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ARTICLE INFO ABSTRACT
Keywords: Most publications have focused on the cooling effect of urban inside water bodies. However, the
Climate adaption climate adaptive characteristics of urban inside/outside water bodies is seldom studied. In this

Distance weighted area index (DWAI

) paper, three types of water bodies, i.e., urban inside water bodies, urban outside discrete water

. . bodies and large water bodies are identified according to their relative spatial relationships with
Cooling effect of water bodies ( WCE) . . i L. N
Inland large lakes built-up areas. The climate adaptive landscape characteristics of water bodies are analyzed based
Urban heat island (UHI) on water bodies’ cooling effect (WCE) inside and outside cities in the Poyang Lake and Dongting
Lake regions. Seventy-three Landsat TM/OLI/TIRS images acquired from 1989 to 2019 are
employed. Landscape scale characteristics of urban inside/outside water bodies are described by
area, water depth, perimeter to area ratio (PARA) and distance-weighted area index (DWAI).
Three temperature-related parameters are calculated to estimate the WCE in different conditions.
Climate adaptive characteristics of water bodies inside/outside cities are determined by corre-
lation and regression analysis. Results show that: 1) The long river shape, depth, orientation and
fluidity of urban inside water bodies are benefit to enhance their cooling effect; 2) the distance of
urban outside water bodies from built-up areas are positive correlated with their cooling effect; 3)
the optimal acreage of large water bodies are >2500 km? and 1111-1287.5 km? for climate
adaption of Poyang Lake and Dongting Lake, respectively. Simultaneously, the WCE of urban
outside large water bodies is related with human activities and climate conditions. The results of
our study provide a significant contribution to blue-space planning in cities, and provide insights
into actionable climate adaption planning in inland large lake areas.

1. Introduction

Urban heat island (UHI) effect has been a concern for decades due to rapid urbanization [1,2]. Simultaneously, how to mitigate UHI
effect is another issue of considerable interest. Urban green and blue spaces (i.e. water bodies) play major roles in effectively alle-
viating the UHI effect [3-6]. The amount of green and blue space has a significant influence on UHI, environmental quality, quality of
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life and human health in urban areas [7-10]. The study of UHI effect has been investigated in an exponentially increasing manner from
1997 to November 2022. Over 41% of UHI-related articles have discussed the cooling effect of water bodies (Fig. 1). It is observed that
only 0-5 literatures on cooling effect of green and/or water bodies were found before 1997, and little changes observed from 1990 to
1997. Therefore, literatures on cooling effect of UHI and water bodies before 1997 are not discussed in this work.

It is reported that spatial patterns of green-blue spaces have a significant influence on their cooling effect. Urban wetland, as the
special green-blue spaces, whose cooling effect is regarded as an important ecosystem regulating service [11-15]. Wetland shape and
location are significant indicators influencing urban temperature [16]. The cooling effect of urban wetland varies in different urban
rural belts [17]. The closer that wetlands are located to urban center, the more significant the regulation on temperature will be [12].
The littoral forest yielded more significant cooling effect than that of the separate trees [18]. However, the impact of water body area
ratio on park cooling effect was not significant for a little park [19].

Water bodies have long been used as essential design tools for scientific planning to control the urban temperature [20-22]. The
cooling effect of water bodies is much more efficient than tree-based green spaces in subtropical cities [23,24]. The cooling effect of
water bodies is mainly influenced by their size and spatial patterns [25]. For example, a negative logarithmic relationship exhibits
between urban water body size and its mean land surface temperature [26-28]. The water bodies size and their distance from built-up
areas are positively and negatively correlated with the urban cooling effect, respectively [29]. The cooling effect of water bodies is the
most pronounced within 1 km (horizontal distance) [13], and it changes with distance [30]. Urban water bodies located near city
center can deteriorate the nighttime cooling effects due to elevated humidity [31]. Additionally, the surrounding land cover has a
greater influence than water bodies on the overall cooling effect [32].

The cooling effect of water bodies varies with climatic conditions, including, time of day, season, temperature, wind speed, solar
radiation etc. [33-38]. Wind speed plays a major role both in terms of cooling capacity and area of influence [39]. Higher solar ra-
diation and lower wind conditions may further enhance the cooling effect [35].

Previous investigations have focused on the cooling effects of small water bodies on microclimate at patch size and micro-landscape
scales [40-42]. However, there has been a lack of investigations on the climate adaptive characteristics of urban outside water bodies
at the regional scale. Water bodies’ contribution to the urban climate is still a distinct knowledge gap [36]. The quantitative role of
water bodies is still uncertain for climate adaptive [43]. In this paper, climate adaptive characteristics of water bodies are analyzed
based on WCE in the Poyang Lake and Dongting Lake regions. Three types of water bodies are classified according to their relative
distance from the built-up area, including urban inside water bodies (e.g., lakes and rivers), outside discrete small water bodies, and
large water bodies (e.g., Poyang Lake and Dongting Lake). Urban inside water bodies refer to the water bodies within 1 km distance
from the boundary of built-up area. Outside discrete small water bodies, which are located between the urban inside water bodies and
the large lakes, are found in both the Poyang Lake and Dongting Lake regions.

2. Study area and data
2.1. Study area

Poyang Lake (28°22'-29°45'N and 115°47-116°45'E) and Dongting Lake (28°30'-30°20'N and 113°10'-114°40E) are the largest
and second largest inland fresh water lakes in China, found in the middle and lower reaches of Yangtze river (Fig. 2(a)). Dongting Lake
is divided into three sub-lakes, including east, south and west. East and south Dongting lake are included in this study. The agricultural
activities occurred in the Poyang Lake region are similar with those in Dongting Lake region.

Nanchang and Changsha are the largest cities in Poyang Lake and Dongting Lake regions, respectively, which located in subtropical
monsoon climate zones (Fig. 2(b) and (c)). There is little difference between Nanchang and Changsha for the monthly mean climatic
characteristics, including sunny days, mean temperature and mean wind speed (Fig. 3). However, the wind direction of daily
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Fig. 1. Number of articles focused on the “cooling effect of green and blue space in urban areas” and UHI from 1997 to Nov. 2022(Literature
parameters are from the ScienceDirect database). (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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Fig. 2. Study area: (a) Location of the study areas; (b) Dongting Lake region; (c) Poyang Lake region.
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maximum wind speed is different between Nanchang and Changsha. Wind direction of Nanchang and Changsha are dominated by
northeast and northwest, which might be affected by the orientation of Poyang lake and Dongting lake, respectively (Fig. 4(a) and (b)).

Both Nanchang and Changsha have been experienced rapid urbanization from 1990 to 2020. However, the urbanization speed of
Changsha is significantly higher than that of Nanchang. Nanchang have been designed as waterfront city surrounded by rivers and
lakes from 2001 to 2020. Changsha have been built as mountainous and water city characterized by one river and two banks due to
2010. And then the Urban Planning Version 2003-2020 of Changsha is revised in 2014 to double urban planning area, named
“multiplication plan of Changsha urban planning”.

The landscape patterns of water bodies inside/outside Nanchang are different from that inside and outside Changsha, when the
water bodies are mapped into three types. Several urban inside lakes exist in Nanchang, which changes with the expansion of the built-
up area. However, there are much less urban inside lakes in Changsha, which is discussed more in Section 4.1.1 below. Simultaneously,
Gan River and Xiang River flow through Nanchang and Changsha, respectively. And then, the density of discrete water bodies outside
Nanchang is much higher than that outside Changsha (Section 3.3). In a word, Poyang Lake and Dongting Lake regions provide natural
test sites for us to analyze the climate adaptive landscape characteristics of water bodies.

2.2. Data

2.2.1. Remote sensing images

Landsat 5 TM and Landsat 8 OLI/TIRS images acquired on cloud-free days from 1989 to 2019 are used in this study. 31 and 42
Landsat images are used for the Poyang Lake (P121R040) and Dongting Lake (P123R040, P123R041) regions, respectively. The cloud
cover percentage for the chosen scenes are less than 5%. The temporal distribution of the selected Landsat TM/OLI/TIRS images are
provided in Table 1. Additionally, SRTM DEM digital elevation product (SRTM V3 from “USGS/SRTMGL1_003") and Sentinel 1 SAR
GRD image collection (“COPERNICUS/S1_GRD”) acquired in 2020 are used in this study. SRTM and Sentinel 1 SAR data have spatial
resolutions of 30 m and 10 m, respectively.

2.2.2. Land use cover maps and statistical data

Land use cover type maps from 1989 to 2019 in Poyang Lake and Dongting Lake are used in the study. Seven land use/cover types
were mapped, namely, water bodies, built-up area, development (inc. bare sandy land and river beach), cropland, forest, lake beach,
grassland. The spatial resolution of Land use/cover type maps are 30 m. The overall accuracy of classifications was larger than 85%
(Tables 2 and 3). All the selected datasets are rectified to WGS84, Universal Transverse Mercator (UTM) coordinate system. Addi-
tionally, statistical meteorological data from 2001 to 2019 are used to delineate the climate characteristics of the study area.

3. Methods

The variables, which are used to represent landscape scale characteristics, are acreage ratio of water to built-up (AR,;), water
depth, perimeter to area ratio (PARA), acreage and the distance-weighted area index (DWAI). The AR,;, water depth and PARA are
used to delineate urban inside water bodies. DWAI and acreage of the large lakes are used for quantifying the landscape scale char-
acteristics of water bodies outside cities. WCE is quantified by brightness temperature.

3.1. Landscape scale characteristics of water bodies

3.1.1. Acreage and perimeter to area ratio (PARA)

The acreage of water bodies varies with date and season in both the Poyang Lake and Dongting Lake regions. The MNDWI is
calculated from multi-temporal Landsat images using the Google Earth Engine (GEE). The acquisition date of multi-temporal Landsat
images is consistent with that of radiance temperature. The threshold value of MNDWI is then determined from 0.15 to 0.2 by
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Fig. 3. Monthly mean meteorological characteristics of Changsha (cs) and Nanchang (nc) (2001-2019).
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Table 1
Temporal distribution of the selected Landsat TM/OLI/TIRS images.
Sensor Poyang Lake Dongting Lake
AD of LUCC NRT Period AD of LUCC NRT Period
Landsat 5 TM Jul. 15th, 1989 1 1988-1989 Sep. 2nd, 1990 2 1989-1991
Dec. 7th, 1995 3 1994-1996 Sep. 29th, 1994 2 1994-1995
Nov. 2nd, 2000 6 1999-2001 Sep. 13rd, 2000 2 1999-2001
Oct. 31st, 2005 8 2004-2005 Apr. 20th, 2005 7 2004-2006
Mar. 19th, 2010 5 2008-2010 Nov. 12nd, 2010 2 2009-2011
Landsat 8 OLI/TIRS Oct. 11th, 2015 3 2015-2016 Jul. 23rd, 2016 3 2015-2017
Sep. 20th, 2019 5 2017-2019 Oct. 4th, 2019 3 2019

*AD of LUCC is the acquisition Date of Landsat images for land use/cover classification and the time of data acquisition is ~AM 09:00; NRT is the
number of radiance temperature scenes; Period is the collection period of radiance temperature.

Table 2

Accuracy assessment of classification in Poyang Lake regions.
Types 1989 1995 2000 2005 2010 2015 2019
Water 91.04% 93.06% 91.67% 96.67% 87.27% 96.36% 95%
Built-up 88.41% 89.71% 87.14% 89.33% 94.29% 90.28% 85%
Development 89.55% 90.91% 92.73% 92.73% 90.91% 90.91% 86.36%
Forest 85.19% 85.71% 87.14% 92.31% 96.92% 85.94% 86%
Cropland 90.67% 88.73% 89.71% 90.00% 96.97% 92.73% 86%
Beach 90.91% 92.73% 85.71% 85.45% 85.45% 91.07% 91.38%
Grassland - 90.91% 90.91% 94.55% 94.55% 93.10% 76.67%
Overall accuracy 89.13% 90.13% 89.17% 91.53% 92.64% 91.33% 86%
Kappa 0.8692 0.8846 0.8734 0.901 0.9139 0.8987 0.8381

Table 3

Accuracy assessment of classification in Dongting Lake regions.
Types 1990 1995 2000 2004 2010 2016 2019
Water 96.05% 98.63% 100.00% 94.03% 92.86% 90.14% 95%
Built-up 91.03% 88.61% 87.34% 85.71% 89.74% 87.67% 85%
Development 84.62% 91.07% 94.64% 87.27% 91.07% 85.25% 81.81%
Forest 91.55% 87.32% 91.18% 91.89% 94.37% 93.15% 86%
Cropland 89.71% 85.92% 88.16% 88.61% 86.67% 88.31% 83.75%
Beach 87.93% 88.14% 89.09% 85.45% 88.52% 83.64% 91.38%
Overall accuracy 90.38% 89.98% 91.54% 88.94% 90.51% 88.29% 85.67%
Kappa 0.8844 0.8793 0.8981 0.8668 0.8859 0.8592 0.8340
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comparison between multi-spectral images and MNDWI to map water bodies in both Poyang Lake and Dongting Lake. And then, the
acreage of water bodies is retrieved from each scene of water bodies. Acreage ratio between water bodies and built-up (AR,) is
calculated by Eq. (1) to quantify the distribution of urban inside water bodies:
A,
AR, =22 1
"=, (€}
where A,, is the total acreage of water bodies within 1 km distance from built-up areas and A, is the total acreage of built-up areas.
The PARA of urban inside water bodies are calculated from each scene of urban inside water bodes using ArcGIS software. PARA is a
parameter used to describe the shape of water bodies. When the shape is circular, the PARA value is the smallest. The longer the shape
is, the greater PARA is [44].

3.1.2. Water depth
The range of water depth is estimated by the lake/river bottom elevation difference between shallow and deep water bodies (Eq.

).
Depth = E; — E,; (2)
where Depth is the water depth, E; is the lake/river bottom elevation of shallow water bodies, and Ej, is the lake/river bottom elevation

of deep water bodies. The shallow and deep water bodies are identified by the surface water cover frequency (SWCF) of urban wetland,
which is calculated by Eq. (3). The shallow water has lower SWCF and deep water bodies refer the areas with higher SWCF.

SWCF=> " 3)
i=1

i=

where w; is the thematic map of water bodies at the ith acquired date, n is annual SWCF of 2020 from Sentinel-1 SAR data.
The surface water extent of the study area could be extracted by Sentinel-1 Dual-Polarized Water Index (SDWI) (Eq. (4)), [45].

w;=In(10 % VV; * VH;) — 8 (€))
where, VV; and VH; represent Sentinel-1 C-band single polarized (VV) and double polarized (VH) images at the ith acquired date in

2020, respectively. w; is Sentinel-1 Dual-Polarized Water Index. A constant threshold value (zero) is used to retrieve the surface water
extent from SDWI. The surface water extent is retrieved by SDWI > 0.
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Fig. 5. Radial buffer zones for Dongting and Poyang Lakes. (a) Dongting Lake; (b) Poyang Lake.
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3.1.3. The distance-weighted area index (DWAID)

Eight and four sub-zones are established in the Dongting Lake and Poyang Lake regions, respectively (Fig. 5(a) and Fig. 5(b)). Six
and two 10 km buffer zones are set up between the geometric centers of built-up areas and large water bodies in the Dongting Lake and
Poyang Lake regions, respectively (Fig. 5(a) and (b)). A larger buffer zone is determined between the minimum and maximum distance
from the large lakes (Dongting and Poyang) to the geometric centers of the built-up areas. Then, discrete small water bodies around the
large lakes and the large lakes themselves within the larger buffer zone are analyzed separately (Fig. 5). The angles of the sector in
Fig. 5 are determined by the boundaries of Dongting Lake and Poyang Lake and the geometric centers of built-up areas in Changsha and
Nanchang, respectively.

The mean distance-weighted area index (DWAI) is defined as an integrated index to quantify the spatial characteristics of discrete
water bodies outside cities, expressed by Egs. (5) and (6):

DWAI= Y DWAJ, 5)
=0
2 Aj
DWAL; == (6)
dj

where DWAL is the distance-weighted area index of discrete water bodies, m is the number of spatial buffer bands, DWA]; is the
distance-weighted factor of discrete water bodies in the jth buffer band, using m = 1 for the large lake buffer; A;; is the area of outside
discrete water bodies, n is the number of water bodies in the jth buffer band, d; is the distance from the geometric center of water bodies
in the jth buffer band to the geometric center of built-up areas. The geometric center of water bodies and built-up areas are determined
using ArcGIS software in this work.

3.2. Quantification of WCE

3.2.1. Retrieval of brightness temperature

Satellite thermal infrared (TIR) images are used to evaluate the brightness temperature. The brightness temperature is retrieved
from Landsat TIR images in two steps:

First, the digital numbers (DNs) of the thermal infrared bands are converted to radiation luminance for Landsat 5 and Landsat 8
(Landsat 5&8 Science Users’ Handbook) TIR bands, respectively (Egs. (7) and (8)).

For the Landsat 5 TIR band (i.e., band 6),

Vv
R s Rmax - Rmin Rmin
™6 = 5= ( )+ ()]

where V represents the DN of band 6, Ry is the radiance of Landsat 5 TM band 6, Rqx is the maximum radiance of Landsat 5 TM band
6 (Rmax = 1.896( mW* cm™2 % sr™ 1)), Ry, is the minimum radiance of Landsat 5 TM band 6 (R, = 0.1534 (mW* cm~2  sr™1)).
For the Landsat 8 TIR bands (band 10)

Ly =M Qca + AL 8

where L, is top of atmosphere (TOA) spectral radiance (Watts /(m? x srad * pm)), M;, is the band-specific multiplicative rescaling factor
from the metadata (RADIANCE_MULT_BAND _x, where x is the band number), A;, is the band-specific additive rescaling factor from the
metadata (RADIANCE_ADD _BAND_x, where x is the band number), and Q.4 is the quantized and calibrated standard product pixel
values (DN). Landsat 8 TIR band 10 is used in this section.

Then radiation luminance is converted to at-satellite brightness temperature in degrees Kelvin (K) by Egs. (9)-(10)

For Landsat 5,

K1

=0 (K2) Rrvo/) + 1) .

where K1 = 1260.56 K and K2 = 60.766 (mW* cm~2 % sr"'pm~1), which are pre-launch calibration constants, and b represents the
effective spectral range; b = 1.239 (pm), when the sensor’s response is much more than 50%.
For Landsat 8,

K2

T=————
In (K1/L; + 1)

10

where T is the at-satellite brightness temperature (K), L, is TOA spectral radiance (Watts/(m>**srad* pm)), K1 and K2 are the thermal
conversion constants from the metadata (K1_CONSTANT BAND_x and K2_CONSTANT BAND_x, where x is band number 10 or 11).
Band 10 is used in Eq. (10).
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3.2.2. Estimation of WCE in different conditions

Generally, the temperature of water bodies is seldom influenced by human activities. The temperature difference between built-up
areas and water bodies (TDy,,) is used to evaluate the absolute WCE (Eq. (11)), which might be influenced by temporal/seasonal
temperature.

TDpw =Tp — T, (1 1)

where TDy,, is the mean temperature difference between built-up areas and water bodies, Ty, is the mean temperature of built-up
patches, and T, is the mean temperature of water patches.

Season-independent WCE (RTDy,,) is calculated by Eq. (12) to eliminate the temporal/seasonal effect and the influence of human
activities.

RTDy, = (Tow — Tw) / T (12)

where RTDy,, is the season-independent WCE, T,, is the mean temperature of water bodies in the study area and Ty, is the mean
temperature of the whole study area.

Agriculture activities changed the land use/cover patterns, and then had a significant impact on regional mean temperature and
UHL With the impact of human activities, the season-independent and human-dependent urban heat island (RUHI) effect is calculated
by Eq. (13). RUHI is influenced by human activities, but not seasonal effect.

RUHI = (T}, — Ty) / T (13)

where RUHI is season-independent and human-dependent urban heat island and T, is the mean temperature of the entire study area,
including the temperature of water bodies.

3.3. Correlation analysis method

Regression analysis methods, such as linear, polynomial, power, and exponential are used for discovering relationships between
WCE parameters and landscape scale characteristics of water bodies. The optimal relationship model is determined by the comparison
of correlation coefficients (R2) from each fitting results. The effectiveness of the optimal regression model depends on sample sizes. The
effective samples (N) of the Poyang Lake and Dongting Lake regions are 31and 21, respectively. Based on these sample sizes, the
correlations are considered to be significant when correlation coefficients (R?) are larger than 0.129 (i.e., R%Z> 4/N,N =31,P =0.05)
and 0.1905 (i.e., R > 4/N, N = 21, P = 0.05) for the Poyang Lake and Dongting Lake regions, respectively [46].
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Fig. 6. Spatio-temporal distribution maps of built-up areas and infill water bodies from 1989 to 2019 in: (a) Nanchang; (b) Changsha. NOTE: “water
1989” and “water 1990 refer to the water areas in 1989 and 1990 larger than that in 2019, respectively.
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4. Results
4.1. Relationships between urban inside water bodies and their cooling effect

4.1.1. Spatio-temporal distribution of urban inside water bodies

Urban inside water bodies increased with urban sprawl from 1989 to 2019. Fig. 6 shows the spatiotemporal variation of built-up
areas and urban inside water bodies from 1989 to 2019. The water bodies are relatively evenly distributed across the urban area of
Nanchang (Fig. 6(a)). Nanchang had three main urban inside water bodies in 1989, including, Qingshan Lake, part of Xiang Lake and
the Gan River. An increasing amount of water bodies later became surrounded by built-up areas as urban expansion progressed
(Table 4). Kongmu, Libu, Huangjia, Aixi, and part of Yao lakes had changed into urban inside water bodies in Nanchang by the end of
2019. The Liuyang River and Songya Lake became urban inside water bodies in Changsha by 2019 (Fig. 6(b)). The urban inside water
bodies area increased 34.96 km? and 43.96 km? for Nanchang and Changsha, respectively (Table 4). The increased water bodies
mainly is along Xiang river at Changsha. However, the increased of urban inside water bodies distribute throughout the urban area
evenly at Nanchang (Fig. 6(a) and (b)).

Areas of specific water bodies decreased with urban sprawl from 1989 to 2019. Some branches of specific lakes (water 1989 in
Fig. 6(a)) were converted from water to land (including built-up areas) during the period of 1989-2019, such as Xiang, Aixi and Yao
lakes. The area variations of outside discrete water bodies are caused by different seasons of image acquisition time (Table 1), such as
Qinglan Lake (Fig. 6(a)). Smaller area changes of water bodies occurred due to urban expansion of Changsha from 1990 to 2019 (0.51
km2), except for along the Xiang River (Fig. 6(b) and Table 4).

The average water depth of urban inside lakes is 3.65 m and 2.18 m in Nanchang and Changsha, respectively. While the mean water
depth of Gan River and Xiang River is 4.85 m and 6.91 m, respectively.

4.1.2. Relationship between AR,; and RTDy,,

There is no obvious change trend of AR,; in Nanchang since 1989. However, the AR,; of Changsha is decreasing since 1990
(Fig. 7). RTDy,, is significant correlated with AR,; for Nanchang and Changsha (Fig. 8). Negative linear relationship is observed
between RTDy,, and AR, in Nanchang, whose correlation coefficients [R?) is equal to 0.2594. The value of RTDy,, is increasing with
the decrease of AR,,;, in Nanchang except for some days, which is cloudy (May 13th, 2001) or sudden changes in daily temperature (e.
8., Jan. 11th, 2009 and Mar 5th, 2005). Two clusters are appeared in Changsha except for cloudy days (Jun. 23rd, 2005 and Apr. 20th,
2005). There is significant negative correlation between RTDy,, and AR,; , when AR, is larger than 0.135 in Changsha (before 2001).
However positive linear correlations between RTDy,, and AR is observed in Changsha, when AR, is less than 0.135 (after 2001)
(Fig. 8).

4.2. Correlations between outside discrete water bodies and their cooling effect

The relationships between outside discrete water bodies and three WCE parameters are explored in this section. Both the acreage
and DWAI of outside discrete water bodies (D_c) are used to describe the landscape scale characteristics of outside discrete water
bodies. The acreage of outside discrete water bodies is significant negative correlated with RTDy,, when RTDy,, is less than 0.4 in
Poyang Lake region. However, there is little correlations between acreage and the other WCE parameters both in Poyang Lake and
Dongting Lake regions (Fig. 9).

Different relationships are observed between D_c and three WCE parameters. There is a significant negative linear relationship
between D_c and RTDy,, both in the Poyang Lake and Dongting Lake regions (Fig. 10(b)). However, D_o is not significant correlated
with RUHI and TDy,, in both the Poyang Lake and Dongting Lake regions (Fig. 10 (a) & (c)). The RTDy,, decreases with the increasing of
D_oc both in Poyang and Dongting lake regions. Two clusters are appeared according to flood (June to September) and dry (October to
December) seasons in Dongting lake regions (Fig. 10 (b)). The acreage of outside discrete water bodies shows large negative and
positive anomaly on June 23rd, 2005 and March 1st, 2016, respectively (Fig. 11). Therefore, the data on June 23rd, 2005 and March
1st, 2016 are combined with clusters of dry and flood seasons, respectively. The regression line between D_c and TDy,, at flood season
is approximately parallel with that at dry season. However, the intercept of regression line at flood season is larger than that at dry
season (Fig. 10(b)).

4.3. Relationship between large water bodies and WCE

A quadratic polynomial relationship is observed between the acreage of the large water bodies and TDy,,, the same as seen between

Table 4
Acreage of urban infill water bodies in Nanchang and Changsha (km?).
Nanchang Changsha
Toal area Gan river Except Gan o Toal area Xiang river Except Xiang
1989 30.176 15.06 15.116 1990 14.688 12.775 1.913
2019 65.14 28.215 36.925 2019 58.65 56.227 2.423
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the acreage of large water bodies and RUHI (Fig. 12(a) and (c)). There is no significant correlation between the acreage of large water
bodies and RTDy,, (Fig. 12(b) and Table 5). The lake acreage is significantly correlated with TDy,, for both Poyang Lake and Dongting
Lake regions (P < 0.01). The correlation coefficients (R?) between lake acreage and TDy,, are equal to 0.282 (P < 0.01) and 0.4088 (P
< 0.01) for Poyang Lake and Dongting Lake regions, respectively (Fig. 12(a) and Table 5). Meanwhile, there are also significant
correlations between lake acreage and RUHI for Poyang Lake and Dongting Lake (P < 0.001) (Fig. 12(c) and Table 5). The R? values
between lake acreage and RUHI are equal to 0.4496 (n = 31, P < 0.001) and 0.6188 (n = 21, P < 0.001) (Fig. 12(c)) for Poyang Lake
and Dongting Lake regions, respectively. The DWAI of large water bodies (G_o) is significant quadratic correlated with TDy,, and RUHI
but not RTDy,, for Poyang Lake and Dongting Lake regions, respectively (Fig. 13(a), (b) and (c)). Their correlation coefficients are
approximately equal to those between lake acreage and TDy,, (Figs. 12(a) and 13(a)) and between lake acreage and RUHI (P < 0.001)
(Figs. 12(c) and 13(c)).

5. Discussion
5.1. The climate adaptive characteristics of urban inside water bodies

The spatial patterns of urban inside water bodies have a more significant effect on RTDy,, than their size in the study areas. Some
literatures reported that the cooling effect of water bodies was influenced by their sizes [26,28]. The acreage of urban inside water

bodies increases both in Nanchang and Changsha (Table 4). However, the relationship between AR,; and RTDy, in Nanchang is
different from that in Changsha (Section 4.1.2). This difference is due to their difference in spatial patterns of urban inside water
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bodies, which has a significant impact on UHI [16,25]. The Changsha before 2001 and Nanchang since 1989 were characterized by
“waterfront city surrounded by rivers and lakes” (Figs. 6(a) and Fig. 14(a)), which decline WCE of urban inside water bodies.
Therefore, the relationship between RTDy,, and AR, in Changsha before 2001 is same to that in Nanchang since 1989. However, the
relationship between RTDy,, and AR,; in Changsha before 2001 is different from that since 2001 (Figs. 8 and 14(b)).

The different relationship for the two clusters in Changsha (Fig. 8) is influenced by the landscape patterns of urban water bodies.
The urban sprawl of Changsha had been changed the landscape patterns of urban water bodies, especially since 2003. The PARA of
urban inside water bodies increases with the increasing of AR, in Changsha since 2001, when AR,,; is less than 0.2302 (Fig. 15(a) and
(b)). However, the PARA of urban inside water bodies decreases with the increasing of AR, in Changsha before 2001, when AR, is
larger than 0.2302 (Fig. 15(b)). It is known that AR,,; of Changsha had been decreased since 1990 (Fig. 7). It is obvious that the
landscape patterns of urban inside water bodies have more significant effect on RTDy,, than their size in the study areas, which is
seldom discussed in the former studies [29]. PARA of urban inside water bodies is positively correlated with their WCE. The urban
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inside water bodies with long shape should be increased in the planning of urban blue spaces. The cooling effect of flowing river water
bodies is higher than that of static lake water bodies, which might be caused by their difference in water depth. The average water
depth of flowing river is deeper than that of static lake (Section 4.1.1). The orientation of Xiang River might enhance its cooling effect
because of its prevail wind direction in Dongting Lake regions [39].

5.2. The climate adaptive characteristics of urban outside discrete water bodies

The acreage of outside discrete water bodies have little influence on WCE parameters, other than on RTDy,, in Poyang lake region
(Fig. 9). The WCE decreased with the increasing of their distance from built-up areas [13,30]. Actually, significant negative linear
relationships have been found between D_c and RTDy,, both in Poyang and Dongting lake regions (Fig. 10(b)). In other words, outside
discrete water bodies have significant influence on RTDy,, (Fig. 10(b)), but not on TDy,, (Fig. 10(a)) and RUHI (Fig. 10(c)). However, it
is related with season and size of water bodies. The seasonal WCE have been found at coastal cities [33], the same to Dongting Lake
region. The WCE varies with their D_c within a season rather than acreage (Fig. 10(b)). RTDy, is significant negative linear correlated
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Table 5
Appendix table for regression equations.

Variables Study area Equation R? R-Figures

Year and AR, NC y = —0.0022x + 4.5864 0.1044 Fig. 7
cs y = —0.0062x + 12.614 0.6863 Fig. 7

RTDy,y and ARy NC y = —0.5357x + 0.354 0.2594 Fig. 8
CS y = —1.2275x + 0.5179 0.7157
CS y = 0.2876x + 0.0453 0.7372

D_c and TDpy PYL y = 0.0823x + 4.7785 0.0047 Fig. 10(a)
DTL y = 0.4893x + 2.5564 0.0439

D_c and RTDy,, PYL y = —0.0181x + 0.3782 0.3323 Fig. 10(b)
DTL y = —0.0403x + 0.4393 0.5801

D_c and RUHI DITL y = —0.045x + 0.3523 0.8286 Fig. 10(c)
PYL y = 0.0099x + 0.0378 0.0985
DTL y = 0.0041x + 0.0735 0.078

Area and TDp,y PYL y = —1E—6x°+0.005x + 0.3207 0.282 Fig. 12 (a)
DTL y = —4E—06x> + 0.0103x — 0.0982 0.4088

Area and RTDy,, PYL y = 0.3172¢ 8E-05x 0.0318 Fig. 12(b)
DTL y = —9E—08x* + 0.0002x + 0.1206 0.1271

Area and RUHI PYL y = —7E-09x? + 8E—05x — 0.0062 0.4496 Fig. 12(c)
DTL y= —9E-08x2 + 0.0002x — 0.0397 0.6188

G_o and TDy,, PYL y= —0.0036x> + 0.2971x + 0.4008 0.2746 Fig. 13(a)
DTL y= —0.0443x% + 1.051x — 0.0531 0.4185

G_o and RTDy,, PYL y = 0.3178¢%-005x 0.0337 Fig. 13(b)
DTL y= —0.001x% + 0.0214x + 0.1176 0.1435

G_o and RUHI PYL y= 3E—05x2 + 0.051x — 0.0082 0.4494 Fig. 13(c)
DTL y= —0.0009x + 0.0243x — 0.0354 0.6147

AR, and PARA NC y= —10.627x% + 5.9675x + 0.0086 0.385 .

Fig. 15(a)

CS y= —18.742x> + 8.6305x — 0.1621 0.4804 Fig. 15(b)

Note: PYL refers Poyang lake regions and DTL is Dongting lake regions; R? is the correlation coefficients; R-Figures is the related figures; D_o is the

distance-weighted area index of outside discrete water bodies; G_o the distance-weighted area index of large water bodies.
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Fig. 13. Relationship between DWAI of large water bodies (G_c) and UHI: (a) G_c and TDyy; (b) G_c and RTDyy; (c) G_c and RUHL

with D_o both at flood and dry seasons. The value of RTDy,, at flood season is larger than that at dry season, when D_c is a certain value.
This inter-seasonal difference of RTDy,, is caused by seasonal water levels. The cooling effect of outside discrete water bodies is
influenced by their distance from built-up area and water volume. However, it is opposite with the former studies, which found
negative relationship between water bodies’ distance from built-up area and WCE [29]. In this work, positive relationship is found
between their distance from built-up area and WCE. The closer the distance from built-up area, the smaller the WCE, which might be
caused by human activities. The larger the water volume, the larger the WCE. In other word, the deep-water landscape should be
increased to enhance the cooling effect of blue spaces outside the cities.

13



Z. Deng et al. Heliyon 9 (2023) 15974
¥
S
W
2 e b
L‘ [ & gt ‘\ 3 Y
ol @ \:\i‘ &
i - T
] W
N i
s 5 g
- I ‘-
¢ 4
y - (
%
Legend Legend
1991 2004
Metehs
3 500 B e B 200 0 500010000 20,000 | RUE
(a) (b)
Fig. 14. Sprawl of urban inside water bodies in Changsha: (a) before 2001; (b) since 2001.
S —(@) R2=0.385 S —(b) R2=0.4804
o oo © .
—_ O ] o % > —_ o]
= = 5 2 P
S g - 09,20 . 5 2 &
X 5 o o L= L x | -
< ~ o < o
2 54 o5 : Z o | o
[an © | of © © a © 7 o o CS1,~2001 ©
o / 7
o T o NC, B °o  £S2,2001~
- = " ©
T T T T | T T T T | T T T T
0.10 0.20 0.30 0.40 010 015 020 025 030 035
Awa ARWD

Fig. 15. Relationships between AR,; and Perimeter-to-area ratio (PARA) for Nanchang (NC) and Changsha (CS).

5.3. The climate adaptive characteristics of large water bodies

Human activities and climate conditions have significant influence on WCE both in Poyang Lake and Dongting Lake regions. The
spatial patterns and acreage of large water bodies have a more significant influence on TDy,, than that on RTDy,, which indicate
changing climate condition enhance the cooling effect of large water bodies on UHI. The correlation coefficient between large water
bodies and RUHI is larger than that between large water bodies and TDy,,, which indicate human activities have a more significant
influence than the changing climate condition on WCE. Reference [18] found that water bodies would enhance the cooling effect of
trees. Oppositely, green spaces would enhance WCE. The agricultural activities, as the main human activities in the study area, change
the agricultural green spaces, and then enhance WCE.

The impact on WCE has little difference between G_c and acreage of large water bodies. This little difference might be caused by the
little distance changes from large water bodies to urban centers for the last three decades.

A negative logarithmic relationship had been published between urban water body size and mean land surface temperature [27].
The quadratic polynomial relationships exhibit between WCE and outside large water bodies (Fig. 12 (a)). TDy, reach the maximum
value, when the acreage of Poyang and Dongting Lake is equal to 2500 and 1287.5 square kilometers, respectively (Fig. 12(a) and
Table 5). Meanwhile, RUHI reach the top value, when the acreage of Poyang and Dongting Lake is approximately equal to 5714 and
1111 square kilometers, respectively (Fig. 12(c) and Table 5). It is recorded that the maximum acreage of Poyang lake is 4206 km?.
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Generally, RUHI is significant positive correlated with the acreage of Poyang Lake. The ideal acreage is larger than 2500 km? for
climate adaption of Poyang Lake. And the ideal acreage of east and south Dongting Lake is 1111-1287.5 km? for climate adaption.

6. Conclusions

Multi-temporal Landsat TM/OLI/TIRS images are used to explore the climate adaptive characteristics of water bodies based on
their cooling effect in the Poyang Lake and Dongting Lake regions. It is found that the climate adaptive characteristics of urban inside
water bodies are shape, depth, orientation and fluidity of water bodies. The urban inside water bodies with long shape, located upwind
should be increased to enhance their cooling effect. Simultaneously, the cooling effect of flowing water bodies is higher than that of
static water bodies inside cities. For urban outside discrete water bodies in our study areas, their distance from built-up areas and water
depth are advised to increase for regional climate adaption. The climate adaption of the study areas is enhanced, when the acreage of
Poyang Lake and Dongting Lake is limited in an ideal threshold (Section 5.1).

This study focused on the influence of water bodies on regional climate adaption, but not on cooling of UHI. Therefore, some
conclusions in this work seem opposite with previous studies. For example, the outside discrete water bodies near built-up areas have
smaller cooling effect than that far from built-up areas, which seems opposite with previous studies [13]. Actually, they are consistent
with each other. It should be noted that the climate adaptive characteristics of water bodies are influenced by human activities and
climate conditions, especially for large water bodies far from built-up areas.

The satellite transit time in our study domain is ~9:45AM for Landsat TM/OLL. It is known that the ecological effect of water bodies
varies with the time of day. In future work, daily time series data would be employed to better understand the climate adaptive
characteristics of water bodies.
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