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Abstract: Problems such as the expansion of impervious areas and changes in underlying surfaces
have occurred in cities due to rapid urbanization, along with an increasing probability of extreme
rainfall. Based on the normalized building index (NDBI) of underlying surfaces, calculated from
remote sensing images in the Pearl River Delta from 1990 to 2020, this study determines the underlying
surface changes in the Pearl River Delta. Based on the hourly rainfall data of meteorological stations
in the Pearl River Delta region from 1990 to 2020, the extreme rainfall indexes are calculated to
analyze the changes in extreme rainfall in the Pearl River Delta. Based on the NDBI of underlying
surfaces and extreme rainfall calculated in the Pearl River Delta, the evolution of underlying surfaces
and extreme rainfall is analyzed, as is the correlation between them, and the main conclusions are as
follows: (1) From 1990 to 2020, the NDBI in highly urbanized areas in the Pearl River Delta was higher
than that in non-highly urbanized areas. The NDBI in highly urbanized areas showed an increasing
trend, and the growth rate tended to slow down; (2) From 1990 to 2020, extreme rainfall in highly
urbanized areas of the Pearl River Delta was higher than in non-highly urbanized areas. Extreme
rainfall in both highly urbanized areas and non-highly urbanized areas showed an increasing trend,
with that in highly urbanized areas increasing faster; (3) The positive correlation between the NDBI
and extreme rainfall indicators in highly urbanized areas is more significant than that in non-highly
urbanized areas.

Keywords: urbanization; urban underlying surface; extreme rainfall

1. Introduction

The urbanization process has been accelerating around the world in recent years,
especially in China, where the urbanization rate has increased rapidly since the reform and
opening up. The urbanization rate in China has surged to 63.89% in 2020 from 17.92% in
1978 [1].

The process of urbanization transforms the ground, destroys the original natural
surface vegetation coverage, and replaces it with hardened roads and buildings, which
reduces the water and heat exchange and the connection between the atmosphere and soil
in urban areas [2,3]. This changes the physical and chemical properties of the underlying
surface, changes the flow generation and confluence characteristics in urbanized areas,
reduces soil infiltration and evapotranspiration, and changes the original water and heat
balance on the surface [4].

Rapid urbanization development has also brought many problems to cities, including
changes in the underlying surface, increases in urban impermeable areas, heat island effects
and rain island effects caused by the changing of natural conditions, as well as common
urban problems such as urban waterlogging and environmental pollution caused by the
failure of rapid renovation of urban facilities [5]. The main characteristic of the urbanization
process is that the natural land surface is covered by impervious surfaces [6]. The process
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of urbanization transforms the ground, destroys the original natural surface vegetation
coverage, and replaces it with hardened roads and buildings, which reduces the water and
heat exchange and the connection between the atmosphere and soil in urban areas [7,8].
This changes the physical and chemical properties of the underlying surface, changes the
flow generation and confluence characteristics in urbanized areas, reduces soil infiltration
and evapotranspiration, and changes the original water and heat balance on the surface [9].

Extreme rainfall has been evident over the past decades. China has seen a significant
increase in regional extreme rainfall events since the middle of the last century [10-12].
Globally, DONAT et al. [13] pointed out that global extreme precipitation will continue to
intensify in the 21st century; JUNG et al. studied the precipitation in South Korea from
1973 to 2005 and found that the local extreme rainfall in summer has a significant increasing
trend [14]; KARAGIANNIDIS [15] studied the daily rainfall data of 280 meteorological
stations in Europe from 1958 to 2000, calculated local extreme rainfall indicators, and
pointed out that the probability of extreme rainfall has decreased. Ren Zhengguo et al. [16]
studied the changing patterns of multiple extreme rainfall indicators in southern China and
pointed out that indicators such as rainfall intensity and maximum five-day precipitation
showed an increasing trend, while the number of consecutive rainfall days showed a
decreasing trend; Zhu Xiudi et al. [17] used Beijing’s global analysis of hourly rainfall data
from 20 automatic weather stations in the district from 2011 to 2015 and found that there
are large differences in rain patterns and rainfall days between urban and suburban areas.
The high-value centers of rainfall intensity and rainfall duration are mainly in urban areas.
Wu Xiaoging et al. [18] chose the daily rainfall data of 43 stations in the Pearl River Delta
and found that the patterns of the extreme rainfall showed an upward trend from the west
to the east in the Pearl River Delta. And over the past fifty years, the trend of areas with
large changes in extreme rainfall has gradually weakened, while the trend of areas with
smaller changes has increased.

The earliest study on the relationship between urban underlying surface changes
and rainfall came from Horton’s 1921 study on the frequency of heavy rainfall in urban
areas and suburbs of several large cities in the United States, which showed that the
frequency of thunderstorms is higher in urban areas than that in suburban areas [12]. In the
1970s, Changnon (1971) carried out the meteorological observation experiment program
METROMEX in the St. Louis area of the United States and found that rainfall is significantly
enhanced at 25 to 75 km downwind from the city center, and this enhancement effect is
most obvious in summer [19]. Changnon (1992) found that the impact of urban underlying
surfaces on rainfall is positively correlated with the urban coverage area [20]. Chen Xiuhong
etal. [12] studied hourly rainfall data in Guangzhou from 1984 to 2015, analyzing the impact
of urbanization on rainfall, and found that urbanization has a significant impact on rainfall
in urban areas and downwind areas of Guangzhou. And the rainfall duration becomes
shorter with the rainfall intensity increasing. Rupa et al. [20] studied the extreme daily
rainfall in the suburbs of Berlin and pointed out that the relationship between extreme
daily rainfall and the city gradually increases from the suburbs to the urban areas. At
present, the academic community has not clarified the reasons why the underlying surface
affects extreme rainfall in urban areas, but there are three main theories [21]: the urban heat
island effect enhances the convection in the atmospheric boundary layer, forming a water
vapor convergence zone in urbanized areas; the urban surface is rough, and the increase in
temperature is conducive to the formation of water vapor convergence centers; aerosols
in urban areas change the composition of atmospheric pollutants and provide sufficient
condensation nuclei for the occurrence of rainfall [22,23]. However, the impact mechanisms
in different regions are also expressed in different ways, and a specific analysis needs to be
carried out according to the actual region [24,25].
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2. Materials and Methods
2.1. Study Area

The study area selected in this paper, as shown in Figure 1, is in the Pearl River Delta
region in the central and southern parts of Guangdong Province, including nine cities:
Guangzhou, Foshan, Zhaoqing, Shenzhen, Dongguan, Huizhou, Zhuhai, Zhongshan, and
Jiangmen. The latitudinal and longitudinal extension is from 21°27" N (Jiangmen City)
to 24°24’ N (Zhaoging City) and from 111°21’ E (Zhaoqging City) to 115°28’ E (Huizhou
City), respectively, covering a total area of 55,368.7 square kilometers, which accounts for
less than one-third of the land area of Guangdong Province, but is home to 53.35% of its
population and generates 79.67% of its economic output.
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Figure 1. Study areas and meteorological stations.

The Pearl River Delta region has a subtropical monsoon climate, with an average
annual temperature of 21-23 °C and an average annual rainfall of over 1500 mm, with
the rainy season occurring from April to October. The Pearl River Delta urban agglom-
eration is one of the three super-city clusters in China and has experienced rapid urban
expansion. The permanent population of the Pearl River Delta urban agglomeration has
grown from 17.974 million in 1980 to 64.469 million in 2019, and the urbanization rate has
increased from 28.4% in 1980 to 86.3% in 2019. The rapid urbanization process has brought
economic benefits but also many problems, such as changes in underlying surfaces due to
urbanization, affecting the surface heat balance and water balance and influencing extreme
precipitation events [26].
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There are significant intercity differences in the level of urbanization in the Pearl River
Delta urban agglomeration, with the total population showing a concentrated distribution.
As of 2012, the urbanization rates of Shenzhen, Guangzhou, Dongguan, Foshan, Zhuhai,
and Zhongshan were all above 85%, gathering more than 75% of the population in the
Pearl River Delta region. The urbanization rates in other areas were all below 70%, with
some areas not exceeding 50% [27]. To explore the evolution of the underlying surface and
extreme rainfall in the Pearl River Delta cities, the region was divided into highly urbanized
areas and non-highly urbanized areas based on factors such as population density, Gross
Domestic Product (GDP), and urbanization rate. Representative meteorological stations
were selected from the highly urbanized areas including Guangzhou—with Zengcheng and
Conghua District excluded—Shenzhen, Dongguan, Foshan—with Gaoming and Sanshui
district excluded—Zhongshan, and Xiangzhou District in Zhuhai, while for non-highly
urbanized areas, representative meteorological stations were selected from Zhaoqing,
Zengcheng District in Guangzhou, Huizhou, and Jiangmen, as shown in Table 1. The focus
was on comparing the differences in the evolution of underlying surfaces and extreme
rainfall characteristics between the highly urbanized areas centered around Guangzhou and
Shenzhen and the surrounding areas, to some extent reflecting the impact of underlying
surfaces and extreme rainfall in the Pearl River Delta region. The division of highly
urbanized areas and non-highly urbanized areas is shown in Figure 1.

Table 1. Information on meteorological stations.

Longitude/ Latitude/

Station Decimal Decimal Altitude/m Station Time Series
Number Name
Degree Degree
59271 112.43 23.63 57.3 Guangning 1990-2020
59278 112.45 23.03 41 Gaoyao 1990-2020
59287 113.48 23.22 41 Guangzhou 1990-2020
59288 113.12 23.03 3.1 Nanhai 1990-2020
59289 113.73 22.97 19.8 Dongguan 1990-2020
59294 113.83 23.33 38.9 Zengcheng 1990-2020
59298 114.37 23.07 224 Huiyang 1990-2020
59478 112.78 22.25 32.7 Taishan 1990-2020
59480 113.25 22.85 214 Shunde 1990-2020
59485 113.40 22.50 2.1 Zhongshan 1990-2020
59488 113.57 22.28 54 Zhuhai 1990-2020
59493 114.00 22.53 18.2 Shenzhen 1990-2020

2.2. Materials
(1) Normalized Difference Built-up Index (NDBI)

The Landsat 5 and Landsat 7 data (courtesy of the U.S. Geological Survey) from Google
Earth Engine (GEE) website (https://earthengine.google.com (accessed on 15 October
2023)) were used. Landsat 5 satellite imagery (TM sensor) and Landsat 7 (ETM+ sensor)
were used. The Landsat series images, including visible, infrared, and thermal bands,
were used to estimate the spectral indices and to calculate the NDBI in the GEE. The
specifications of the bands are shown in Table 2. The selection of satellite images was based
on the availability of images from January 1990 to December 2020. The spatial resolution is
30 m. The temporal resolution is monthly. There is one set of image data per month and
12 sets per year, with a coverage area of the world. For this study, five sets of image data
covering each period within the administrative divisions of the nine cities in the Pearl River
Delta were selected.

Google Earth Engine and ArcGIS 10.6 were used to calculate and analyze the data and
obtain the results for underlying surfaces.
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Table 2. Information on bands, wavelengths, and GEE data set for selected landsat satellites.
Satellite Bands Wavelength/um GEE Data Set
NIR: B4 0.76-0.90 C01/T1_SR
Landsat 5 (TM) SWIRI: B5 1.55-1.75 C01/T1_SR
NIR: B4 0.76-0.90 C01/T1_SR
Landsat 7 (ETM+) SWIRI: B5 1.55-1.75 CO01/T1_SR

(2) Precipitation data

Considering the location of the stations, the time span, and the completeness of the
data quality, a total of 12 meteorological stations in the region are selected to collect the
hourly rainfall data. The spatial distribution and information of the stations are shown
in Figure 1 and Table 1. The hourly rainfall data at the 12 stations are provided by the
National Meteorological Information Center, from the Chinese surface climate data daily
value dataset (V3.0), and the selected time series is from 1990 to 2020. Among all 12 stations,
missing data are within 1%. The missing data are estimated by linear interpolation in the
flood months (April-October), while they are recorded as 0 mm in the non-flood months
(November-March). Also, there is no relocation for all 12 selected meteorological stations.

2.3. Methods
(1) Calculation of Normalized Difference Built-up Index (NDBI)

NDBI (Zha, Gao, & Ni, 2003) was applied in this study to detect the built-up areas in
the study area. Different bands of Landsat 5 and Landsat 7 satellite remote sensing data
were used to calculate NDBI in the study areas, and the formula is as follows [28]:

NDBI = (SWIR1 — NIR)/(SWIR1 + NIR) = (Band5 — Band4)/(Band5 + Band4) (1)

In the Formula (1), SWIR1 and Band5 represent the mid-infrared band value in Table 2,
and NIR and Band4 represent the near-infrared band value in Table 2. The value of NDBI
ranges from —1 to 1. When calculating NDBI, the data will have some outliers, that is, the
NDBI value is greater than 1 or less than —1. For data greater than 1, the value is considered
to be 1, and for data less than —1, the value is considered to be —1 [29].

The NDBI data were calculated, and the yearly data were represented by the maximum
of the year in each grid. In each region of interest, the yearly data were averaged spatially
to represent the yearly value of that region.

(2) Determination of extreme precipitation data

There are three primary methods that are used to identify extreme precipitation events:
(i) the fixed threshold method; (ii) the standard deviation method; and (iii) the percentile
threshold method, with the latter currently being the most widely employed. The percentile
threshold method defines a specific percentile value as the threshold for extreme values,
offering a more accurate reflection of the variability in extreme rainfall within each region
and across regions. Given the relatively high urbanization rate in the regions that are
represented by each station in the Pearl River Delta, significant disparities exist in extreme
rainfall. A single absolute threshold fails to capture these differences among regions with
varying degrees of urbanization. Consequently, this study employs the percentile threshold
method to analyze distinctions among subregions. Specifically, two distinct percentile
thresholds of 95% and 99% were selected. The 95th and 99th percentile precipitation
values, arranged in ascending order for hourly precipitation exceeding 0.1 mm, serve as
the extreme precipitation thresholds at each station. Here, extreme precipitation is deemed
to have occurred when hourly precipitation surpasses these defined thresholds. This paper
adopts R99p and R95p as indices for extreme precipitation analysis, representing the sum
of hourly rainfall over the 99th and 95th percentile thresholds, respectively, within a year.
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(3) Trend analysis

The Mann-Kendall test (MK trend test) is a non-parametric test. Its advantage lies in
not requiring the sample to adhere to a specific distribution and being resilient to a few
outliers. The test aims to identify a trend within a series without specifying whether the
trend is linear or non-linear. This method assesses the trend profile of the series using
the statistical variable Z. In typical scenarios, a significance level of « = 0.05 and critical
value of U0.05 = £1.96 are utilized. A Z value greater than 1.96 (or smaller than —1.96)
indicates a statistically significant upward (or downward) trend within the series at a
0.05 significance level.

(4) Correlation analysis

In this study, the Pearson correlation analysis was used to analyze the correlation of
the evolution of underlying surfaces and extreme precipitation. The Pearson correlation
coefficient is used to measure the correlation between two variables (linear correlation) with
a value between —1 and 1. And 1 means a complete positive correlation, while a complete
negative correlation is indicated by —1. The p-value is the significance level, known as the
significance base and the first type of error (x-alpha). If the relationship results are less than
5%, then the probability of this relationship is very low, and the relationship is significant.
If it is more than 5%, then the relationship of variable means is not. When the results are
less than 1%, it can be concluded that the relationship is very significant (Kakavand et al.
2017; Kafy et al. 2021) [30,31].

3. Results
3.1. The Evolution of Urban Underlying Surfaces

The NDBI in highly urbanized areas in the Pearl River Delta is significantly higher than
that in non-highly urbanized areas, as shown in Figure 2a. The NDBI in highly urbanized
areas ranges from —0.05 to —0.01 in most years except in 1990, and the NDBI in non-highly
urbanized areas ranges from —0.13 to —0.06.

To compare adjacent areas, Guangzhou and Nanhai as highly urbanized areas and
Zengcheng and Gaoyao as non-highly urbanized areas were selected, as shown in Figure 2b,c.
Being adjacent to each other, Guangzhou and Zengcheng are distinguished in terms of the
NDBI, and the NDBI in Guangzhou is significantly higher than that in Zengcheng. The
NDBI in Guangzhou grew significantly after 1990, before reaching a plateau around 1997,
and declined gradually since 2001, showing a gradually increasing trend in the 30-year
period. The NDBI in Zengcheng has declined since 1991, showing a decreasing trend in
the period. With the closest gap in 1991, the gap between the NDBI in Guangzhou and
Zengcheng has grown since. The adjacent of Nanhai and Gaoyao also show different
values and trends in terms of the NDBI. The NDBI in Nanhai is significantly higher than
that in Gaoyao, except in 1990, and it grew significantly before reaching a plateau in 1993,
showing an increasing trend in the 30-year period. Fluctuating before reaching a maximum
in 2000 and decreasing since, the NDBI in Gaoyao shows a decreasing trend in the period.
The gap between the NDBI in Nanhai and Gaoyao narrowed before 2000 and gradually
increased in the following period.

The MK trend test analysis was performed on the interannual changes in NDBI in
each study area, and the results are shown in Table 3. The NDBI change rate in highly
urbanized areas ranges from —0.0016 to 0.0010/a, with an average value of 0.0000/a.
Dongguan, Nanhai, and Shunde have all increased significantly. Among them, the NDBI
growth significance level is 0.01 in Dongguan and Nanhai and 0.05 in Shunde, and the
decrease is significant in Zhuhai. The change rate of the NDBI in non-highly urbanized
areas ranges from —0.0022 to —0.0011/a, with an average value of —0.0014/a. The NDBI
has significantly reduced, with significance level of 0.05.
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Figure 2. (a) Trends of NDBI in highly urbanized areas and non-highly urbanized areas; (b) trends of
NDBI in Guangzhou and Zengcheng; (c) trends of NDBI in Nanhai and Gaoyao.

Table 3. NDBI trend identification results of MK trend test.

City Slope
Guangning —0.0011 *
Gaoyao —0.0022 *
Non-Highly Urbanized Areas Zengcheng —0.0020 * —0.0014 *

Huiyang —0.0012 *

Taishan —0.0016 *

Guangzhou —0.0002

Shenzhen —0.0004

Dongguan 0.0010 **

Highly Urbanized Areas Zhongshan 0.0001 0.0000

Zhuhai 0.0016 **

Nanhai 0.0004 **

Shunde 0.0006 *

Notes: * Trend is significant at the 0.05 level. ** Trend is significant at the 0.01 level.

Specific to space, looking at the overall time span from 1990 to 2020, the NDBI of
highly urbanized areas represented by southern Guangzhou, Dongguan, eastern Foshan,
northern Zhongshan, and Zhuhai all showed a growth trend, but not the highly urbanized
area Jiangmen. The NDBI has declined in most areas of cities such as Huizhou, Huizhou,
and Zhaoqing, as shown in Figure 3a. Based on the growth trend results, the changes in the
NDBI are divided into two intervals: 1990-2003 and 2003-2020, as shown in Figure 3b,c.
From 1990 to 2003, the NDBI showed an increasing trend in most regions of the Pearl River
Delta. Among them, the highly urbanized areas of Guangzhou, Foshan, Zhuhai, Dongguan,
and Shenzhen experienced the most obvious growth. From 2003 to 2020, except for Foshan,
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northern Zhongshan, and Dongguan, the NDBI in other regions in the Pearl River Delta
showed a downward trend.

Legend
R Slope of NDBI (1990-2003)
-y o

Legend
Slope of NDBI (1990-2020)
|

Legend
Yool Slope of NDBI (2003-2020)

(c)

Figure 3. Slopes of NDBI: (a) slope of NDBI between 1990 and 2020; (b) slope of NDBI between
1990 and 2003; (c) slope of NDBI between 2003 and 2020.

3.2. The Evolution of Extreme Precipitation

The extreme rainfall R99p and R95p in highly urbanized areas are significantly higher
than those in non-highly urbanized areas. Both R99p and R95p in highly urbanized areas
and non-highly urbanized areas show an increasing trend. The growth rate in highly
urbanized areas is greater than that in non-highly urbanized areas.

To compare adjacent areas, R99p and R95p in Guangzhou and Nanhai as highly
urbanized areas and Zengcheng and Gaoyao as non-highly urbanized areas were selected,
as shown in Figure 4c—f. The R99p and R95p in Guangzhou were lower than those in
Zengcheng before 2000, and then became higher than in Zengcheng around 2010 after
fluctuation. The increasing trend is more significant for R99p and R95p in Guangzhou than
for those in Zengcheng. Meanwhile, for Nanhai and Gaoyao, in most of the 30-year period,
the R99p and R95p in Nanhai were higher than those in Gaoyao, and the gap between
Nanhai and Gaoyao grew. The increasing trend of R99p and R95p in Gaoyao is insignificant,
while that in Nanhai is rather more significant.
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Figure 4. (a) Trends of R99p in highly urbanized areas and non-highly urbanized areas; (b) trends of
R95p in highly urbanized areas and non-highly urbanized areas; (c) trends of R99p in Guangzhou
and Zengcheng; (d) trends of R95p in Guangzhou and Zengcheng; (e) trends of R99p in Nanhai and
Gaoyao; (f) trends of R95p in Nanhai and Gaoyao.

According to the MK trend test results, as shown in Table 4, the extreme rainfall
indicators in non-highly urbanized areas all showed growth, with the R99p growth rate
ranging from 0.37 mm/a to 2.92 mm/a. Among them, Huiyang exhibited a significant
growth trend, with a confidence level of 95% and R95p growth. The rate was between
1.18 mm/a and 7.15 mm/a, among which Huiyang exhibited a significant growth trend,
with a confidence level of 95%. The extreme rainfall indicators in highly urbanized areas
showed an increase, except for in Shenzhen and Zhuhai. The R99p growth rate ranged from
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0.29 mm/a to 3.97 mm/a, except for in Shenzhen and Zhuhai. Among them, Guangzhou
and Dongguan exhibited a significant growth trend. The confidence level in Guangzhou
reached the 99% level, and the confidence level in Dongguan reached the 95% level. The
R95p growth rate ranged from 2.57 mm/a to 11.27 mm/a, except for in Shenzhen and
Zhuhai. Among them, the growth trend in Guangzhou and Dongguan was significant, and
the confidence level in Guangzhou reached the 99% level. Dongguan’s confidence level
reached the 95% level. In addition, in highly urbanized areas, Guangzhou'’s annual rainfall
showed a significant growth trend.

Table 4. Extreme precipitation trend identification results of MK trend test.

Slope R99p R95p Annual Precipitation
Guangning 1.22 3.8 7.44
Gaoyao 0.48 1.18 2.66
Non-Highly Urbanized Areas Zengcheng 2.42 1.27 6.87 3.84 16.44 9.37
Huiyang 2.92*% 7.15* 11.23
Taishan 0.37 1.45 —0.94
Guangzhou 3.97 ** 11.27 ** 22.88 **
Shenzhen —0.2 -1.18 —4.67
Dongguan 226* 6.60 * 11.92
Highly Urbanized Areas Zhongshan 0.29 0.95 2.57 2.75 7.85 7.44
Zhuhai —1.88 —3.77 —4.17
Nanhai 2.44 6.26 14.26 *
Shunde 1.7 4.92 9.38

Notes: * Trend is significant at the 0.05 level. ** Trend is significant at the 0.01 level.

3.3. The Relationship between Extreme Precipitation and Underlying Surfaces

Pearson’s correlation coefficients between the NDBI and extreme precipitation are
shown in Table 5. In non-highly urbanized areas, except for the negative correlation
between Huiyang’s NDBI and R99p changes, there are no obvious correlations in the rest.
In highly urbanized areas, there is a positive correlation between the NDBI and rainfall
indicators in Shenzhen, Dongguan, Nanhai, and Shunde. Among them, the confidence
level of the correlation between the NDBI in Nanhai and R95p reaches 99%. The NDBI in
Guangzhou, Zhongshan, and Zhuhai have no significant relationship with their extreme
rainfall indicators.

Table 5. Pearson’s correlation coefficients between NDBI and extreme precipitation.

Pearson’s Correlation Coefficients R99p R95p Annual Precipitation
Guangning —0.110 —0.047 —0.005
Gaoyao —0.184 —0.172 —0.174
Non-Highly Urbanized Areas Zengcheng —0.088 —0.161 —0.247
Huiyang —0.415* —0.227 —0.064
Taishan —0.123 —0.190 —0.123
Guangzhou 0.334 0.293 0.293
Shenzhen 0.262 0.416 * 0.447 *
Dongguan 0.352 0.418 * 0.358 *
Highly Urbanized Areas Zhongshan 0.206 0.186 0.232
Zhuhai 0.332 0.288 0.259
Nanhai 0.391* 0.457 ** 0.4~
Shunde 0.361 * 0.428 * 0.373 %

Notes: * Correlation is significant at the 0.05 level (two-tailed). ** Correlation is significant at the 0.01 level

(two-tailed).
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4. Discussion

The NDBI in highly urbanized areas is generally higher than that in non-highly
urbanized areas, which is in line with the characteristics of highly urbanized areas with
a high density of buildings and a high artificial ground coverage. The growth trend of
the NDBI in highly urbanized areas is consistent with the trend of increasing urbanization
and increasing building coverage in the core areas of the Pearl River Delta since 1990. The
gradual slowdown in NDBI growth is consistent with the slowdown in growth in the
highly urbanized areas of the Pearl River Delta after urbanization reached a higher level.
The NDBI in non-highly urbanized areas showed an increasing trend between 1990 and
2000, which is consistent with the increasing trend of urbanization in non-highly urbanized
areas in the Pearl River Delta. It has shown a slow downward trend since 2000. This may
be due to the strengthening of environmental protection and the increase in vegetation
coverage in the mountainous areas of the Pearl River Delta in recent years. The NDBI
in adjacent highly urbanized areas and non-highly urbanized areas like Guangzhou and
Zengcheng and Nanhai and Gaoyao shows different characteristics, and the gap between
highly urbanized areas and non-highly urbanized areas increased through the 30-year
period from 1990 to 2020.

The extreme rainfall in highly urbanized areas is greater than that in non-highly
urbanized areas, which is consistent with the characteristics of high urbanization in highly
urbanized areas, resulting in the urban rain island effect. The extreme rainfall in both
highly urbanized areas and non-highly urbanized areas shows an increasing trend, which
is in line with the increasing urbanization in the Pearl River Delta in recent years and
the increasing trend of extreme rainfall in urban areas. Among them, the growth rate of
extreme rainfall in highly urbanized areas is higher than that in non-highly urbanized areas,
which is consistent with the characteristics of concentrated cities and high urbanization
levels in highly urbanized areas, which lead to concentrated extreme rainfall and are more
likely to exceed the thresholds. The extreme rainfall in adjacent highly urbanized areas
and non-highly urbanized areas like Guangzhou and Zengcheng and Nanhai and Gaoyao
shows different characteristics, and the extreme precipitation in highly urbanized areas
gradually exceeded that in non-highly urbanized areas through the 30-year period from
1990 to 2020, sharing this trend with the NDBI in adjacent highly urbanized areas and non-
highly urbanized areas, which may reflect that the impact of extreme rainfall on artificial
underlying surfaces in highly urbanized areas exists.

In contrast, the positive correlation between the NDBI and extreme rainfall indicators
in highly urbanized areas is more significant than that in non-highly urbanized areas, which
can reflect the impact of building density and impervious area on extreme rainfall in highly
urbanized areas. In Shenzhen and Zhuhai, which are close to the sea, the relationship
between the underlying surface and extreme rainfall may not be obvious, because rainfall
is greatly affected by the ocean.

To elaborate on the mechanism of impact by the evolution of underlying surfaces in
urbanized areas on extreme precipitation, Chen et al. [12] studied the impact brought on
by urbanization on rainfall in the summer in Guangzhou. The results show that there is a
significant impact to the downwind side of the city. The reasons behind the impact could
lie in the thermal and dynamic condition difference in the underlying surface between
urban areas and suburb areas, caused by a rapid urbanization process [32]. This difference
affects the transport and spatial distribution of water vapor in the region, enhances the
convective activity in the urban area and downwind area of the urban area, and slows
down the movement of the precipitation system, thus increasing the ratio of heavy rain
and rainstorm events in the urban area. The METROMEX experiment in the United States
found that urbanization has a triggering effect on convective systems and pointed out that
the influence of urbanization on precipitation is more obvious in the warm season, when
mesoscale convective forcing is dominant [33].
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5. Conclusions

Based on the changes in underlying surfaces and extreme rainfall in the Pearl River
Delta, the correlation between underlying surfaces and extreme rainfall changes is analyzed,
and the main conclusions are as follows:

(1)  From 1990 to 2020, the NDBI in highly urbanized areas in the Pearl River Delta was
higher than that in non-highly urbanized areas. The NDBI in highly urbanized areas
showed an increasing trend, and the growth rate tended to slow down;

(2) From 1990 to 2020, extreme rainfall in highly urbanized areas of the Pearl River
Delta was higher than in non-highly urbanized areas. Extreme rainfall in both highly
urbanized areas and non-highly urbanized areas showed an increasing trend, with
that in highly urbanized areas increasing faster;

(3) The positive correlation between the NDBI and extreme rainfall indicators in highly
urbanized areas is more significant than that in non-highly urbanized areas.
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