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1 | INTRODUCTION

| Yishan Liao | Xiaodong Nie | Bin Huang |

Abstract

Risk analysis of urban flood and drought can provide useful guidance for urban rain-
water management. Based on an analysis of urban climate characteristics in 2,264
Chinese cities from 1958 to 2017, this study evaluated urban flood and drought risks.
The results demonstrated that the annual average values of precipitation, aridity
index, frequency and intensity of extreme precipitation and extreme drought events
differed significantly in these cities. The values of the above six climatic indicators
in the cities ranged from 9.29-2639.30 mm, 0.47-54.73, 1.08-8.79 time, 7.82-
107.25 mm, 0.76-2.99 time, and 10.30-131.19 days, respectively. The geographical
patterns of urban precipitation, aridity index, intensity and frequency of extreme
precipitation and drought events in China fit well to the Hu-Huanyong Line that
was created in 1940s to identify the pattern of population distribution. Extreme pre-
cipitation in most cities has upward trends, except for those around the Hu-Huanyong
Line. The extreme drought events had upward trends in the cities east of the
Hu-Huanyong Line, but there were downward trends in the cities west of the line.
The risk assessment indicated that 3.80% cities were facing serious flood and 6.01%
cities were facing serious drought risks, which are located in the coast of southern
China and northwestern China, respectively, and other 90.19% cities were facing

different types of drought and flood risks in terms of their intensity and frequency.
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Nijssen, & Lettenmaier, 2015; Rosenzweig, Solecki, Hammer, &

Climate change is one of the most imminent threats to human society
and has great impacts on normal living and security of urban systems.
Due to the effects of climate change, extreme meteorological events,
such as droughts, floods, rainstorms, and tropical typhoons, have
occurred more frequently in recent years, which has seriously affected
human daily life and economic production (Dao & Hoang, 2016;
Pachauri et al., 2014). In recent years, some studies have discussed
the interference of climate change on urban economy and people's
lives (Hallegatte, Hourcade, & Ambrosi, 2007; Mishra, Ganguly,

Mehrotra, 2010). With the expansion of urbanization, many problems
such as drought, flood, and water pollution have become serious, and
climate change aggravates these matters.

Presently, many researches established models by using remote
sensing and geographic information system technology to dynamically
simulate the urban flooding process (Bernardini et al., 2017; Guidolin
et al., 2016; Meesuk, Vojinovic, Mynett, & Abdullah, 2015; Smith,
Liang, & Quinn, 2015), to analyse the mechanism of urban
waterlogging (S. Du, Shi, Van Rompaey, & Wen, 2015; L. Yao, Wei,
& Chen, 2016), to evaluate the characteristics of the risk of
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waterlogging (Chang & Huang, 2015; H. Huang et al., 2017), and to
design the urban drainage system (Duan, Li, & Yan, 2016; Smith
et al.,, 2015). These models included hydrologic models and digital sur-
face and terrain models. On the other hand, many indicators were
adopted to analyse the temporal and spatial characteristics of urban
drought and flood (J. Du, Fang, Xu, & Shi, 2013; Gober, Sampson,
Quay, White, & Chow, 2016; Ortega-Gémez, Pérez-Martin, & Estrela,
2018) and to discuss the impacts of drought and flood on natural envi-
ronment and human life (Miller & Hutchins, 2017; Tortajada, Kastner,
Buurman, & Biswas, 2017).

In China, many cities, such as Beijing, Guangzhou, Wuhan,
Shijiazhuang, and Shenzhen (Figure 1), have frequently experienced
urban floods and droughts (Shao et al., 2016). For example, in August
2007, Changsha suffered a severe once-in-50-years drought because
of continuous high temperatures and little precipitation. Many rivers,
such as the Xiangjiang River, dried up, which threatened the supply
of drinking water for a million residents (http://news.sina.com.cn/c/
2007-08-07/115512342131s.shtml). On July 6, 2016, heavy rain
came to Wuhan with 184 mm of rainfall in a single day; the rainstorm
caused traffic paralysis, and the waiting room of Wuhan Railway Sta-
tion was flooded (http://www.88148.com/News/2016070647902.
html). In the morning of May 10, 2016, Guangzhou encountered a
heavy rain with 81.4 mm rainfall in 2 hr; the city was flooded, and

the rainwater ran into the subway (http://news.ifeng.com/a/

20160511/48752010_0.shtml). Because of days of rain during June
2017 in Changsha and its surrounding areas, Orange Island was
flooded on July 2, 2017 (http://photos.caixin.com/2017-07-03/
101109607.html). These disasters have caused serious economic
losses plus human death or injury, and the situation is escalating
steeply (Zou, Xu, & Qiu, 2015). More frequent and severe floods and
droughts will raise higher demand for basic clean water supplies in
cities (Rosenzweig et al., 2010). With the rapid expansion of urbaniza-
tion, the total building floor area constructed in China over the last
decade has been more than three times that over the past 46 years
(Qian, 2016). Overall, urban flood and drought hazards will increase
in the future even without considering the potential impacts of climate
change (Glineralp, Glineralp, & Liu, 2015).

To strengthen the management and utilization of urban rainwater
resources, China began to implement a “sponge city” construction pro-
gramme in 2014 (Shao et al., 2016). “Sponge city” means that cities
can absorb, store, purify, seep, and release rainwater such as sponges,
which emphasizes the concept of “natural accumulation, natural infil-
tration and natural purification.” Now, there are 30 cities (e.g., Ji'nan,
Wuhan, Xiamen, Beijing, Tianjin, and Shanghai; Figure 1) that have
carried out the construction of sponge city, but the research on
sponge city in China has emphasized engineering measures while
ignoring nonengineering measures (Yang, Scheffran, Qin, & You,

2015). The construction of sponge city should consider climate
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FIGURE 1 Distribution of main cities in China
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change, and the corresponding measures should be proposed to deal
with climate change. Therefore, the main objectives of this study were
to (a) discuss the characteristics of the urban climate change over the
past 60 years (1958-2017) in China and (b) estimate the risk of flood
(especially caused by local heavy precipitation) and drought in the near
future (2018-2027) in these cities.

2 | MATERIALS AND METHODS

2.1 | Data

To perform this research, meteorological data were provided by China
Meteorological Administration from 566 stations across China
(Figure 2) for the period 1958-2017, including daily average tempera-
ture, relative humidity, precipitation, sunshine duration, atmospheric
pressure, vapour pressure, and wind speed (China Meteorological
Administration, 1958-2017). The information of cities at county level
(including number, name, and location of the cities) came from the
statistical yearbooks of China (2016). In addition, this paper used four
extreme event indicators and many abbreviations, which were showed
in Table 1.
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2.2 | Introduction of the Hu-Huanyong Line

The Hu-Huanyong Line was put forward by Hu Huanyong in 1935,
which was connected from Heihe (Aihui) city of Heilongjiang province
to Tengchong county of Yunnan province. This line can divide the
population distribution in China, and it basically coincided with the
400-mm precipitation isoline. According to the statistical data in
2010, the southeast side of the Hu-Huanyong Line (except for Hong
Kong, Macao, and Taiwan province) covered 36% of the total area of
mainland and has gathered 94% of the population and contributed
to 95.70% of the national gross domestic product in China.
Therefore, this line can be regarded as an important geographical,
economic, and social division line in China (S. Liu et al., 2017; Qi, Liu,
& Zhao, 2015).

2.3 | Relevant methods

In this study, the values of urban climate indicators can be obtained by
Kriging interpolation using meteorological data. The MK test (Kendall,
1975; Mann, 1945) with the trend-free pre-whitening (TFPW; S. Yue,
Pilon, Phinney, & Cavadias, 2002) procedure was used to detect

climatic indicators trends, and the K-means clustering (Macqueen,

2,000

FIGURE 2 Contour lines indicate average precipitation and average temperature (1958-2017), respectively, and the points indicate the locations

of weather stations
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TABLE 1 Abbreviation and meaning of indices applied in this study
Indices (unit) Meaning

Annual total precipitation
Aridity index

Pre (mm)
Al (dimensionless)
EPF (time)

EPI (mm)
events during the year

EDF (time)

EDI (d)
during the year

APVAI (dimensionless)
linear regression)

APVEPF (time)
APVEPI (mm)

APVEDF (time)
APVEDI (days)

Same as above, but for EPF
Same as above, but for EPI
Same as above, but for EDF

Same as above, but for EDI

1967) was used to classify cities according to their risk characteristics.
In order to identify the risk characteristics of urban drought and flood,
Al, EPF, EPI, EDF, and EDI were chosen to reflect the general and
extreme climate characteristics, and linear regression was used to
calculate the predicted mean value of each index in the next 10 years
(2018-2027) for each city, which are defined as APVAI, APVEPF,
APVEPI, APVEDF, and APVEDI, respectively. Based on the above indi-
cators, the risk classification of urban drought and flood was analysed
by K-means clustering method, and in order to balance the accuracy
and difference of classification results, the cities were divided into
six categories. In addition, the six cluster centres of each index were
divided into three categories by the K-means method, that is, high,

medium, and low, to reflect the types of risk.

2.4 | Aridity index

Aridity index reflects climatic dry or wet conditions in specific region.
A common form of meteorological aridity can be expressed as the
ratio of annual total potential evaporation to annual total precipitation
(Budyko, 1974; Meng, Ni, & Zhang, 2004), which can accurately show
the difference in water balance between each city in our study:

ET,
A= pre

(1)

where ET), is the annual total potential evapotranspiration (mm). In a
broad sense, the value of Al can define climate regimes, such as
superarid (Al > 30), hyper-arid (30 > Al > 12), arid (12 > Al > 5), semi-
arid (5 > Al > 2), subhumid (2 > Al > 0.75), humid (0.75 > Al > 0.375),
and hyper-humid (Al < 0.375; Ponce, Pandey, & Ercan, 2000).

ET, represents the maximum possible water evaporation in a
period (in this paper, for 1 year), which can be calculated by Penman
formula (Brutsaert, 2005; Penman, 1948):

_ AR Y
ETpiA—i—Y)\ +A+VEA7 (2)
Ea = f(uz)(es ~ea). (3)

Extreme precipitation frequency, that is, the number of extreme precipitation events occurring in the year

Extreme precipitation intensity, that is, the ratio of total intensity to the occurrence frequency of extreme precipitation

Extreme drought frequency, that is, the number of extreme drought events occurring in the year

Extreme drought intensity, that is, the ratio of total intensity to the occurrence frequency of extreme drought events

The average of predicted value of Al in the next 10 years (i.e., the mean value of Al from 2017 to 2026, calculated by

f(up) = 0.26(1 + 0.54us), )

where A is the slope of the curve of vapour pressure versus tempera-
ture, R, represents the net radiation at the reference surface, y repre-
sents the psychrometric constant, A is the latent heat of vaporization,
E, is the drying power of the air, u, represents the wind speed at 2-m
height, e, is the saturated vapour pressure, and e, represents the actual
vapour pressure. More detail calculation method of these parameters
can be found in previous papers (Allen, Pereira, Raes, & Smith, 1998;
Yuan, Liang, & Li, 2018). The data required for this calculation, including
daily temperature, relative humidity, precipitation, sunshine duration,
atmospheric pressure, vapour pressure, and wind speed, were derived
from meteorological station, and all constants used the values recom-
mended by the references (Allen et al., 1998; Brutsaert, 2005).

2.5 | Extreme precipitation and extreme drought

Extreme precipitation (EP) events were usually defined as a daily precip-
itation exceed a certain threshold, and this threshold was generally cal-
culated by the method of specific quantiles of daily precipitation series
(Groisman et al., 1999). In this study, according to the cumulative prob-
ability distribution of daily precipitation during the standard time
(1971-2000, recommended by the World Meteorological Organiza-
tion), the threshold of extreme precipitation events is defined as the
daily precipitation value with a cumulative probability of 95%. There-
fore, the probability of extreme precipitation events was 5% in standard
time period, and from 1958 to 2016, the daily precipitation events that
exceeding the threshold are defined as extreme precipitation event.
Referencing the definition of consecutive dry days (CDD, the num-
ber of consecutive days when the precipitation is less than 0.1 mm/day)
proposed by Frich et al. (2002), the extreme drought (ED) event was
defined by the use of the inverse cumulative probability distribution
function of CDD (regard adjacent years as continuous data, and the
time of the occurrence of a drought event is defined as the start date
of CDD); during the standard time period, the threshold of extreme

drought events is defined as the CDD with an inverse cumulative



LIANG ET AL

WILEY——2

probability distribution function value of 5%. So the probability of
extreme drought events in the standard time period is also 5%. Accord-
ing to our calculation, the threshold of EP in 2,264 cities ranges from
5.79 to 76.02 mm, with an average value of 31.88 mm; the threshold
of ED ranges from 6.14 to 182.32 days, with an average of 20.97 days.

3 | RESULTS

3.1 | Spatial characteristics of the main urban
climatic indicators

The average of Pre, Al, EPF, EPI, EDF, and EDI in each city from 1958
to 2017 was calculated, and the results indicated that the spatial dis-
tribution of urban climate characteristics has specific pattern in China.

(a)

ik

Average Pre -

(a) The average annual Pre of the 2,264 cities ranged from 9.29 mm (in
Tulufan city of Xinjiang Uygur Autonomous Region) to 2,639.30 mm
(in Dongxing city of Guangxi province), and the corresponding value
of 1,836 cities (approximately 81% of cities) was above 500 mm, most
of which were located in the southeast of the Hu-Huanyong Line
(Figure 3a). (b) The average annual Al ranged from 0.47 (in Dongxing
city of the Guangxi Zhuang Autonomous Region) to 54.73 (in Tulufan
city) with approximately 85% of cities lower than 2, and most humid
and subhumid cities were located in the southeast of the Hu-
Huanyong Line (Figure 3b). (c) The average annual EPF ranged from
1.08 time (in Ruogiang county of Xinjiang) to 8.79 time (in Junlian
county of Sichuan province) with approximately 73% cities above 4
time (Figure 3c). The average annual EPI ranged from 7.82 mm (in
Ruogiang county) to 107.25 mm (in Sansha city of Hainan province)
with approximately 74% cities above 40 mm, and most of which were
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located in the southeast of the Hu-Huanyong Line (Figure 3d). (d) The
average annual EDF ranged from 0.76 time (in Ruogiang county) to
2.99 time (in Changbai county of Jilin province) with approximately
78% cities above 2 time (Figure 3e). The average annual EDI ranged
from 10.30 days (in Xuyong county of Sichuan province) to
131.19 days (in Shigatse city of Tibet Autonomous Region), with
approximately 93% cities lower than 50 days, and most of which were

located in the southeast of the Hu-Huanyong Line, too (Figure 3f).

3.2 | Trends of urban climate change in China

Climate change characteristics are checked by index TFPW-MK trend
test from 1958 to 2017 (with a = 0.05) in each city. The results
indicated that (a) Pre showed a nonsignificant trend in 88.47% cities
throughout the country, and approximately half of the cities
showed an upward trend (Table 2). The cities with significant Pre
upward trends were mainly distributed in the northwest of the Yangtze
River Delta, whereas the cities with significant downward trends were
mainly located in Yunnan, Sichuan, and Shandong provinces (Figure 4a).
(b) Al of more than half cities showed a nonsignificant downward trend,
and about one third cities had nonsignificant upward trends (Table 2),
which are mainly located around the Hu-Huanyong Line (Figure 4b).
Generally, the Al trend was mainly opposite to Pre trend, especially in
the cities west of the Hu-Huanyong Line showed a downward Al trend,
and the cities in Sichuan, Yunnan, and Ningxia had an upward Al trend
(Figure 4b), whereas the Pre in these cities showed an opposite trend
(Figure 4a). This phenomenon meant that the change of precipitation
can primarily affect the trend of Al. However, there are a few excep-
tions, such as some cities in Hebei, Shandong, and Shanxi Henan prov-
inces showed nonsignificant downward trends in Pre and Al. Although
the precipitation was decreasing in these cities, the reduction of evapo-
transpiration may be more obvious, so that they were still in a more
humid trend on the whole (Figure 4b). (c) For extreme precipitation,
there were 64.53% and 71.16% of the cities in China that had an
upward trend of EPF and EPI, respectively. Among them, cities in west
of the Hu-Huanyong Line mainly had an upward trend of EPF and EPI at
the same time, especially in Xinjiang, Gansu, and Qinghai provinces.
EPF and EPI in most cities of North China Plain and Northeast Plain
showed downward trend. Except for some cities in Sichuan and Yunnan
Province, most of the cities in Southern China had upward trends of
EPF, particularly in the middle and lower reaches of the Yangtze River,
whereas except for a few cities in Guangdong and Yunnan provinces,

the EPI of most cities in south China showed an upward trend or even

TABLE 2 The number of cities with different climate trends

Trend type Pre Al

Significant downward 98 269
Non-significant downward 1044 1176
No trend 17 24
Non-significant upward 942 756

Significant upward 163 39

significant upward trends (Figure 4c,d). (d) In terms of extreme drought,
about 75.18% and 63.52% of the cities in China have upward trends in
EDF and EDI, respectively. Interestingly, the frequency and intensity of
extreme drought had declined in most areas located in west of the Hu-
Huanyong Line due to precipitation significant increase over the past
60 years. In east of the Hu-Huanyong Line, 71.11% cities had the same
trend of EDF and EDI with upward trends. In the cities located in
Sichuan, Yunnan, Guizhou, Guangxi, and Hainan provinces, the upward
trends of EDF were significant, and the cities with significant upward
EDI trends mainly distributed in this area too. The cities with downward
trends of EDF are mainly distributed in northeast of China, Shanxi,
Jiangxi, Anhui, and Shanghai, whereas the distribution of cities with

significant EDI trends tends to be more fragmented (Figure 4e,f).

3.3 | Assessment of urban flood and drought risk

All cities were divided into six categories according to drought and
flood risk types by cluster analysis (Table 3 and Figure 5); the charac-
teristics of drought and flood risk in each type of city are shown in
Table 4. The result indicated that the six types of cities (sorted by
APVAI) reflected different patterns of drought and flood risk. Except
APVEDF, the cluster centre values of the other four indexes are quite
different. This indicates that APVAI, APVEPF, APVEPI, and APVEDI
played key roles in the clustering process, and the frequency of
extreme drought events was less important to classify the urban
drought and flood risk. In addition, the number of the six types of cit-
ies was generally characterized by normal distribution; serious flood
risk cities (the first category) and severe drought risk cities (sixth type)
are relatively small; and the number of other mitigating situations is
relatively large. Type 1 cities had humid climate with high APVEPF,
APVEPI and low APVEDI. In the future, these cities will face serious
flood risk. Such cities account for only 3.80% of the total, mainly
located in the coastal areas of southern China. Type 2 and Type 3
cities have humid climate, which account for about 50% of the total.
The risk types of drought are similar to those of the first category,
and the intensity and frequency of flood are slightly reduced, but it
is still the key point for prevention and control. These two types of
cities are mainly distributed in the vast areas of south China, northeast
China, and north China. Type 4 and Type 5 cities account for 39.00%
of the total. Their dry and wet conditions of climate belong to the
moderate level and have the same type of APVEPF, APVEDF, and
APVEDI, whereas APVEPI value is slightly different. These two types
of cities have mitigating risk of drought and flood, mainly located

EPF EPI EDF EDI
19 24 93 60
770 608 458 745
14 21 11 21
1044 1310 1134 1239
417 301 568 199
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around the Hu-Huanyong Line and northern Xinjiang. Type 6 cities
account for 6.01% of the total,

extremely dry. The risk types are characterized by low frequency

with the climate conditions are

and intensity of extreme precipitation event, low frequency but
extremely high intensity of extreme drought event. These cities are
mainly located in Xinjiang, Qinghai,

Gansu, Inner Mongolia, and

Shaanxi provinces of northwest China and Tibet Plateau.

4 | DISCUSSION

4.1 | Interaction of urbanization and climate change

Traditional grey drainage facilities (drainage system based on urban

engineering pipeline; Vineyard et al., 2015) used in urban construction

can effectively alleviate flood in some degree; however, with the con-
tinuous expansion of the urban area, they are often difficult to dis-
charge the urban rainwater. On the other hand, the destruction of
natural environment caused by the construction of impervious roads
leads to the aggravation of nonpoint source pollution and increase of
drought and flood events (S. Du et al., 2015; Q. Huang, Zhang, Singh,
Shi, & Zheng, 2017). In addition, urbanization has a significant influ-
ence on climate (Kalnay & Cai, 2003; Golroudbary, Zeng, Mannaerts,
& Su, 2017); by making urban temperature rise (Guo & Ya, 2014;
Kalnay & Cai, 2003; Y. Z. Li, Luo, & Zhou, 2015; A. Y. Zhang et al.,
2010), the urban heat-island effect is its most prominent characteristic
(Manley, 1958; Jusuf, Wong, Hagen, Anggoro, & Hong, 2007). And the
increase of extreme precipitation events is closely related with human
activities and greenhouse gas emissions, because climate warming will

lead to a more intense hydrological cycle in nature (Guneralp et al.,
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TABLE 3 Clustering centres and risk types

Cluster center APVAI APVEPF APVEPI
Type 1 0.77 () 7.39 (h) 92.46 (h)
Type 2 0.87 (I) 7.10 (m) 66.08 (m)
Type 3 0.99 (I) 7.18 (m) 51.60 (m)
Type 4 1.69 (m) 4.11 (1) 48.80 (m)
Type 5 2.17 (m) 4.99 () 26.77 (1)
Type 6 9.30 (h) 3.75 (I) 17.56 ()
Note. “I,” “m,” and “h” means “low,”

APVEDF APVEDI Number of cities
2.84 (m) 26.55 (1) 86 (3.80%)

2.70 (m) 23.30 (1) 733 (32.38%)
3.05 (h) 19.90 (1) 426 (18.82%)
2.24 () 42.17 (m) 512 (22.61%)
2.14 ()) 32.38 (m) 371 (16.39%)
1.34 () 69.24 (h) 136 (6.01%)

moderate,” and “high,” respectively. APVAI: average of predicted value of aridity index; APVEPF: average of predicted

value of precipitation frequency; APVEPI: average of predicted value of precipitation intensity; APVEDF: average of predicted value of drought frequency;

APVEDI: average of predicted value of drought intensity.

City classification
* Type 1
* Type 2
* Type 3
* Type 4

Type 5
Type 6

0 500 1,000

FIGURE 5 The distribution of the six types of cities

TABLE 4 Meaning of urban type

Types of

city Risk characteristics of drought and flood

Type 1 low APVAI, APVEDI + moderate APVEDF + high APVEPF,
APVEPI

Type 2 low APVAI, APVEDI + moderate APVEPF, APVEPI, APVEDF

Type 3  low APVAI, APVEDI + moderate APVEPF, APVEPI + high
APVEDF

Type 4  low APVEPF, APVEDF + moderate APVAI, APVEPI, APVEDI

Type 5  low APVEPF, APVEPI, APVEDF + moderate APVAI, APVEDI

Type 6  low APVEPF, APVEPI, APVEDF + high APVAI, APVEDI

Note. APVAI: average of predicted value of aridity index; APVEPF: average
of predicted value of precipitation frequency; APVEPI: average of pre-
dicted value of precipitation intensity; APVEDF: average of predicted value
of drought frequency; APVEDI: average of predicted value of drought
intensity.

2015; Coumou & Rahmstorf, 2012). Therefore, climate change may
cause extreme hydrologic events (including drought and flood) to

happen more frequently (Zhou et al., 2011).

Urbanization affects the hydrological cycle significantly, and urban
precipitation may increase with urbanization development (Bai et al.,
2013; Liang, Ding, He, & Tang, 2011; Palumbo & Mozzarella, 1980;
Shepherd, 2006). At the same time, abnormal changes of the hydro-
logical cycle can seriously affect precipitation, evaporation, runoff,
and river systems, which exacerbates the destruction of urban ecolog-
ical environment. Urban climate change has a significant impact on the
hydrologic cycle, too (Middelkoop et al., 2001; Yang, Chan, &
Scheffran, 2018); urban flood and drought occur mainly because pre-
cipitation and drought extreme events exceed the capacity of urban
infrastructure, and the current standard of urban infrastructure cannot
cope with climate change and extreme climate events effectively.

The changes of urban extreme climate events are very complex
and have received extensive research in recent years (T. Gao & Xie,
2016; S. Liu et al., 2017; Song et al., 2015; H. Wang et al., 2017; X.
Wang, Hou, & Wang, 2017; Zhai, Zhang, Wan, & Pan, 2005; K. Zhang
et al., 2014; Zhao, Zou, Cao, & Xu, 2014). In the future, without the
infrastructure to deal with floods and droughts, the livelihoods and
settlements of urban residents will be at medium- and high-risk level
in Asia (Pachauri et al., 2014). Therefore, urban governments should
consider the characteristics of the urban environment and climate
change and try to adopt decentralized, source-based, green, low-
impact development measures to reduce the impact of artificial facili-
ties on the hydrological cycle processes during urban construction and
management. Fortunately, many modern means of stormwater man-
agement, such as low impact development and green infrastructure,
have been adopted, which can mitigate the risk of drought and flood
comprehensively and improve the adaptability of cities to climate
change (S. Du et al., 2015).

4.2 | Comparison with related researches

Compared with other researches, the mean and trend of precipitation,
extreme precipitation events, and extreme drought events in this
study are generally similar whereas the climate indicators are not
absolutely identical. For example, using Standardized Precipitation
Evapotranspiration Index based on Penman (SPEI-PM) representative
evapotranspiration formula, Y. Chen, Zhou, Zhang, Du, and Zhou
(2015) found that the climate in the vicinity of the Hu-Huanyong Line

has a trend of drought, and there is a wetting trend on both sides of
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the line, especially in Xinjiang and Qinghai. The results of Wu's
research showed an obvious pattern in the climate risk regression
map (based on the comprehensive aridity index) that the northwest
region has a high risk of drought and the southeast region has a high
risk of waterlogging, whereas the area near the Hu-Huanyong Line is
mostly mild climate (Wu et al., 2018). And Huang's research showed
that the climate (based on SPEI) in the northwest region had a wetting
trend whereas some areas near the Hu-Huanyong Line had drought
trend (Q. Huang et al., 2017). Research results in other subregions,
such as in Songhua River Basin (Song et al., 2015), Pearl River Basin
(Zhao et al., 2014), Hengduan Mountains region (K. Zhang et al,,
2014), Yangtze River Basin (T. Gao & Xie, 2016), coastal area of China
(X. Wang et al., 2017), Xinjiang (J. Yao, Zhao, Chen, Yu, & Zhang,
2018), also had similar conclusions with this study. Different from
common urban flooding risk zoning research (Y. Chen et al., 2015;
Yin, Yu, Yin, Liu, & He, 2016), this study explored the risk or possibility
of flood or drought in Chinese cities in the background of climate
change, using cluster analysis to divide the cities according to the
characteristics of the conventional and extreme climate events of cit-
ies in the future, and analysed the specific types of urban drought and
flood risk.

In addition, there are many types of aridity indices, such as SPEI,
Palmer Drought Severity Index, and Standardized Precipitation Index,
which have been widely applied in previous studies (Vicente-Serrano,
Begueria, & Lopez Moreno, 2010; Lloyd-Hughes & Saunders, 2002;
Blauhut, Gudmundsson, & Stahl, 2015). However, these drought indi-
ces were unable to be used in this study: First, they must depend on
the distribution of precipitation or (and) evapotranspiration during
the whole period of the study so that the standard reference time
domain cannot be extracted. Therefore, the occurrence probability
of the same level of drought and flood events of different individuals
in the whole-time domain is the same, and there is a lack of compara-
bility among individuals. Second, all these indices meet a particular dis-
tribution (e.g., the SPEI value corresponds to a normal distribution
with a mean of zero) so that they can only judge the dynamic dry
and wet conditions and cannot reflect the long-term average state of

individuals.

4.3 | Main uncertainties of this study

The urban drought and flood disaster are affected by many factors, so
it is difficult to predict their risk. On the one hand, human activities
can change the frequency of disasters. For example, reservoirs have
significant impacts on hydrological characteristics (Ming et al., 2017),
and rivers controlled by reservoirs may decrease the trend in flood
peak discharges and interannual variability (Lajoie, Assani, Roy, &
Mesfoui, 2007). At present, China has the largest number (more than
98,000 in 2016) of reservoirs in the world, and one of the main
functions of these reservoirs is to regulate and store river water and
prevent floods (S. Li et al., 2018). Many studies have shown that the
existence of reservoirs can reduce the risk of downstream flood in
China (S. Gao et al,, 2019; Q. Zhang, Gu, Singh, Xiao, & Chen, 2015).

In addition, the change of underlying surface will also affect the ability
of cities to cope with extreme precipitation and drought events. Some
studies have shown that the environmental benefits of land use in
many cities in China tend to increase (Song, Chang, Yang, & Scheffran,
2016), which indicates that the impact of urbanization on drought and
flood events will be more complex in the future. On the other hand,
climate change is a global problem coupling with the human system
and natural system (Bossel, 1999), with numerous and complex
influencing factors. It is difficult to predict future climate accurately,
for example, models in Coupled Model Intercomparison Project Phase
5 cannot simulate temperature and precipitation well in China; mean
annual temperature was underestimated approximately 1.8°C; and
mean annual precipitation was overestimated approximately 263 mm
by Coupled Model Intercomparison Project Phase 5 (T. X. Yue et al.,
2016). But there is no doubt that too little or too much precipitation
is the primary cause of urban drought and flood disasters. In view of
the uncertainty and unavailability of other data, we only discussed
the risk of urban drought and flood caused by local precipitation.
The risk analysis based on linear regression can only reflect the future
drought and flood risk according to the current climate trend. In addi-
tion, meteorological stations record the total precipitation in 1 day,
whereas flood events are mostly caused by heavy rain of short time-
scale that are generally less than 6 hr (Yin et al., 2016). EP on a daily
scale cannot necessarily cause urban flood events because of the dif-
ference of urban facilities and disaster emergency response capacity.
Many real droughts and floods obviously correspond to extreme
events in recorded data. For example, according to the Yearbook of
Meteorological Disaster in China, Hebei southern plain suffered from
severe drought in the first 4 months of 2006, and the meteorological
data show that the total precipitation was less than 10 mm during this
period in this region. On July 2, 2009, Hengyang city of Hunan prov-
ince suffered from severe flood, and the precipitation on that day
was 151 mm.

In addition, K-means is sensitive to outliers, and the outliers
may affect the result of clustering centres and clustering stability
(Ye, Cao, Zhang, & Jia, 2016; Yu, Chu, Wang, Chan, & Chang, 2018).
We applied APVAI, APVEPF, APVEPI, APVEDF, and APVEDI to cluster
analysis, but they have outliers in varying degrees. For example, the
value of APVAI range from 0.37 to 50.22, but there are 2,115 cities
with APVAI values less than 3.24. That is, in statistics theory, 149 cit-
ies (6.58%) belong to outliers, mainly distributed in areas with serious
desertification in northwest China. As shown in Figure 6, the spatial
distribution of APVAI and its statistical abnormal values (range from
3.24 to 50.22), and after marking the outliers, the spatial distribution
of the indexes is more detailed than that of Figure 3b. In addition,
the abnormal values of APVEPF, APVEPI, APVEDF, and APVEDI data
are accounting for 0%, 1.10%, 3.84%, and 2.21% of the total cities,
respectively. However, the main way to deal with outliers is to
eliminate them. Because the abnormal performance of the index con-
forms to the local climate and environment characteristics, this study
cannot deal with these outliers. And in the presence of outliers, the
results of repeated clustering are consistent, so cluster analysis can

be relatively stable.
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FIGURE 6 The spatial distribution of APVAI and its statistical
abnormal value (3.24-50.22). APVAI: average of predicted value of
aridity index

5 | CONCLUSION

The characteristics of precipitation, aridity index, extreme precipita-
tion and drought events in 2,264 cities of China were analysed, and
the flood and drought risk of the cities were evaluated based on the
future short-term forecasts in the context of climate change. We
found that precipitation is an important factor affecting Al in most
of Chinese cities, and the cities with heavier precipitation tended to
have lower Al. Cities with frequent extreme precipitation often have
higher intensity of extreme precipitation that are mainly distributed
in regions east of the Hu-Huanyong Line, but the extreme drought
intensity is often low in cities with high frequency of extreme drought
events. The cities with precipitation downward trends are mainly
located around the Hu-Huanyong Line. The frequency and intensity
trends of extreme precipitation in most cities are the same, as well
as the extreme drought. The extreme precipitation events in most
cities have become more serious, but the extreme drought events in
the cities west of the Hu-Huanyong Line tend to slow down, and
the cities east of the Hu-Huanyong Line have a tendency to
strengthen. The urban drought and flood risk patterns are distinct,
and different types of cities are mainly concentrated in southern China
coastal, south of Huaihe, around the Hu Hu-Huanyong Line and Tibet
and Xinjiang. Among the six types of cities, the flood risk of Type 1
cities is serious; the drought risk of Type 6 cities is clear; and the
characteristics of other cities are more complicated.
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