g sustainability

Article

The Cooling Effect of an Urban River and Its Interaction with
the Littoral Built Environment in Mitigating Heat Stress:
A Mobile Measurement Study

Yasha Wang ¥, Wanlu Ouyang 23, Qingming Zhan 4% and Li Zhang ¢

Citation: Wang, Y.; Ouyang, W.;
Zhan, Q.; Zhang, L. The Cooling
Effect of an Urban River and Its
Interaction with the Littoral Built
Environment in Mitigating Heat
Stress: A Mobile Measurement
Study. Sustainability 2022, 14, 11700.
https://doi.org/10.3390/su141811700

Academic Editor: Baojie He

Received: 9 August 2022
Accepted: 13 September 2022
Published: 18 September 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Faculty of Design and Architecture, Zhejiang Wanli University, Ningbo 315100, China

2 Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong, China

3 Institute of Future Cities, The Chinese University of Hong Kong, New Territories, Hong Kong, China

4 School of Urban Design, Wuhan University, Wuhan 430072, China

5 Research Center of Digital City, Wuhan University, Wuhan 430072, China

¢ Collage of Horticulture and Forestry Sciences, Huazhong Agricultural University, Wuhan 430070, China
Correspondence: wangyasha@zwu.edu.cn

Abstract: Rivers within urban areas could influence the thermal environment by modifying air tem-
perature (AT) and relative humidity (RH). To further explore the cooling effect of a large river on
surrounding urban areas, we conducted mobile measurements near the Yangtze River in Wuhan
during a hot and humid summer day. This research examined the river cooling effect, determined
the thresholds of the cooling and humidifying distance using a third-order polynomial method, as-
sessed littoral heat stress at the pedestrian level and investigated the impact of the littoral built en-
vironment using stepwise regression analysis. The results revealed that (1) the cooling and humid-
ifying effect of the river was up to 3.55 °C, 1741 m and 17.25%, 1369 m in the daytime, which was
much greater than that at night; (2) the river significantly mitigated pedestrian heat stress within
1200 m from the riverbank in the daytime, but showed a weak negative effect at night; (3) the built
environment has a significant impact on the littoral areas, e.g., urban greening during the daytime
and building morphology at night. The findings of this study provide empirical evidence for the
cooling effect of a large river in urban areas and further support climate-sensitive planning and
design for our thermal environment.

Keywords: field measurement; air temperature; relative humidity; apparent temperature; urban
waterbody; urban morphology

1. Introduction

Facing the great challenge of climate change [1], urban heat island (UHI) is becoming
an urgent topic for the improvement of human habitats. In 2018, more than 55% of the
world’s population lived in cities [2], and this number is increasing as the urbanization
process develops. For the health of urban residents, global cities are facing a pressing need
for mitigation and adaptation strategies to alleviate UHI for urban planning and manage-
ment processes [3-6]. One of the widely applied strategies is to utilize the cooling effect
of natural resources (i.e., urban open waterbodies) to improve the thermal environment.

Urban waterbodies have great potential to modify the thermal environment through
heat capacity and evaporative processes [7,8]. A large number of studies have demon-
strated the thermal impact of open waterbodies on surrounding urban areas in warm sea-
sons. However, conclusions about the cooling provision of urban waterbodies remain
controversial in the current literature. For example, some studies observed cooling effects
provided by small rivers, i.e., average cooling of nearly 1 °C in the warm season [9] and a
maximum of 3 °C in extremely hot weather [10], whereas some studies revealed that open
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waterbodies in urban areas could increase, rather than decrease, the UHI effect [11,12]. In
general, the water cooling effect is related to the geometric characteristics of the water-
body and is not consistent between day and night [9,13]. So far, there is limited empirical
evidence to underpin the argument. In addition, urban waterbodies could decrease tem-
perature and increase humidity simultaneously, having the opposite effect on thermal
comfort [11,14]. In extremely hot weather, the assessment of heat stress at the pedestrian
level by combining the water cooling effect and humidifying effect is worthy of further
attention.

The cooling effect of urban waterbodies has been explored by both remote-sensed
land surface temperature [15-18] and ground-observed air temperature [9-11,14,19-21] in
previous studies. The data collection methods of ground-based observation in previous
studies mainly involved fixed and mobile measurements [22]. Compared with a fixed sta-
tion, mobile measurement could provide better spatial resolution data at a lower cost.
Mobile data collection at the pedestrian level is helpful to acquire “real-world” microcli-
mate parameters and describe accurate thermal conditions that people can feel. Therefore,
it has been regarded as a cost-effective method and is being increasingly used to investi-
gate the outdoor thermal environment. A typical case of mobile measurement was con-
ducted near the Cheonggye River and revealed a mean river cooling effect of 0.46 °C, 32.7
m at 2 p.m. and 0.37 °C, 37.2 m at 10 p.m. [23]. Other researchers used mobile measure-
ment to monitor intra-urban air temperature at a micro-scale [24,25], examine the cooling
effect of urban green spaces [26,27] and assess the UHI effect inside local climate zones
[28,29]. These previous studies confirm the feasibility of using mobile measurement meth-
ods for microclimate investigation [30].

The cooling effect of the urban waterbody is also influenced by the characteristics of
the littoral built environment, including urban greening and building morphology. On
one hand, urban greening could provide a cooling effect during the hot summer season
by shading and evapotranspiration [31,32]. The green coverage ratio is one of the main
impact factors affecting the cooling provision [33,34] and a 10% increase in tree cover led
to a 0.052 °C drop in temperature in Hong Kong [35]. On the other hand, building mor-
phology plays an important role in pedestrian microclimate [36-38]. Previous scholars re-
lated the openness of an urban form, which is measured as the sky view factor, with UHI
intensity [39,40]. Air temperature was also found to correlate with building morphology,
including the indicators of building density [41-43], building height [41,44] and floor area
ratio [38,41,44]. In littoral areas, local building environment indicators were found to have
an impact on the water cooling effect. For example, since potential cooling by urban green-
ing and waterbodies may jointly modify the temperature and humidity with interactive
effects [45], higher vegetation cover in littoral areas has been observed to increase the wa-
ter cooling effect [9]. Additionally, specific urban forms, including opening up streets to
the river [9,46], building narrower streets and positioning lower buildings near the river
[23], were revealed to enhance the water cooling effect. Those efforts underlined the ther-
mal impact of the urban built environment in littoral areas and raised the necessity to
explore the interactive effects of these factors and water cooling effect in the littoral areas
by local observation.

The Yangtze River, the largest river in China, has great cooling potential for the cities
it flows through. Wuhan, the most populous city in the middle reaches of the Yangtze
River, has a large littoral area and developers are aiming to build a waterfront ecological
city. Consequently, this study obtained a mobile measurement near the Yangtze River in
Wuhan and aimed to investigate the river cooling effect and the impact of the littoral built
environment in the hot summer season. This study aimed to answer two main research
questions: How does a large urban river cool the littoral areas? Does the urban built envi-
ronment have an impact on the water cooling effect? Subsequently, three objectives were
raised:

(1) To reveal the spatial distribution of air temperature (AT) and relative humidity (RH)
near the river in the daytime and nighttime;
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(2) To quantify the heat stress conditions by heat index (HI) and its spatial pattern in the
littoral area;

(3) To investigate the impacts of the urban built environment and the distance from the
river bank on the water cooling effect within the littoral areas.

2. Materials and Methods
2.1. Study Area and Route Description

Wubhan (29°58'-31°22" N, 113°41'-115°05" E) is one of China’s megacities and is lo-
cated in the central region (Figure 1). Over the past decade, rapid urbanization has led to
the growing UHI phenomenon, which places Wuhan in top tier of the hottest cities in
China. The Koppen Climate Classification is Cfa, Humid Subtropical Climate. The average
annual temperature is 17.5 °C, the average annual rainfall is 1269 mm and the total annual
sunshine hours range from 1810 to 2100 h. The prevailing wind direction is southeast in
summer and northwest in winter. Wuhan features a long summer period from June to
September, with a maximum temperature of 37-39 °C, abundant rainfall and typically low
wind speed. Known as the River City, Wuhan is built along the Yangtze River, which
flows through the city with an average width of 1.3 km. Open waterbodies are not only
essential for hydrological and carbon cycles [9,23], but also play an important role in reg-
ulating urban climate [47].

To investigate the water cooling effect in urban areas, we selected a relatively typical
urban area near the Yangtze River to conduct the mobile measurement. The density and
height of surrounding buildings are moderate. The survey points arrayed along two
routes: Yuanlin road (YL) and Jianshe 1st road (JS). Both start from the riverside and have
the same orientation, i.e., approximately perpendicular to the river. The two routes, less
than one kilometer from each other, provide 35 survey points within a 1.8 km distance
from the riverbank to collect temperature and humidity data. The locations are shown in
Figure 1 and the detailed surrounding environment is shown in Figure 2.

Figure 1. Study area and the measurement routes.
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Figure 2. Survey points and the surrounding built environment: (a) Jianshe 1st Road; (b) Yuanlin
Road.

2.2. Field Measurements

HOBO U23 Pro V2 data loggers were used to collect air temperature (AT) and relative
humidity (RH). The operation ranges were —40 °C to 70 °C and 0% to 100%, the accuracies
were (0.2 °C and +2.5% and the resolutions were 0.04 °C and 0.05%, respectively. To avoid
direct sunshine, each HOBO sensor was sheltered under a ventilated solar shelter. The
sensors were set at a 1.5 m height and logged at a time interval of one second. Meanwhile,
a portable GPS device (Magellan eXplorist 310) was used to record the location during the
mobile measurement.

The measurement was taken on 21 July 2018, an extremely hot day with a clear sky
and calm weather. The average daily temperature was 32.72 °C, the maximum tempera-
ture was 38.40 °C and the average daily wind speed was 1.50 m/s. The details of the
weather conditions are listed in Table Al. The sensors were calibrated before the meas-
urement and the data collected from different routes were corrected using the difference
between the calibration values. The mobile measurement was taken during both daytime
(9:00-10:30) and nighttime (22:00-23:30). A total of 35 survey points were set in the two
routes (Figure 2) and the distances between the points ranged from 50 to 200 m. Between
each measurement point, the equipment was ensured to stabilize for at least 20 s; after-
wards, it stayed for 2 min for data collection before moving to the next point.

2.3. Survey Data Preprocess

For each point, the data collected in the first 20 s were removed for the stabilized
periods, and the data of the remaining 100 s and the last 10 s were then compared. The
correlations between these two periods were almost equal, with R? above 0.99 and the
slope nearly equaling 1 (Figure A1). Therefore, the equipment was deemed to be stabilized
and the data during the last 100 s were averaged for each survey point.

To limit the impact of background weather, the duration of each transect measure-
ment was no more than 90 min. Then, we corrected the temporal change of background
AT and RH for the transect survey points based on the data from the National Meteoro-
logical Observation Station (No. 57494) (Figure 2). The hourly air temperature and relative
humidity data on the measurement day were obtained (Table A1) and the measured AT
and RH were corrected by a linear detrending for each route [48,49].
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2.4. Heat Stress

Then, we further examined the impact of the river on apparent temperature and
quantify the littoral heat stress at the pedestrian level. The apparent temperature is af-
fected by air temperature, relative humidity, solar radiation, wind speed, air pressure,
clothing condition, etc., and was proposed to assess sultriness in high temperature and
humidity conditions [50]. As a simplified version of apparent temperature, Heat Index
(HI) has become a popular heat exposure metric in thermal comfort and environmental
health [51]. It is a primary indicator used by the US National Weather Service (NWS) be-
cause it is closely relevant to heat-related morbidity [52] and it has been employed to in-
vestigate thermal comfort in some Chinese cities [20,53]. HI measures how the tempera-
ture feels to the human body [54] by combining the effects of air temperature and relative
humidity [55]. Focusing on the apparent temperature under a relatively high temperature,
high humidity and low wind speed, HI was selected subsequently and calculated as
shown in Equation (1) [51]:

HI =-42.379 +2.04901523 T + 10.14333127 R — 0.22475541 T R - 0.00683783
)
T2 - 0.05481717 R2 + 0.00122874 T2 R + 0.00085282 T R2 - 0.00000199 T2 R2
where T was air temperature (AT in degrees Fahrenheit) and R was the relative humidity
(RH) [56].

2.5. The Urban Built Environment

The measured area is located in the southeast of the Yangtze River and all the roads
are parallel or vertical to the riverbank (Figure 1). This area is dominated by mid- and
high-rise buildings (no more than 100 m), with relatively moderate building density and
urban greening. The built environment at the local scale usually includes street location,
building geometry and vegetation cover. Since the survey points of this study were dis-
tributed in the streets with the same orientation, the impact of the built environment was
considered to be mainly from urban greening and building morphology. To quantify the
urban greening coverage around the survey points, NDVI-based Fractional Vegetation
Cover (FVC) was used. The Sentinel-2A imagery (10 m resolution multispectral) obtained
on July 29, 2018, with a cloud cover percentage of 1.59%, was employed to calculate the
NDVI. Both the image date and time were very close to that of our field measurement.
Therefore, the selected imagery can generally represent the green coverage on the day of
the measurement. Initially, the NDVI was calculated as shown in Equation (2):

NDVI = (NIR - RED)/(NIR + RED) @)

where NIR was the Band 8 (central wavelength 842 nm) of Sentinel-2 and RED was the B4
(central wavelength 665 nm), respectively. Then, the fractional vegetation cover (FVC)
was derived by scaling NDVI based on a dense vegetation mosaic-pixel model [57,58], as
shown in Equation (3):

FVC = (NDVI - NDVI)/(NDVI. - NDVL) 3)

where NDVIs was the NDVI of bare soil and NDVI. was the NDVI of pure vegetation.

To quantify the urban morphology, four commonly used indicators were selected
from both 2D (two-dimensional) and 3D (three-dimensional) perspectives [40,41,43,44,59—
63]. The 2D indicator was building density (BD) and building height (BH). The 3D indica-
tors were sky view factor (SVF) and floor area ratio (FAR). Lan and Zhan [41] revealed
that 200 m was an optimal spatial scale for examining the AT-building relationship in
Wuhan, so we calculated the morphological indicators at a 200 m scale (i.e., with a buffer
radius of 100 m around each point). The details of the indicators and their formula can be
found in Table 1.



Sustainability 2022, 14, 11700

6 of 17

Table 1. Definition and formula of the selected building morphological indicators.

Definition Formula

ND
Sky View Factor SVF = 2m — Z Sy
d

(8 as the max); Sud is

d
The fraction of the visible sky dis the azimuthal direction

on a hemisphere of a central
point

SVF
the surface of the hemisphere obstructed by

buildings in the azimuthal direction d [64]
n
Building Density BD = i Ci/CL
BD  The percentage of the land sur-
face covered by buildings

Ciis the coverage area of the building; Cv is the
land area at a spatial scale of interest

Building Height CL
BH  The area-weighted average Ciis the coverage area of the building; Hiis the
height of the buildings height of the building; Cv is the land area in the

certain spatial scale

= LG+ Fi/
Floor Area Ratio FAR = CL
FAR The ratio between the total Ciis the coverage area of the building; Fi is the

floor area and the land area number of floors; CL is the land area in the cer-

tain spatial scale

2.6. Data Analysis

A third-order polynomial method was used to determine the maximum distance
where the cooling effect of the river could reach [23,65]. The inflexion distance was calcu-
lated from the fitting curve of the distance—~AT/RH function, which indicated that the mi-
croclimatic variables were no longer affected by the river beyond this distance.

To examine the relationship between the microclimate variables and morphological
indicators, Pearson correlation and unary linear regression analyses were conducted.
Then, taking the microclimatic variables as dependent variables, we used a stepwise mul-
tivariable regression model to analyze the potential impact factors, including distance
from the riverbank, urban greening and building morphological indicators. The data anal-
ysis of this study was conducted in SPSS 22.0 and R version 4.0.0.

3. Results
3.1. The Cooling and Humidifying Effect of the River

As shown in Table 2, AT showed a range of 32.74-36.29 °C in the daytime and a range
of 31.23-32.33 °C in the nighttime. The measured daytime RH ranged from 50.82% to
68.07% and the nighttime RH from 63.58% to 71.92%. Overall, the temperature was higher,
the humidity was lower, and the standard deviation was larger during the daytime than
that during nighttime. Additionally, there was a linear relationship between RH and AT
(Figure 3) of the survey points, with the determinate coefficient of 0.907 in the daytime
and 0.916 at night. The negative correlation between AT and RH implied simultaneous
cooling and humidifying by the river.

Table 2. Statistic summary of measured AT and RH.

Min Max Mean STD Range
AT (°C) Daytime 32.74 36.29 34.72 1.22 3.55
Nighttime 31.23 32.33 31.86 0.31 1.10
RH (%) Daytime 50.82 68.07 56.87 5.67 17.25
Nighttime 63.58 71.92 66.29 2.06 8.34

Note: STD means standard deviation.
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Figure 3. Correlation between relative humidity and air temperature.

Figure 4 described the spatial distribution of littoral AT and RH. With the the dis-
tance from the riverbank (DIST) rising, the air temperature increased while the relative
humidity decreased. Both AT and RH have cubic polynomial relationships with DIST. A
higher coefficient was presented in the daytime for both the DIST-AT relation (R?=0.936)
and DIST-RH relation (R? = 0.910) than that in the nighttime (0.734 and 0.855, respec-
tively). The inflexion distances of those cubic polynomial functions, which means the turn-
ing point of the curve and the distance of the highest or lowest values, were 1741 m for
daytime AT, 1253 m for nighttime AT, 1369 m for daytime RH and 1170 m for nighttime
RH. The cooling and humidifying extent during the daytime is much larger than that at
night, for instance, the daytime cooling distance is 488 m and the daytime humidifying
distance is 199 m farther than nighttime. Those distances indicated the furthest microcli-
matic influence that the Yangtze River could reach in the selected routes. Therefore, the
points located out of the inflexion distances were excluded in the regression analysis in
the subsequent multiple regression.

Taking the data from a national weather station in Wuhan (No. 57494) as a reference,
we extracted the AT and RH during the hour of the mobile measurement. As shown in
Figure 4, the dashed lines represent the background urban climate conditions. The inter-
section points between the reference line and the measurement trends appeared at around
1100 m for AT and 1000 m for RH in the daytime, which was much further than that in
the nighttime, with roughly 400 m and 600 m, respectively. This indicates that, compared
to the background weather condition, the cooling effect of the Yangtze River can extend
to around 1000 m during the day and about 500 m at night.

Daytime Nighttime Daytime Nighttime

37.0 80.0
) 36.0 &) ;\? 750 4
12 2 Y St 3
~35.0 R*=0.936 background AT = 70.0 A A K R*=0.855
g in the daytime = R4 Bl L) o o _l?nckgrol.null.{ll
g 340 A E 65.0 A \ 2 N X b in the nighttime
i S
2330 = 60.0
£ R 20734 250 R:=0910
=3 YPHOE = 55. 5
= 32 ) " o background AT = A A — e 1 background RH
Z31.0 in the nighttime & 500 - in the daytime

30.0 e 450 +—+——— —————————— i

0 500 1000 1500 2000 0 500 1000 1500 2000

Distance from the river bank (m) Distance from the river bank (m)

Figure 4. Spatial variation of air temperature and relative humidity.

3.2. Assessment of Littoral Heat Stress

As shown in Figure 3, the AT and RH of the survey points showed a negative rela-
tionship, which may exert the opposite effect on the apparent temperature. Therefore, HI,
defined as apparent temperature, was selected to assess the heat stress by considering
both AT and RH and its spatial variation, as illustrated in Figure 5. HI showed a linear
relationship with DIST in the daytime, with the coefficient at 0.738. Similar to Section 3.1,
we took the background HI value as a reference line and found that the intersection point
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of the daytime appeared at nearly 1200 m, which was close to that of AT and RH. During
the nighttime, only a weak correlation between the HI and distance from the riverbank
presented, and most of the survey points showed higher HI values than the background
reference level. This implied that during the daytime, the temperature reduction from the
waterbody could offset the disadvantage of the humidity promotion in the littoral zone.
However, at night, humidity promotion played a bigger role and there was a slightly neg-
ative effect for littoral heat stress.

Daytine Nighttime
46.0
R*=10.738

-~ 4490 1 = S P A0 ey L _ _ _| background HI
%) in the daytime
w420 3
32
E
§ 40.0 - R*=0.116
T [8e%ryiseeteen s FFHTEF TS background HI

380 in the nighttime

36.0 —— T y T . T T T

0 500 1000 1500 2000

Distance from the riverbank (m)

Figure 5. Spatial variation of the heat index.

To further investigate how HI was affected by AT and RH, the relationships between
them are plotted in Figure 6. Overall, the AT-HI relations were positive, and the RH-HI
relations were negative. Additionally, there were some data points present as outliers dur-
ing the daytime (Figure 6a,b). These outliers came from the first nine survey points in the
near-shore area (Figure 6e). After excluding them, the HI showed a linear relationship
with AT (R?=0.944) and RH (R?=0.695). This pattern persisted during the night, but those
nine outlier points had a weaker influence on the correlations. The spatial anomaly may
be due to the uneven urban form of the littoral area. The first nine points were located in
the areas transecting from the open space near the river to the built environment. There is
a green belt and a city road with few buildings along the riverside. The cold, damp air
from the Yangtze River spreads to the littoral area and the humidity decreases gradually.
Due to the lack of building obstruction, the humidity in the near-shore area is particularly
high and led to higher HI values than expected. Since the near-shore area does not have a
typical urban built environment, the first nine points were excluded in the regression anal-
ysis in the next step. This also underlined the necessity of exploring the impact of the
morphological indicators of the built environment on the cooling effect of the urban river.

* other points  « the first 9 points  other points the first 9 points

46.0 46.0
450 N 50 L
% 140 o S | SE. the first 9 points
z RZ=0.944 ve® Z *e 5. RI=0.695 P
2 430 s £ 130 Sl [ 1
= . & .
S 420 v o s 420 Ao te
2410 o S A =410 ¢ .

.
400 | T T T T ! 400 T T T
320 330 340 350 360 370 (b 50.0 55.0 60.0 65.0
(a) AT Day (°C) ) RH_Day (%)
= other points e the first 9 points = other points e the first 9 points

395 395
00 | . et 5390 e * . .
z . . de g '
Fass o Tt % s R
b *e ;7 * TR2=0341 b ¢ et
£380 Z 380 R2=0.546

375 | T T : 375 | . . : , :
(C) 312 317 322 327 (d) 620 640 660 680 700 720 7

AT_Night (°C) RH_Night (%)

Figure 6. Relationships between HI and AT/RH: (a) HI-AT_Day; (b) HI-RH_Day; (c) HI-AT_Night;
(d) HI-RH_Night; (e) location of the first nine survey points. The red dot represents the data of the
first nine survey points, and the blue dot represents the data of other survey points.
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3.3. Impact of the Urban Built Environment

Table 3 summarized the main features of selected indicators, which describes the
morphological conditions of greening and building along the measurement routes. FVC
ranged from 0.10 to 0.67, with the regularly planted street trees for the sidewalk, an urban
park beside Yuanlin Road and a university campus adjacent to Jianshe Road. As the street
width along the survey routes was about 40-60 m, SVF has a mean value of 0.82 and the
maximum value, which was obtained at the riverside, was nearly 1.00. BH reached up to
65 m and had an average height of 21.54 m. BD and FAR of the survey site had a mean
value of 0.17 and 3.37, respectively, and reached a maximum of 0.33 and 9.12 separately.
Considering the potential relations between building morphological indicators, we exam-
ined the Pearson correlation coefficients between SVF, BD, BH and FAR (Table 4), and
found that FAR significantly correlated with SVF, BD and BH.

Table 3. Statistic of urban greening and morphological indicators.

Min Max Mean STD

FVC 0.10 0.67 0.29 0.15
SVF 0.63 1.00 0.82 0.11
BD 0.00 0.33 0.17 0.09

BH 0.00 65.40 21.54 17.41

FAR 0.00 9.12 3.37 2.20

Note: STD means standard deviation.

Table 4. Pearson correlation coefficient between SVF, BD, BH and FAR.

SVF BD BH FAR
SVF 1 -0.328 -0.582 ** -0.747 **
BD -0.328 1 -0.129 0.350 *
BH -0.582 ** -0.129 1 0.716 **
FAR -0.747 ** 0.350 * 0.716 ** 1

Note: ** significant at 0.01 level (two-tailed). * significant at 0.05 level (two-tailed).

Stepwise multivariable regression analysis was applied to investigate the relation-
ship between the microclimate variables and the built environment features. Other than
five indicators of greening and building morphology, DIST was also involved in the anal-
ysis. The first nine points in the near-shore area were excluded for their lack of represent-
ativeness of the morphological conditions (see Section 3.2), and the points exceeding the
inflexion distance were also not included because they were out of the impact zone of the
Yangtze River (see Section 3.1). Consequently, the regression analysis involved 25 points
for daytime AT, 17 points for nighttime AT, 19 points for daytime RH, 15 points for
nighttime RH and 26 points for daytime HI, respectively. Nighttime HI is not presented
here, as it showed no apparent variations along with the routes at night, which is illus-
trated in Section 3.2.

The regression result presented in Table 5 showed that DIST was the dominant factor
to influence AT and RH in both the daytime and nighttime. This reconfirmed the signifi-
cant cooling effect of the large river. Among the selected indicators, FVC, together with
DIST, played an important role in the daytime with the adjusted R? of 0.831 for AT and
0.820 for RH. In the nighttime, FAR and DIST affected both AT and RH, with the adjusted
R? being 0.685 and 0.897, respectively. Similar to AT and RH, daytime HI was mainly in-
fluenced by DIST and FVC with the adjusted R? of 0.821. Although the littoral thermal
environment is complex and dynamic, the regression results indicated the urban built en-
vironment has significant impact on the cooling and humidifying effect of the urban river.
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Table 5. Multiple regression results.

Unstandardized Standardized Collinearity
Coefficients Coefficients t p-Value Statistics Adjusted R?

B SE Tolerance VIF

Daytime AT (constant) 33.788  0.234 144.686 0.000 0.831
(n = 25) DIST 0.002 0.000 0.876 10.417 0.000 0.996 1.004
FVC -1.135 0.419 -0.228 -2.712 0.013 0.996 1.004

. . (constant) 30.841  0.196 157.383 0.000 0.685
ng(}r‘lttzlri‘;)AT DIST  0.001  0.000 0.973 5969 0000 0742 1347
FAR 0.081 0.021 0.640 3.927 0.002 0.742 1.347

Daytime RH (constant)  58.270 0.707 82.389 0.000 0.820
=19 DIST -0.006  0.001 -0.890 -8.817 0.000 0983 1.017
FVC 4.272 1.187 0.363 3.600 0.002 0.983 1.017

(constant)  70.120 0.732 95.824 0.000 0.897
Nighttime RH DIST -0.006 0.001 -1.005 -10.637 0.000 0.828 1.207
(n=15) FAR -0.226 0.074 -0.360 -3.062 0.011 0.534 1.874
FVC 2.262 0.765 0.329 2.958 0.013 0.597 1.676

Daytime HI (constant)  40.422 0.378 106.938 0.000 0.821
(n = 26) DIST 0.003 0.000 0.897 10.602 0.000 1.000 1.000
FVC -1.536 0.707 -0.184 -2.173 0.040 1.000 1.000

Note: B means unstandardized coefficients; SE means standard error of the estimate; Standardized
Coefficients means coefficients based on multiple linear regression with standardized input; t means
t-value from a two-sided t-test; VIF means variance inflation factor.

4. Discussion
4.1. Cooling Effect of the Large River

Through mobile measurement, this study revealed that the large river had a great
cooling effect on the surrounding built environment in the daytime and a weak cooling
effect in the nighttime. For instance, during the daytime, the temperature reduction was
up to 3.55 °C and the influence extended 1741 m away from the riverbank, which was
much greater than most conclusions from previous studies [9,10,23]. In the nighttime, alt-
hough previous studies observed very weak cooling of 0.37 °C in Seoul [23] and not evi-
dent cooling [9] or relative warming in Sheffield [10,13], we found slight but not negligible
cooling with temperature reduction of 1.10 °C and influence distance of 1253 m. One pos-
sible reason is that the Yangtze River is the largest in China, with a river width of approx-
imately 2 km near the survey routes. The huge heat capacity of the large river makes its
temperature rise very slowly [66], so it still maintains a lower temperature than the urban
surface at night.

Except for the cooling effect, the large river shows a humidifying effect at the same
time. In the hot summer season, As the RH becomes higher, it makes it difficult for the
skin surface to reduce temperature by evaporation of sweat [67], which may lead to ther-
mal discomfort [35,68,69]. As a result, HI is a better index to assess the impact of water-
body on the littoral heat stress as it considers AT and RH simultaneously. This study
found a great reduction in daytime HI and a slight increase in nighttime HI by the river.
The daytime HI values of survey points were lower than the background HI of the city
when within 1200 m from the riverbank. However, in the nighttime, HI values showed a
trivial change in the littoral zone and HI was slightly higher than the background HI of
the city. This meant that the benefits of AT cooling can offset the negative impact of hu-
midifying during the daytime, but not in the nighttime. In addition, the daytime HI had a
strong negative relation (R? = 0.738) with the distance from the riverbank. This is in line
with the study in Shanghai [20],which claimed that urban waterbody can effectively im-
prove thermal comfort and areas closer to the waterbody had greater benefits.
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4.2. Influence of the Urban Built Environment

The influence of the urban built environment on water cooling effect cannot be ig-
nored [66,70]. The microclimatic influence of the urban waterbody has been shown as the
decrease in temperature and the increase in humidity in littoral areas. Our study con-
firmed temperature and humidity changes but revealed that the modification of the litto-
ral thermal environment presents spatial anomaly by examining the HI-AT and HI-RH
relations (shown in Figure 6) in the near-shore area, where the urban form was uneven.
In other words, the built environment of the near-shore area, with much lower building
coverage, resulted in higher daytime heat stress than expected. This finding highlighted
the impact of the littoral built environment on cooling effect of the river.

In littoral areas with relatively moderate urban morphology, we found that the dis-
tance from the riverbank is one of the most influential factors affecting the water cooling
effect, which was verified in the current literature [23,46]. Additionally, vegetation cover-
age was demonstrated to exert a second important impact (except for the distance) on AT,
RH and HI, especially in the daytime. Our finding extended the understanding of cooling
provision by urban greening, from playing a role in urban areas [32,35] and increasing
water-cooling on the riverbank [9], to enhancing water cooling effect hundreds of meters
away from the riverbank and contributing to mitigating heat stress at the pedestrian level
during the daytime. In the nighttime, our findings implied that building morphology
played a more important role than greening. It was consistent with the conclusion from
Lan and Zhan [41] that most of the building—AT relations in Wuhan were significant dur-
ing nighttime rather than the daytime. In detail, FAR entered two nighttime models in
stepwise regressions and we found that a smaller FAR contributed to cooling and humid-
ifying effects. This is because urban buildings would block the cold damp air from the
river and a lower building volume can benefit to the propagation of cooling [71]. Addi-
tionally, FAR appeared to be an important variable in the nighttime models instead of the
daytime models, possibly confirming the important thermal influence of the heat storage
released at night from building materials [39,40,72,73]. According to the regression results,
SVF did not have a significant impact on microclimate variables in this study, although it
correlated significantly with FAR (r =-0.747). This may be because we only calculate SVF
based on 3D building data and not involve the impact of street trees. Since FAR compre-
hensively measures the three-dimensional space occupation of buildings (Table 4), the
impact of FAR on littoral microclimatic variables in our result was also the combined in-
fluence of building density and height.

4.3. Implications for Urban Planning and Design

China is making efforts to beat urban heat [74], aiming to build a climate-resilient
society by 2035 and striving to preserve the green and blue spaces in urban areas [75].
There are many cities along the rivers, canals, lakes and coastal regions [45], which have
the natural advantage of utilizing the cooling effects of the waterbody to mitigate urban
heat stress during the summer days. It is warranted to understand the mutual impacts
between the urban waterbody and the littoral built environment [76]. The findings of this
study revealed the great potential of the large river for providing cooling benefits in sum-
mer daytime and contributing to mitigating pedestrian heat stress in littoral areas. For
large rivers such as the Yangtze River, a microclimate-sensitive zone with a width of no
less than 1 km or half of the river width, shall be set along the riverside. Climate-sensitive
urban planning and design, including land-use planning, urban geometry design and ur-
ban greening, is warranted in this area. For example, green space is strongly recom-
mended and street trees are also effective to enhance the water cooling effect. This offers
urban residents the opportunity to benefit from cooling effect of blue and green spaces
synthetically. Meanwhile, it should be noted that, despite the temperature reduction, riv-
ers slightly increase pedestrian heat stress at night. Hence, the land-use type mainly used
during the daytime, such as schools, hospitals and office buildings, are more favorable in
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this area than the land-use type mainly occupied at night, such as residential buildings.
In this area, the building form should be strictly controlled and the FAR is the primary
index. Less densely distributed and moderately shorter buildings are conducive to the
cooling extension of the large river. Those strategies for urban planners and designers
would help to make good use of the cooling effect of the large river for UHI mitigation
and support the building of climate-adaptive communities and climate-resilient cities.

4.4. Limitations and Future Research Directions

There are some limitations in this study to inspire future research. First, only one-day
data was collected through mobile measurement and each round took 90 min in the morn-
ing and evening, respectively. Future studies are expected to involve a longer survey pe-
riod and more data points to explore the thermal environment in the littoral zone of the
urban river. Second, given the typically low background wind speed and relatively ho-
mogeneous built environment, this study mainly measured air temperature and relative
humidity. Other microclimate variables (i.e., mean radiant temperature, specific humidity
and wind conditions) are essential for measuring thermal comfort and their interactions
with urban morphological factors [46]. Considering the complexity and dynamics of the
urban environment, a comprehensive assessment of the littoral built environment, includ-
ing more influential factors such as building materials, vegetation species, human behav-
iors, etc. [77], will deepen our understanding of the interaction between the water cooling
effect and the littoral built environment. Third, as the cooling potential of a waterbody
may vary across different seasons [66], it is warranted to investigate whether the findings
in this study are consistent in other seasons. Additionally, as this study measured two
routes in the same orientation, another possible direction is to include different street ori-
entations in the future to investigate its impact on the extension of the water cooling effect
[36].

5. Conclusions

We presented the spatial distribution of air temperature and relative humidity by
mobile measurement and applied the heat index to assess pedestrian heat stress on a hot
summer day near the Yangtze River. Thereafter, the relationships between the microcli-
matic variables and the urban built environment factors within the influence distances
were analyzed. The main conclusions can be summarized as follows:

1. Thelarge river showed great cooling and humidifying effect during the daytime. The
temperature reduction was up to 3.55 °C with an influence distance of 1741 m away
from the riverbank. The humidity increased up to 17.25% with an influence distance
of 1369 m. In the nighttime, the cooling and humidifying effect still existed but was
much weaker than daytime.

2. Considering both the influence of temperature and humidity, the river can signifi-
cantly mitigate the pedestrian heat stress by reducing the heat index within 1200 m
from the riverbank during the daytime but showed a weak negative effect in the
nighttime.

3. A high level of vegetation cover in littoral areas can enhance water-cooling and hu-
midifying and contribute to mitigating pedestrian heat stress during the daytime.
Building morphology had a significant influence in the nighttime. Lower FAR could
be beneficial for nighttime cooling and humidifying.

The analysis results of this study can provide suggestions for urban planning and
design of littoral zones to better utilize the water cooling effect of urban waterbodies.
Those strategies can be incorporated as part of mitigation and adaptation strategies.
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Appendix A

Table Al. Weather condition on the measurement day (21 July 2018).

Time (h) AT (°0O) RH (%) WS (m/s) WD (°)
00:00 28.00 87 0.0 120
01:00 27.50 89 0.1 283
02:00 27.00 91 0.0 292
03:00 26.80 91 0.0 263
04:00 26.60 94 0.0 262
05:00 26.60 96 0.0 35
06:00 26.50 97 0.0 *
07:00 29.40 89 0.6 59
08:00 33.00 65 1.9 127
09:00 34.50 57 23 135
10:00 35.60 53 21 102
11:00 36.20 51 1.8 99
12:00 36.60 49 2.1 215
13:00 37.10 47 0.5 288
14:00 37.60 44 25 333
15:00 38.10 44 2.8 9
16:00 38.40 41 25 6
17:00 38.00 43 24 3
18:00 37.30 45 1.6 346
19:00 35.10 54 1.3 356
20:00 33.20 64 1.3 10
21:00 33.50 64 3.3 32
22:00 32.90 62 4.1 42
23:00 31.70 66 2.6 28

* No data. Data source: http://www.wunderground.com/ accessed on 21 July 2021.
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Figure Al. Correlations between these two periods were almost equal, with the R? above 0.99 and
the slope nearly equal to 1.
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