitigation effect can be well measured using the maximum
cooling distance and maximum local cool island intensity, and were in-
fluenced by the shape and the area of UBI. Area and shape are two key
landscape factors which should be taken into account when UBI is de-
signed to mitigate urban heat island effect. These findings can provide
insights for decision-making in urban planning and management with
regard to UBI development.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.133742.
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