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Abstract: Rapid urbanization plays an indelible role in modifying local climate, with more extreme
precipitation in urban areas. Understanding the mechanism of urban-induced precipitation changes
and quantifying the potential effects of urbanization on the changes in precipitation extremes have
become hotspot issues in hydrometeorology. We examine the spatiotemporal changes of precipitation
extremes over the Pearl River Delta region in China using the homogenized daily precipitation
dataset from the period 1961-2017, and quantify the urbanization effects on these changes. Most of
the extreme precipitation indices show increasing trends, but only the mean precipitation intensity
has a significant increase. Urbanization could induce the intensification of extreme precipitation,
with a higher amount, intensity, and frequency of precipitation extremes and a larger magnitude of
their trends in urban areas by comparison with those rural areas. Moreover, high-level urbanization
tends to make a greater contribution to the temporal changes in precipitation extremes, indicating
that urbanization effects on precipitation extremes may be related to urbanization levels. However,
urbanization level shows little effect on the changes in the spatial patterns of precipitation extremes,
with similar spatial distribution in different urbanization stages. Our findings highlight the important
role of urbanization in precipitation extremes and offer insights into the feedback of anthropogenic
changes into variations in precipitation extremes.
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1. Introduction

Today, humanity is experiencing a dramatic shift toward urban living [1], with more
than half of the worldwide population residing in urban areas [2]. About 55% of the popula-
tion were living in metropolitan areas by 2018, and this figure is projected to rise to 56.2% in
developing countries and 81.5% in developed countries by 2030 [3]. China has experienced
a rapid and profound urbanization process since the 1980s. Now, approximately 63.8% of
the population in China lives in urban areas, and the proportion will exceed 70% by 2030.
As a result of urban expansion, many metropolitan regions in China have developed in
recent decades, e.g., Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), and the Pearl
River Delta (PRD), with an extraordinary increase in population, built-up areas and gross
domestic product (GDP). Unfortunately, however, because of these changes, urban areas
are facing increasing threats of various disasters (e.g., floods, heat waves) under global
warming and local anthropogenic influences, which have been causing growing concern in
recent decades.

Urbanization usually causes changes in surface topography, thermal conductivity, hy-
draulic permeability, and other properties in urban areas [4]. These changes inevitably lead
to profound influences on the environment, biodiversity, biogeochemical cycles, and energy
flow [5-7]. Therefore, land surface modification should be considered in the assessment
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of regional climate change due to urban expansion, particularly in regions experiencing
rapid urbanization [8,9]. Previous studies have reported that urbanization can alter the
local /regional climate and even large-scale atmospheric circulation [10-13]. Generally,
urbanization-induced land-use change influences local hydrometeorology by modifying
the surface and boundary layer atmospheric properties [14-17] and then changing the
urban micro-climate [18]. Moreover, urbanization also increases pollutant emissions and
aerosol loading in the atmosphere, significantly affecting the climate and water cycle [19].
A well-known consequence of urbanization is the urban heat-island (UHI) effect, ren-
dering the urban area consistently warmer than its surroundings [6,20]. However, aside
from temperature changes, there has been a long debate about whether urbanization can
affect precipitation, because no consistent conclusions have been drawn from different
regions [21] with spatiotemporal variations in climatology, topography, urbanization levels,
and aerosol emissions. Thus, knowledge about the urban rainfall effect is still evolving
due to the involvement of many dynamic, thermodynamic and microphysical processes
and the spatiotemporal discontinuity of precipitation. Therefore, there is a need for better
understanding of the precipitation modifications caused by urbanization [22] that may
provide reliable and authoritative information for designing future climate-resilient cities.

Rapid urbanization may lead to an increased frequency of disasters, such as extreme pre-
cipitation events in urbanized areas. Many studies have paid greater attention to urban-induced
extreme climate events or urbanization—climate-extreme relationships [23-30]. For example,
Mishra et al. [24] indicated that global urban areas experienced significant increases in
heatwaves and extremely hot days. Zhang et al. [27] highlighted statistically signifi-
cant urbanization effects on most worldwide land annual extreme temperature indices.
Singh et al. [30] found pronounced urbanization-induced changes in precipitation extremes
over the contiguous United States. Compared with whether urbanization influences lo-
cal climate, another question related to urbanization’s contribution to those changes is
much more complicated. Although previous studies have focused on the contributions
of urbanization to temperature and its extreme changes [26,27,31-34], relatively limited
attention has been paid to the contributions of urbanization to precipitation totals and
extremes [22,28-30]. Hence, there is a need to further understand whether and how urban-
ization can alter and contribute to precipitation changes on various scales or from different
perspectives, especially for precipitation extremes.

The PRD, one of the most densely urbanized areas, is severely threatened by the
pressure of climate change and human activities. It is the low-lying area surrounding
the Pearl River estuary and one of the disaster-prone regions in China, where about
12 million residents are likely to be influenced by frequent rainstorms, typhoons, and
floods [29]. Based on observed reanalysis data and model experiments, many previous
studies found stronger and more frequent extreme precipitation caused by rapid urban-
ization over the PRD in recent years. For instance, Chen et al. [35] and Wang et al. [36]
highlighted that stronger afternoon precipitation can be observed in urban areas compared
to that in the surrounding rural areas. The metropolitan areas in the PRD also tend to
see faster-increasing trends of extreme precipitation frequency and intensity [37], which
are highly sensitive to the urban surface heat flux or anthropogenic heat [38—40]. How-
ever, a deeper understanding of urban-induced precipitation extremes is required, and
the relative contribution of urbanization to the changes in precipitation extremes needs to
be ascertained.

Here, we present an actual case study to investigate the urbanization-induced changes
in precipitation extremes in the PRD metropolitan area using high-density meteorological
observations, focusing on its large-scale urbanization during the past four decades. The
aims of the study are to (1) investigate the long-term changes in precipitation extremes,
(2) identify the possible effects of urbanization on the changes in precipitation extremes,
and (3) examine the contribution of urbanization to these changes. The remainder of the
paper is structured as follows. Section 2 describes meteorological observations and methods
used in this study. Section 3 details the long-term changes in selected indices of extreme
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precipitation. It also explores the role of urbanization in these changes and the extent
to which urbanization affects these changes in extreme precipitation. A few concluding
remarks are made in Section 4.

2. Materials and Methods
2.1. Study Area

The PRD metropolitan region (21°28' N-25°31' N, 111°03’ E-116°13’ E), as shown in
Figure 1, is located in tropical and subtropical climate zones and belongs to the monsoonal
climate, with annual mean precipitation of about 1600 mm (ranging from 1350 to 2515 mm)
and annual mean temperature ranging from 21.4 °C to 22.4 °C. The wet season lasts from
April to September, accounting for 73% of the annual total precipitation [41]. It covers
nine core cities (Guangzhou [GZ], Shenzhen [SZ], Foshan [FS], Dongguan [DG], Zhuhai
[ZH], Zhongshan [ZS], Huizhou [HZ], Jiangmen [JM] and Zhaoqing [ZQ]) and surrounding
six cities (Shaoguan [SG], Yangjiang [Y]], Shanwei [SW], Heyuan [HY], Qingyuan [QY],
and Yunfu [YF]), with a total area of about 1.3 x 10° km? [42]. The PRD has undergone
rapid urban expansion in the past four decades, and now the urban area accounts for
approximately 72.7% of the total area, which has become one of the largest metropolitan
regions in China, in both size and population [4,43].
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Figure 1. (a) Location of the PRD metropolitan area in China; (b) the spatial distribution of meteoro-
logical stations used in this study (the number listed in Table S1); (c) the spatial distribution of annual
mean precipitation in the PRD during 1961-2017; (d—f) the results of rural, urbanizing and urbanized
stations from the land-use, population, and night-time light data, respectively.
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2.2. Data Pre-Processing and Extreme Precipitation Indices

We collected the daily precipitation records of 58 gauges (Figure 1) across the PRD
from the China Meteorological Administration (CMA). The dataset was subjected to
strict quality control procedures. Preliminary quality assurance of these data, includ-
ing examination and correction of the erroneous values, was regularly performed in
real time and post-processing. These data have been widely used for climate studies
in China [23,32,34,44-46]. These stations were established in the 1950s (45 stations) and
1960s (13 stations). After evaluating discontinuities and gaps, we only analyzed the dataset
from 1961 to 2017 in this study, due to significant missing records from before the 1960s.

Here, we examine a set of 12 extreme precipitation indices adopted from the Expert
Team on Climate Change Detection and Indices (ETCCDI) (see Table 1). These indices can re-
flect the changes in intensity, frequency, and duration of precipitation events, and are widely
used in analyzing extreme precipitation on regional and global scales [3,8,23,28,30,47,48].
All indices are computed with the R package “RClimDex” (http://etccdi.pacificclimate.
org/software.shtml, accessed on 1 March 2022) based on the reference period 1961-1990.

Table 1. Definitions of extreme precipitation indices used in this study.

Index Definition Unit
PRCPTOT Annual total precipitation with precipitation >1 mm mm
R95p Annual total precipitation when precipitation >95% percentile mm
R99p Annual total precipitation when precipitation >99% percentile mm
Rxlday Maximum 1-day precipitation value mm
Rx5day Maximum 5-day precipitation value mm
SDII Mean precipitation intensity of days with precipitation >1 mm mm/day
CDD Maximum number of consecutive days with precipitation <1 mm day
CWD Maximum number of consecutive days with precipitation >1 mm day
R10 Number of days with precipitation >10 mm day
R20 Number of days with precipitation >20 mm day
R25 Number of days with precipitation >25 mm day
R50 Number of days with precipitation >50 mm day

2.3. Classification of Urban and Rural Stations

Following previous work [22], a similar method was used to define urban and rural
stations using different datasets. As urbanization is a complex dynamic process based
on the growth of the urban population and expansion of the built-up area, the urban
and rural stations are classified by the time-varying land use, population and night-time
light data. Thus, in this work, the population and land use data for 1990 and 2015 with a
spatial resolution of 1 x 1 km from the Resource and Environment Science and Data Center,
Chinese Academy of Sciences, and the night-time light data for 1992 and 2013 from the
Defense Meteorological Satellite Program’s Operational LineScan System (DMSP/OLS),
were used to identify the urban and rural stations. The land use data were classified
into seven types: croplands, forest, grasslands, water bodies, countryside, built-up lands,
and others. If the proportion of the built-up area (extracted from land use data) was
greater than 33% within the 2 km buffer zone surrounding the station [49], it was set as
an urban station. Moreover, we identified an urban station based on a fixed threshold
from the population and night-time light data, with a population density larger than
1000 person/ km? [21] or with a night-time light value higher than 50 [50]. Overall, if one
or more of the above criteria were met, a station was identified as an urban station. We
classified these stations into three categories: (a) an urbanized station with its location in
the urban areas for both stages (i.e., 1990 (or 1992) and 2015 (or 2013)); (b) an urbanizing
station with its location in the urban areas in the second stage only (i.e., 2013 or 2015); and
(c) a rural station with its location in the rural areas for both stages. Finally, Figure 1b
shows the comprehensive classification of urban and rural stations used in this study (11 for
urbanized, 14 for urbanizing, and 33 for rural), and Figure 1d—f shows the classified results
based on the above three datasets. Additionally, we classified the low-level and high-level
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urbanization stages from the spatiotemporal scales to better understand the possible effects
of urbanization levels on precipitation extremes. From the spatial view, we assumed that
the urbanized areas were classified as higher urbanization level, while the urbanizing
areas were classified as a low-level urbanization stage. Similarly, the second-half period
(1991-2017) was defined as a high-level urbanization stage, and the first half (1961-1990)
was a low-level urbanization period from the temporal perspective.

2.4. Quantitation Analysis of Urbanization Effects and Contributions

Nowadays, statistical methods based on control experiments are widely used to
examine the urbanization effects. Among these methods, a reference station needs to
be set up for the area without an urban landscape in the same location. However, it is
impossible to set twin stations with identical settings for the observational network. In
practice, a neighboring non-urban station is set as a reference station. Here, we assume that:
(1) extreme precipitation indices at rural stations are only influenced by climate variations
and changes; (2) but these indices in urban areas are affected by both urbanization and
climate conditions. Thus, the urban-rural differences (Dpg) in precipitation extremes can
be used to indicate the potential urbanization effects, derived as follows:

Dpg = PEurban - PErural (1)

where PE pan and PE, ;) denote the time series of extreme precipitation indices in urban
and rural stations, respectively. In this work, we were able to obtain three groups of
urban-rural differences, i.e., urbanized vs. rural, urbanizing vs. rural, and urbanized vs.
urbanizing, to exhaustively examine the possible role of urbanization in the changes in
precipitation extremes.

As the actual condition, the time series could be classified as two sub-periods, pre-1990
(1961-1990), and post-1990 (1991-2017), which represented the different urbanization stages
or levels. The Dpf indicator also showed the discrepancies in urban-rural differences in
different sub-periods. The urbanization effect (UE) and the urbanization contribution (UC)
can be calculated by

UED = DpE_post 1990 — DPE_pre_1990 ()
UE
Ucp = ‘D x 100% @)
Dpg

where Epg_prg_lggo and Epg_post_1990 are the mean values of urban-rural difference se-
ries in the pre-1990 and post-1990 periods, respectively, while Dpg denotes the mean of
urban-rural difference series during the full period (i.e., 1961-2017). If UE < 0, the urban-
ization effect is negative, or vice versa. If UC > 100%, the urban-rural differences may also
be affected by other factors [22], which were not considered and detected in this study.

To better understand the role of urbanization in the changes in precipitation extremes,
we also defined another indicator (AR) to quantify the urbanization effects, which is
defined as

UEAR = AR = Ryrban — Rrural 4

where Rypan and Ry, mean the change rates of precipitation extreme between pre-1990
and post-1990 for urban and rural areas, respectively, derived as follows:

R— PE post—1990 — PE pre—1990

©)

PE pre—1990

where PE 1990 and PE 451999 denote the mean values of precipitation extremes during
the pre-1990 and post-1990 periods, respectively.
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Then the urbanization contribution can be derived by:

E
UCag = ’g AR x 100% (6)

urban

x 100% = ‘

urban

2.5. Trend Detection of Precipitation Extremes

In this work, three common methods, involving the linear regression method, the
nonparametric Mann-Kendall test, and the Theil-Sen slope method, were projected to
analyze the trends of extreme precipitation indices over the PRD. These methods are widely
used to examine monotonic trends in hydrometeorological time series, and their details
can be found in previous studies [2,8,14,22,42,51-53]. Statistically, the significance level of
trend detection for precipitation extremes was set as 0.05 for all the methods.

3. Results and Discussion
3.1. Long-Term Changes in Extreme Precipitation

Firstly, we estimated the regional averages (e.g., rural, urbanizing, and urbanized
areas) of precipitation extremes using the arithmetic mean method from all selected sta-
tions in this study. Figure 2 shows the long-term trends of the annual regional series
of extreme precipitation indices during 1961-2017, detected using the linear regression
method. A predominantly increasing trend can be found for all the indices over the PRD
metropolitan areas. Only trifling decreases were found for the CDD (—0.01 days per
decade) in rural areas, the CWD (—0.14 days per decade) in urbanizing areas, and the R99p
(—3.8 mm per decade) and Rxlday (—0.2 mm per decade) in urbanized areas. However,
all the changes, excluding the SDII, were insignificant at the 0.05 level, agreeing with pre-
vious studies for this region [34,36,38]. Overall, the linear trends of extreme precipitation
were similar for rural and urban areas, with differences in their magnitudes and more
considerable values in urban areas. For example, the annual total rainfall (i.e., PRCPTOT)
experienced a slight increase, with 18.0, 23.0, and 30.7 mm per decade for rural, urbanizing,
and urbanized areas, respectively; the SDII ranged from 12.2 (13.2 and 13.4) to 18.7 (19.7
and 24.2) mm/d with an increasing rate of 0.02 (0.03 and 0.03) mm/d per decade for rural
(urbanizing and urbanized) areas. This indicates that urban areas showed a more rapid
increase in most of the indices of precipitation extremes than rural ones during the last
half-century. However, the R99p was a typical exception, with the highest increase in rural
areas by comparison with urbanizing and urbanized areas.

Meanwhile, we used the Mann-Kendall test and the Theil-Sen slope method to detect
the trends of extreme precipitation series for all the areas. Similar results are shown in
Figure 3, confirming the robustness of the observed trends of precipitation extremes. As
a result, the amount of extreme precipitation (e.g., R95p and Rx5day), intensity (SDII),
and frequency (e.g., R10, R20, R25, R50) exhibited increasing trends in all areas, imply-
ing that the PRD is facing increasingly extreme precipitation events, which is in accord
with existing studies that analyzed the regional changes in precipitation extremes in the
PRD [36,54,55], Guangdong Province [37], and Guangdong-Hong Kong-Macao Greater
Bay Area (GBA) [56].
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Figure 2. Trends of annual averaged extreme precipitation indices for rural, urbanizing, and urban-
ized areas over the PRD during 1961-2017. Red solid lines mean linear trends for all the indices
during 1961-2017, and black and blue dashed lines are linear trends during 1961-1990 and 1991-2017,
respectively, with the number being the slope of trends. The asterisk symbol means a significant
increase or decrease at the 0.05 level.
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Figure 3. Trends of extreme precipitation series for rural, urbanizing, and urbanized areas with
different methods.

Here, we also investigated the segment trends of precipitation extremes during two
sub-periods (i.e., 1961-1990 and 1991-2017), as also shown in Figure 2. Overall, increasing
trends dominated in rural and urbanizing areas for the two sub-periods, whereas decreasing
trends were prominent in the urbanized areas, with the number of precipitation extremes
being about seven (58.33%) and nine (75%) in 1961-1990 and 1991-2017, respectively. On
average, about 83.33% of trends in precipitation extremes in the rural (urbanizing) areas
continued to increase in the magnitude of trends (i.e., a higher increasing magnitude
or a lower decreasing magnitude) from the first to the second part. For example, the
PRCPTOT increased by 14.01 mm (20.47 mm) per decade in the first part (i.e., 1961-1990),
and it accelerated to 26.87 mm (30.99 mm) per decade in 1991-2017; the R95 p showed a
decreasing trend with a value of 2.57 mm (2.38 mm) per decade during 1961-1990, but
it increased by 13.30 mm (2.32 mm) per decade in the second sub-period. Moreover,
only 58.33% of trends in the urbanized areas showed fewer decreases in 1991-2017 by
comparison with the trends in 1961-1990. For instance, the decreasing magnitudes of
trends in R95p (R99p) reduced from 46.34 mm (41.10 mm) to 29.53 mm (19.67 mm) per
decade. In summary, the segment trends were different from the trends of the entire period
because of the variations in precipitation extremes.

3.2. Spatial Patterns of Extreme Precipitation

Figure 4 illustrates the spatial patterns of the annual mean extreme precipitation in-
dices and their magnitudes of trends in different periods. We found that the precipitation
extremes showed gradual changes from the southeast to the northwest, with a high value
located in the southeast for the extreme precipitation indices, except for CWD and R10.
Overall, the similar distribution for all the indices in different periods meant that urbaniza-
tion may play a slight role in the spatial patterns of precipitation extremes, even though the
PRD region experienced high-speed urbanization during 1991-2017, with the urbanization
rate (based on the urbanization population) increasing from 40% to 85%.
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Moreover, the results obtained from the linear regression indicate that only a few
stations exhibited significant trends in precipitation extremes for the entire period at the
5% significance level, of which 9.77% and 0.57% showed positive and negative changes,
respectively, as shown in Table 2. Notably, 13 stations (about 22.41% of them) showed
a significant increasing trend for SDII, while there were no significant changes for CDD.
Moreover, there were fewer stations (averaging about 1.29% and 4.31% of the total) showing
significant changes in the periods of 1961-1990 and 1991-2017, although their magnitudes
in trends were larger than those of 1961-2017.

Table 2. Statistical results of trends in precipitation extremes over the PRD.

Magnitude of Trends * Increasing Trends # Decreasing Trend N
o
Index 1961-2017 1961-1990 19912017 Significant Not Significant .. \of Changes
ignificant Significant

PRCPTOT 21.56 + 24.68 15.83 £ 43.22 20.86 + 78.69 6(0,1) 43 (35,37) 0(0,0) 9 (23, 20) 0(0,0)
R95p 11.84 + 20.27 —9.91 4+ 43.28 3.36 £ 69.90 6(0,1) 29 (24, 35) 0(0,2) 23 (34, 20) 0(0,0)
R99p 341 +17.92 ~10.49 + 37.97 ~1.95 + 4373 3(1,1) 26 (20, 30) 1(0,3) 28 (37, 24) 0(0,0)
Rxlday 1.66 &+ 5.14 —1.06 = 12.70 2.03 £13.98 4(2,3) 29 (21, 33) 1(1,1) 24 (34, 21) 0(0,0)
Rx5day 3.27 +7.49 —5.05 £+ 17.90 4.46 +24.10 8(0,1) 28 (18, 33) 0(2,2) 22 (38,22) 0(0,0)
SDII 1.20 £ 0.18 0.92 +0.38 1.21 + 0.68 13(0, 3) 43 (28, 40) 0(0,1) 2 (30, 14) 0(0, 0)
CDD 0.96 &+ 0.57 3.24 +250 —-1.18£2.13 0(1,0) 30 (47, 8) 0(0,0) 26 (10, 50) 2(0,0)
CWD 0.94 +0.24 0.49 +0.52 0.63 & 0.62 1(0,0) 28 (10, 17) 2(2,3) 27 (46, 38) 0(0,0)
R10 1.50 & 0.61 1.79 + 1.07 1.49 + 1.54 4(0,2) 44 (49, 36) 0(0,0) 10 (9, 20) 0(0,0)
R20 1.45 + 0.4 1.54 + 0.89 1.63 4+ 1.20 10 (0, 3) 43 (42, 41) 0(0,0) 5 (16, 14) 0(0,0)
R25 1.37 £ 0.37 1.36 + 0.71 157 + 1.16 6(0,3) 44 (39, 38) 0(0,0) 7(19,17) 1(0,0)
R50 1.10 £0.23 0.92 4 0.49 1.06 £0.71 7(0,0) 34 (25, 36) 0(0,0) 16 (33, 22) 1(0,0)

* Note: The values represent mean =+ standard deviation of trends in precipitation extremes per decade. # Note:
The values mean the number of stations with increasing or decreasing trends in precipitation extremes during
19612017 (1961-1990 and 1991-2017).

3.3. Urban—Rural Differences in Extreme Precipitation

Firstly, we analyzed the urban-rural differences from the magnitude of extreme pre-
cipitation indices. To better understand urban-rural differences for all the indices of
precipitation extremes, we examined their probability density function (PDF) curves and
statistical features, as shown in Figure 5. We used the two-sample Kolmogorov—Smirnov
(K-S) test to detect the urban—rural differences in the PDFs of precipitation extremes at
a 5% significance level. All the mean values of extreme precipitation indices, except for
CWD and R10, in the urban areas (i.e., the urbanizing and urbanized areas), were larger
than those of the rural areas. On average, the mean values in urbanizing and urbanized
areas were 9.89% (ranging from 3.99% to 17.65%) and 19.53% (from 1.81% to 35.46%) more
than those of the rural areas. Moreover, the PDF also indicated that a higher precipitation
amount, frequency, and intensity occurred in the urban stations when compared to rural
stations, with a positive bias or right bias for most indices. That is, urbanization may lead
to the flattening of the PDF representing the spatial variability of precipitation extremes in
urban areas with a heavy tail. However, the K-S test results showed that seven (five) indices
were significantly different in the PDF between rural (urbanizing) and urbanized areas at
the significant level of 0.05, while only the PDFs of Rx1day, SDII, and R50 show significant
differences between the rural and urbanizing areas. These results indicate that urbanization
may induce more extreme precipitation events with a higher intensity (e.g., SDII, Rx1day
and Rx5day) and a larger daily precipitation amount (e.g., R50).



Water 2022, 14, 2466

12 0f 23

Probability Density Probability Density

Probability Density

Rural Urbanizing Urbanized
0.0018 = o (.05
17708 1885 1890.5  [00030{ 486 5|3-7|14 588.6 0.30
0.0015 "
0.04
N p, = 0.347|0-0025] 0.25
1) —
0.0012 P = 0.103{ 0 0020 p,=0.240 - 50
e =0.012
0.0009 £ il . e o3
ot ’ p;=0.160 1 g
0.0006 i 0.0010 0.10
(BN
0.0003 B 0.00054 001 0.05
() 7
(BN
0.0000 1Ll 0.0000 0.00 0.00
12001500 1800 2100 2400 200 400 600 800 1000 1200
PRCPTOT R95p
0,008 i
177.2 1952 d| 1
o007] 1373 ';-ﬂ" 0.025 0.06 0.10
0.006 0.0204 0.05 0.08
0.005 P 0.04
i _ 0.015 0.06
0.004 ! py =0.347 0.03
0.003 } P =0.103| 010/ - 0.04
0.002 i p; = 0.033 ‘
0.005 0.02
0.001 ! 0.01
i
0.000 L) 0.000- - 0.00 0.00
0 100 200 300 400 500 80 100120 140160 180200220240260
R99p day
; 0.14 P :91
0,014 5. 5185 0.30 : \
0.4 n .h(’ s 0.12 i
0.012 i N
0.010 3 b L AN p=olsy O N <0.01
' 31 I - A po=0.103] 020 7o W e
0.008 AN/ p; <0.01 ’ L .= 0.982 X\ p,<0.01
i 0.2 Y1\ pa<001] 00 B 3 B3 |/ p,=0.022
0.004 i AN Py <001} 004 il 010 TR
: 0.14 L7 i ] Lo
0.002 ! R 0.02 Ei 0.05 TR
I [ | 1 1 1
0.000 0.0 T 0.00 L 0.00 T
150 200 230 300 350 400 12 14 16 18 20 22 24 15 20 25 30 2 4 6 8 10 12 14 16
Rx5day SDIl R25 RS0

Figure 5. Probability density functions of extreme precipitation indices for the rural (black line),
urbanizing (blue line), and urbanized (red line) areas over the PRD metropolitan region during
1961-2017. The dashed lines represent the mean values of extreme precipitation indices for different
parts during 1961-2017. The p values indicate whether the differences in the two distributions for
precipitation extremes are significant, based on the two-sample Kolmogorov-Smirnov test. The p;
value is estimated based on the rural and urbanizing series, p, on the rural and urbanized series, and
p3 on the urbanizing and urbanized series.

Moreover, we investigated the urban-rural differences from the perspective of trend
detection. To identify the modification of precipitation extremes over the PRD and make
their trends more comparable among the various variables of precipitation extremes, a
normalized trend (i.e., change rate of trends per decade) was defined as the trend of the
extreme precipitation index divided by its mean value during the same periods. Figure 6
shows the normalized trends in precipitation extremes for urban and rural areas, with the
mean values in different areas being much the same. Overall, most of the indices showed
an increasing trend for different areas, with an increasing rate of 1.31 & 0.76%, 1.37 & 1.07%,
1.13 £ 1.20% for rural, urbanizing, and urbanized areas, respectively. Similar results can be
drawn from the PDF of normalized trends for rural and urban areas, as shown in Figure 7.
Only three cases (i.e., the CDD between rural and urbanizing areas, the R99p and R10
between rural and urbanized areas) showed significant urban—rural differences. Therefore,
in the broader context, these results indicate that urbanization may have a limited effect on
the trends of precipitation extremes.
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Figure 6. Boxplots of normalized trends (% per decade) in precipitation extremes for rural, urbanizing,
and urbanized areas from 1961 to 2017. The solid squares represent the mean values in trends, and

the lines in the box mean the 25%, 50%, and 75% values of normalized trends.

To better understand the possible impact of urbanization on the changes in precipita-
tion extremes, we further analyzed the differences in the trends of precipitation extremes
caused by the urbanization levels or stages. As previously mentioned, the first part
(i.e., 1961-1990) was set as low-level urbanization, and the second part (i.e., 1991-2017)
belonged to high-level urbanization. As shown in Figure 8, the magnitude (box plot) of
normalized trends in precipitation extremes in the second-half period was the highest,
followed by the first-half period, and the lowest magnitude was the full period. On av-
erage, the change rate in the first-half (second-half) period was 1.62 (1.91) and 4.33 (5.91)
times as long as that of the full period for the increasing or decreasing trends, with the
values ranging from 1.16-3.95 (1.19-2.37) and 1.66-15.16 (2.18-24.37) for all the extreme
precipitation indices, respectively. For example, the magnitude of PRCPTOT ranged from
—2.23% to 4.86% per decade in 1961-2017, while the value ranged from —3.68% (—6.38%)
to 5.66% (10.52%) per decade in 1961-1990 (1991-2017). Certainly, the differences in the
changes in precipitation extremes between the pre-1990 and post-1990 periods may be
attributed to the joint effects of urbanization and climate change, which has been widely
confirmed by previous studies [26,28,39]. Similar results can be also obtained from the
PDF of normalized trends in precipitation extremes. We found that six indices (e.g., R95p,
R99p, Rx5day, SDII, CDD, and R50) showed significant differences in the normalized trends
between the pre-1990 and post-1990 periods. Overall, except for CDD, the normalized
trends in 1991-2017 had a positive bias when compared to those in 19612017, implying
that more extreme precipitation events may have occurred in the post-1990 period. In a
way, these results also indicate that the extreme precipitation events may increase during
the transition from low-level urbanization to high-level urbanization. That is, the increases
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in precipitation extremes have a possible link to the rapid urbanization across the PRD
since the 1990s, similar to the previous work of Wu et al. [50].
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Figure 7. Probability density functions of normalized trends in precipitation extremes for rural,
urbanizing, and urbanized areas during 1961-2017. The p values indicate whether the differences
in the two distributions for precipitation extremes are significant or not based on the two-sample
Kolmogorov-Smirnov test. The p; value is estimated based on the rural and urbanizing series, p, on
the rural and urbanized series, and p3 on the urbanizing and urbanized series.

Furthermore, we examined the trends of urban—rural difference series in precipitation
extremes, as shown in Figure 9. Most of the indices, especially for these frequency indices
(e.g., R10, R20, R25, and R50), showed increasing trends from 1961 to 2017, with the numbers
being 10, 8, and 7 for the urbanizing-rural, urbanized-rural and urbanized—urbanizing
series, respectively. Nevertheless, only the R10 passed the significance test at a level of
o = 0.05 for the urbanized-rural and urbanized—urbanizing series, with increasing trends
of 0.58 and 0.50 days per decade. To some extent, enhanced urban-rural differences in
precipitation extremes indicated the amplified effect of urbanization on the changes in
precipitation extremes. However, these insignificant increases indicated that urbanization
may cause increases in precipitation extremes, but its contribution may be limited.
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Figure 8. Magnitude (box plots) and probability density functions of normalized trends in pre-
cipitation extremes during 1961-2017, 1961-1990, and 1991-2017. The p values indicate whether
the differences in the two distributions (1961-1990 and 1991-2017) for change rates of trends in
precipitation extremes are significant, based on the two-sample Kolmogorov-Smirnov test.
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Figure 9. Trends of urban—rural differences in precipitation extremes over the PRD during 1961-2017.
The sign * denotes a significant trend at the 0.05 level.
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3.4. Urbanization Effects and Contributions

Three urban—rural comparison groups (i.e., urbanizing vs rural, urbanized vs rural,
and urbanized vs urbanizing) were classified to estimate the urbanization effects on precipi-
tation extremes over the PRD. The UE was calculated by the two indicators, i.e., UEp (based
on the urban-rural difference series) in Equation (2) and UExR (based on the change rate of
precipitation extremes) in Equation (4), which are illustrated in Tables 3 and 4, respectively.
This provided evidence of urbanization-induced increases in seven extreme precipitation
indices (PRCPTOT, R95p, Rx5day, SDII, R20, R25, and R50) for both methods and three
groups. Certainly, negative urbanization effects were also observed for a few indices, e.g.,
R99p, CDD, CWD, and R10 for the urbanizing-rural group, R99p for the urbanized—rural
group, and Rx1day for the urbanized—urbanizing group. Hence, the magnitude and direc-
tion of the urbanization effects depended on the target index. Moreover, there were almost
consistent positive or negative urbanization effects shown by the two methods, indicating
that both are suitable and available in this work.

Table 3. Results of urbanization effect and contribution based on the urban-rural difference series.

Urbanizing vs. Rural Urbanized vs. Rural Urbanized vs. Urbanizing Mean
Index UEp UCp /% UEp UCp/% UEp UCp/% UC/%
PRCPTOT 13.86 mm 15.55 62.71 mm 52.36 48.85 mm 100 * 55.97
R95p 7.99 mm 15.87 33.51 mm 32.65 25.52 mm 48.82 32.45
R99p —2.49 mm 12.47 —1.80 mm 4.76 0.69mm 3.85 3.85
Rxlday 3.41 mm 19.62 3.02 mm 7.06 —0.39 mm 1.53 13.34
Rx5day 2.85 mm 11.71 7.89 mm 12.25 5.04 mm 12.58 12.18
SDII 0.33 mm/day 29.87 0.65 mm/day 20.30 0.32 mm/day 15.33 21.83
CDD —1.03 day 35.50 2.59 day 45.11 3.62 day 100 * 72.56
CWD —0.26 day 100 * —0.04 day 3.56 0.23 day 26.27 63.14
R10 —0.09 day 37.29 1.34 day 39.75 1.43 day 39.59 39.67
R20 0.33 day 27.99 0.62 day 100 * 0.29 day 47.47 58.49
R25 0.28 day 18.97 0.48 day 32.39 0.19 day 100 * 50.45
R50 0.12 day 9.67 0.74 day 31.75 0.62 day 56.10 32.51
Mean - 27.69 - 37.36 - 50.00
* Note: If UC > 100%, it means that the extra influence factors are not identified, and we set it to 100% in this study.
Table 4. Results of urbanization effect and contribution based on the change rate of trends in
precipitation extremes.
Urbanizing vs. Rural Urbanized vs. Rural Urbanized vs. Urbanizing Mean
Index UEg UC,r/% UEg UC,r/% UEg UC,r/% UC/%
PRCPTOT 0.006 18.07 0.033 53.44 0.026 43.17 38.23
R95p 0.008 8.35 0.047 35.50 0.039 29.63 24.49
R99p —0.030 32.47 —0.035 39.96 —0.005 5.65 26.03
Rxlday 0.023 56.17 0.014 43.99 —0.009 27.81 42.66
Rx5day 0.008 16.37 0.020 32.37 0.012 19.13 22.62
SDII 0.018 26.87 0.028 37.25 0.011 14.20 26.11
CDD —0.024 100 * 0.063 60.66 0.086 100 * 86.89
CWD —0.027 100 * 0.001 1.57 0.028 64.76 55.44
R10 —0.002 8.34 0.032 55.32 0.034 58.76 40.81
R20 0.010 19.26 0.022 34.24 0.012 18.56 24.02
R25 0.010 16.71 0.019 27.93 0.009 13.47 19.37
R50 0.007 10.27 0.073 55.96 0.067 50.92 39.05
Mean - 34.41 - 39.85 - 37.17

* Note: If UC > 100%, it means that the extra influence factors were not identified, and we set it to 100% in
this study.
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Moreover, Tables 3 and 4 also summarize the urbanization contributions to the changes
in precipitation extremes over the PRD, with wide ranges of 9.67-100% (8.34-100%),
3.56-100% (1.57-60.66%), and 1.53-100% (5.65-100%) for different urban-rural groups, as
measured by urban-rural difference series (change rate of precipitation extremes). Overall,
a higher contribution of urbanization to the changes in precipitation extremes was found in
the urbanized areas, indicating that the urbanization effects may be related to the levels of
urbanization. Although the UC values were larger than 100% for a few indices (e.g., CDD
and CWD), most of them were less than 50%. These results, in a sense, confirm that rapid
urbanization could cause changes in precipitation extremes at a regional or local scale,
which has been reported previously [57,58]. However, it should be noted that urbanization
may show only a limited role in the changes in precipitation extremes, which are also influ-
enced by climate factors, geographical factors, anthropogenic factors, and so on. Moreover,
there is uncertainty regarding the contributions of urbanization to precipitation extremes
for different indices and control groups, indicating that urbanization-induced changes in
precipitation extremes are complicated and need further investigation in the future.

3.5. Discussion

Precipitation extremes have increased globally in frequency, intensity, and extent
over the past decades [59-61]. However, there were no consistent conclusions for re-
gional and/or local scales, with results varying according to region due to heterogeneous
terrain and climate conditions. Here, we examined the spatiotemporal changes in precip-
itation extremes using homogenized daily precipitation records from 58 meteorological
stations over the PRD. In this work, twelve indices defined by the ETCCD], including
the features of amount, frequency, and intensity, were selected to represent precipitation
extremes, and have been widely used to continuously improve perspectives on changes
in climate extremes [61]. Our work provides additional evidence to supplement previous
studies on the variations of precipitation extremes over the PRD [54,62], GBA [29,56,63]
and Guangdong province [64], with insignificant increases for most extreme precipitation
indices. The primary difference is that our findings mainly focus on the changes in precip-
itation extremes for various stations (e.g., rural, urbanizing, and urbanized stations), to
exhaustively examine the spatial variations of precipitation extremes due to anthropogenic
forcing. Our results highlight that the increases in precipitation extremes (except for R95p,
R99p, Rx1day and Rx5day) in urban areas are higher than those in rural areas, as shown
in Figure 10, suggesting that rapid urbanization may intensify the variability of precipita-
tion extremes. The results also affirm current understanding that urbanization exerts an
indelible influence on the changes in precipitation extremes over the PRD.

Substantial evidence shows that global urbanization leads to an increase in urban
precipitation amount and heavy precipitation events in wet and dry regions, especially for
extreme precipitation [59,60]. The PRD, one of China’s main economic centers and situated
in one of the world’s most disaster-prone regions, has experienced rapid urbanization over
the past few decades [4,65]. Previous studies have found that there is stronger and more
frequent extreme precipitation induced by urban expansion over the PRD [35]. That is,
PRD urban locations tend to see faster-increasing trends of extreme precipitation frequency
and higher extreme precipitation intensity. As Li et al. [66] mentioned, human influence,
e.g., rapid urbanization, is likely to cause the intensification of precipitation extremes over
China. Our findings provide additional evidence to improve understanding of urbaniza-
tion’s role in the changes in precipitation extremes. Moreover, we also found that the effect
of urbanization on extreme precipitation is tied to different urbanization processes. Urban-
ization has a limited effect on extreme precipitation during low-level urbanization, and vice
versa, which is consistent with the previous findings of Jiang et al. [67] and Kang et al. [68].
Certainly, the effects of urbanization on precipitation extremes are complicated, due to
the involvement of various dynamical and thermodynamic processes [54]. Generally, four
major mechanisms [58], namely, UHI, urban surface roughness, urban aerosol effect, and
urban landscape, occur simultaneously and interact with many other environmental fac-
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tors, impeding a comprehensive assessment of the urban rainfall effect, and urging further
studies to improve our understanding of urbanization’s role in precipitation extremes.
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Figure 10. Error bars for the scaling trends of precipitation extremes over the PRD during 1961-2017
(unit: % per decade).

Overall, our findings based on the urban-rural comparative analyses in observation
data are a relatively convenient and easy-to-interpret assessment of the contribution of
urbanization to the changes in precipitation extremes. Generally, this method is feasible for
the regions with high-density observation gauges because these dense stations can better
capture the variations of precipitation extremes. Of course, there are several shortcomings
to the proposed method. Firstly, the weighted-average method was used to identify the
urban-rural differences, which may have weakened interpretation of the contribution of
urbanization to precipitation extremes because the urbanization effects showed obvious
local-scale features. Secondly, as we all know, the role of urbanization in precipitation
extremes is associated with many factors, such as geographical and climate context, spatial
and temporal scale, precipitation type, and so on. Thus, it should be noted that statis-
tical analyses are unable to clarify the complex physical mechanism of urban-induced
changes in precipitation extremes, although the quantitative results may help us to un-
derstand the possible role of urbanization in precipitation changes. Therefore, to obtain
more insight into the underlying physical processes of urbanization’s effects on extreme
precipitation, climate-model-based dynamic experiments together with a refined analysis
of high-resolution observation data are needed for future research.

4. Conclusions

This study examined the spatiotemporal variations of precipitation extremes over the
PRD from 1961 to 2017 using a homogenized daily precipitation dataset, and investigated
the effects of urbanization on these changes. Here, we presented a statistical method
to examine the possible contribution of urbanization to these changes in precipitation
extremes through urban-rural comparative analysis. Our results show that most of the
extreme precipitation indices in the PRD experience gradual increasing trends, with a
larger magnitude in the urban areas, indicating that urbanization serves as a regulator to
accelerate the increases or decelerate the decreases caused by the other factors (e.g., climate
change). That is, urbanization could induce the intensification of extreme precipitation, with
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a higher amount, intensity, and frequency of precipitation extremes and a larger magnitude
of their trends occurring in urban areas by comparison with those rural areas. Spatially,
urbanization plays a small role in altering the spatial patterns in precipitation extremes,
mainly influenced by the terrain and other geographical environment drivers. However,
urbanization may induce greater variations in the distribution of precipitation extremes,
with the high values tending to occur in urban areas. Moreover, our findings also indicate
that high-level urbanization tends to have a higher contribution to the temporal changes in
precipitation extremes, suggesting that urbanization’s effects on precipitation extremes may
be related to urbanization levels. In summary, our findings provide additional information
and evidence on the important role of urbanization in precipitation extremes over the PRD,
and offer insights into the feedback of anthropogenic changes into variations in precipitation
extremes. Furthermore, the relationships between urbanization and precipitation extremes
are extremely complicated, and also need further investigation in the future.
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