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Abstract: Rapid urbanization leads to changes in urban micro meteorology, such as the urban heat
island effect and rain island effect, which eventually brings about urban waterlogging and other
problems. In this study, the data of precipitation, temperatures and impervious surfaces with long
series and high resolution are used to study the rain island effect in Jinan City, China. MK-Sen’s slope
estimator, Pettitt test and Pearson correlation analysis are used to quantitatively analyze the impact
of urban expansion on extreme climate indices. The results show that Jinan City has experienced
rapid urbanization since the 1978 economic reform, and the impervious surface areas have increased
from 311.68 km2 (3.04%) in 1978 to 2389.50 km2 (23.33%) in 2017. Urban expansion has a significant
impact on temperature, with large variations in extreme temperature indices over the intensive
construction area relative to the sparse construction area. The extreme temperature indices have a
significant correlation with impervious surfaces. Jinan City shows a certain degree of rain island
effect, which seems to be spatially correlated with the urban heat island effect. The frequency of
short-duration precipitation events significantly increases and the intensity of precipitation events
generally increases. The magnitude and frequency of extreme precipitation indices in the intensive
construction area significantly increase when compared to that in the sparse construction area, and
they have a significant correlation with impervious surfaces. There is a tendency that Jinan City’s
rainfall center moves towards to the intensive construction area.

Keywords: urbanization; rain island; extreme precipitation; extreme temperature; urban flood;
Jinan City

1. Introduction

Urbanization is commonly pursued by all countries to achieve social and economic
modernization. In 2018, 55% of the world’s population was recorded to live in urban areas,
a proportion that is expected to increase to 68% by 2050, and it is expected that the growth
of the world’s urban population will be highly concentrated in a few countries, such as
China, India and Nigeria [1]. By 2030, more than 70% of China’s population is expected to
live in metropolitan areas [2]. Urbanization inevitably leads to variations in near-surface
material and energy balance and affects local atmospheric circulations [3]. The analysis
of regional climate change caused by urban expansion has been the subject of numerous
studies in the past decade [4,5].

The impact of urbanization on regional climate is due to variations in atmospheric
thermal, dynamic and chemical components [6,7]. The formation of urban rainfall is
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dominated by urban heat island, changes in surface roughness and aerosol emissions
coupled with regional topography and climate features [8–13]. Shepherd and Burian
pointed out that the urban heat island effect has an important influence on precipitation
anomalies [14]. Ganeshan found that the amount and frequency of precipitation in urban
centers and downwind areas were often greater than those of surrounding areas [15]. Miao
used the WRF model to analyze the influence of urbanization on summer precipitation and
concluded that the change in precipitation depended on the degree of urbanization [16].
Yang et al. indicated that inland wind enhances the formation of a convergence zone,
leading to an increase in heavy rainfall in the Milwaukee–Lake Michigan region [17].
Li and Ma observed that the city effect was obvious for local heavy precipitation and large-
scale weak precipitation events, but not for large-scale heavy precipitation events [18].

Rapid urbanization has led to serious urban problems, such as urban waterlogging,
landslide hazard and environmental degradation, which threaten social stability, economic
development and human health [19]. Land urbanization changes the regional hydrological
conditions and reduces the stability of slopes, increasing the severity and frequency of
natural disasters [20,21]. From 2003 to 2014, there were 288,946 places with geological
disasters (including landslides, ground cracks and land subsidence) that caused economic
losses of about USD 870 million and 9560 casualties in China [22]. The change in urban
micrometeorology has become a growing concern, and extreme precipitation and extreme
temperature represent the key factors that influence it [23,24]. The mechanisms of how
urbanization induces extreme precipitation are still poorly understood, most of which are
deduced from differences in precipitation between urban and rural areas using data from
numerical models, ground stations or satellites [25,26]. At present, most studies focus on
the indicators connected with precipitation intensity, but there are still shortcomings in
analyzing the regional patterns of extreme precipitation [27].

Jinan City, the capital of Shandong Province, is an important intersection between the
Bohai Rim Economic Zone and the Beijing–Shanghai Economic Axis [28]. Its water security
is of great significance to the ecological protection and high-quality development of the
Yellow River basin. With the rapid urbanization development in Jinan City, the urban
climate conditions have changed, and urban flash flooding has become an increasingly
serious issue. The data of precipitation, temperature and impervious surfaces with long
series and high resolution are used to study the spatio-temporal evolution of temperature
and precipitation and their correlation with urbanization in Jinan City. The quantitative
impact of the urbanization on air temperature and precipitation is analyzed, and the “urban
rain island effect” in Jinan City is analyzed in depth. The knowledge on the contribution of
urbanization to rainfall is of great practical significance to the water security strategy in
Jinan City.

2. Materials and Methods Description
2.1. Study Area Description

Located in east China (36◦40′N, 117◦00′E), Jinan is the capital city of Shandong
Province. It is a national logistics hub, one of the top 50 Asian cities, and a global
second-tier city. As of the end of 2019, Jinan City has a permanent population of 8.91 million
and a population urbanization rate of 71.21%. Jinan City is located at the junction of the
low mountains and hills in central southern Shandong Province and the alluvial plains
in northwestern Shandong Province. The elevation is high in the south and low in the
north, which is conducive to the accumulation of surface water and groundwater in the
urban area. Jinan City has a monsoon climate of medium latitudes, with an average annual
temperature of 13.8 ◦C and an average annual precipitation of 685 mm. Affected by marine
air mass in summer, warm and humid air currents from the ocean prevail, and there is
a considerable amount of rainfall. The unique topography causes the water vapor and hot
air backflow to gather, which leads to more summer precipitation in this region than in
other northern cities.
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Jinan City is dominated by piedmont plain. According to the spatial distribution of
impervious surfaces, it can be divided into the intensive construction area (towns and their
nearby areas) and the sparse construction area (rural areas and undeveloped areas), so as
to reveal its “urban rain island effect” (Figure 1).

Figure 1. (a) Geographic location and elevation of Jinan City; (b) impervious surfaces zoning of
Jinan City.

2.2. Data Source Description

The data of precipitation and temperature during the period of 1979–2017 were
obtained from the China Meteorological Forced Dataset (CMFD), with a spatial resolution
of 0.1◦ and a temporal resolution of three hours [29] (http://poles.tpdc.ac.cn/, accessed
on 21 January 2020) (Table 1). The meteorological dataset took TRMM (Tropical Rainfall

http://poles.tpdc.ac.cn/
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Measuring Mission) satellite precipitation analysis data (3B42), Princeton forcing data
and GLDAS data, and GEWEX–SRB (Global Energy and Water Cycle Experiment–Surface
Radiation Budget) downward shortwave radiation data as the climatological background
field, and the observed CMA (China Meteorological Administration) station data were
interpolated to grid points. The dataset was made through fusion of remote sensing
products, reanalysis datasets and in-situ station data. The accuracy is intermediate between
the meteorological observation data and the satellite remote sensing data. Due to its
continuous temporal coverage and consistent quality, the CMFD is one of the most widely
used climate datasets for China [30].

Table 1. Description of data source.

Data Resolution Unit Metadata Data Sources

Precipitation 3 h and 0.1◦ mm hr−1

CMA station data
GLDAS NOAH10SUBP 3H
GLDAS NOAH025 3H
TRMM 3B42

CMFD
(A Big Earth Data Platform for
Three Poles)

Temperature 3 h and 0.1◦ K CMA station data
GLDAS NOAH10SUBP 3H

CMFD
(A Big Earth Data Platform for
Three Poles)

Impervious surfaces 1 y and 30 m
(60 m in 1978)

Landsat MSS 1–5, TM 4–5,
ETM+, LC8; NTL data

Database of Tsinghua University
(Finer Resolution Observation and
Monitoring–Global Land Cover)

The impervious surface data of Jinan City during the period of 1978–2017 were
obtained from the database of Department of Earth System Science, Tsinghua University,
with a spatial resolution of 60 m in 1978 and 30 m in 1985–2017 [31] (Table 1). We selected
the Urban and Rural data. They developed an automatic impervious surface mapping
framework on Google Earth Engine (GEE), using different algorithms for the processing of
the 60 m resolution MSS and 30 m resolution Landsat Thematic Mapper (TM), Enhanced
Thematic Mapper Plus (ETM+) and Operational Land Imager (OLI) data. Landsat imagery
is the main source, with an ancillary dataset of nighttime light (NTL) data. The NTL data
were derived from the day/night band (DNB) detectors of the Suomi-NPP Visible Infrared
Imaging Radiometer Suite (VIIRS). The overall accuracy of the impervious surface data is
more than 90%.

2.3. Methodology Description
2.3.1. Extreme Climate Indices

The World Meteorological Organization (WMO) recommended 27 core extreme cli-
mate indices that have been widely used in climate research around the world [32–35].
We selected 13 indices to study the changes in the microclimate of Jinan City and made
corresponding modifications according to local conditions, as shown in Table 2.

Table 2. Definitions of the precipitation and temperature indices.

Index Description Units

Tm Annual mean temperature ◦C
TR Annual count of days when daily minimum temperature>20◦C days
FD Annual count of days when daily minimum temperature<0◦C days
DTR Average of daily temperature difference ◦C
SDII Annual total precipitation divided by wet days in the year mm/day
ATP Annual total precipitation in wet days mm
Rx1day Annual maximum 1-day precipitation mm
R95p Annual precipitation when DP > 95th percentile mm
APD Number of wet days in the year days
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Table 2. Cont.

Index Description Units

R10 Annual count of days when DP ≥ 10 mm days
R25 Annual count of days when DP ≥ 25 mm days
R50 Annual count of days when DP ≥ 50 mm days
CDD Maximum number of consecutive days when DP < 1 mm days

DP means daily precipitation; a wet day is defined by DP ≥ 1 mm.

In order to deeply analyze the duration and intensity of precipitation events, another
10 precipitation indices were selected. N1–3h, N4–6h, N7–9, N10–12h and N>12h represent
the number of precipitation events of 1–3 h, 4–6 h, 7–9 h, 10–12 h and more than 12 h,
respectively, and the unit is time. P1–3, P4–6h, P7–9h, P10–12h and P>12h represent the inten-
sity of the corresponding precipitation events. The unit is mm·(1–3 h)−1, mm·(4–6 h)−1,
mm·(7–9 h)−1, mm·(10–12 h)−1 and mm·(>12 h)−1, respectively.

2.3.2. M-K and Sen’s Slope Estimator

The M-K test does not require data to obey a specific distribution, and it is widely
used to estimate the changing trends of meteorological and hydrological elements over
time [36]. A positive Z value indicates an increasing trend, and there is a significant trend
in the time series when |Z|= Z1−α/2 . In this study, the specific significance level α = 0.05 is
adopted, and a significant trend exists if |Z|> 1.96 .

Sen’s slope estimator is used in conjunction with the M-K test to estimate the rate of
change of hydrometeorological elements [37,38]:

Qi =
xj − xk

j− k
(j, k = 1, . . . , n, j > k) (1)

In Equation (1), xj and xk represent the data values at times j and k (j > k), respectively.
The N values of Qi are ranked from smallest to largest, where N = (n(n − 1)/2), and Sen’s
slope estimator is computed as:

Qmed =

 Q N+1
2

, if N is odd
Q N

2
+Q N+2

2
2 , if N is even

(2)

The value of Qmed reflects the change rate of the data, and a positive value indicates
an increasing trend.

2.3.3. Pettitt Test

The Pettitt test is a nonparametric test method for identifying abrupt change points in
hydrological series [39]. A statistical index Ut,N is expressed as follows:

Ut,N = Ut−1,N + ∑ N
i = 1

sgn(xt − xi)(1 ≤ t ≤ N) (3)

where, similarly,

sgn(xt − xi) =


+1, xt > xi
0, xt = xi
−1, xt < xi

(4)

The most possible change point is found where its value is:

Kt = max|Ut,N |(1 ≤ t ≤ N) (5)

The significance probability is evaluated as:

p ∼= 2exp
{
−6(Kt)

2/(N3 − N2)
}

(6)
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If p < 0.05, the point t is considered as a significant change point in this study.

2.3.4. Pearson Correlation Analysis

Pearson correlation coefficient can quantitatively measure the linear relationship
between random variables [40] and it is expressed as follows:

r =
1

n− 1∑ n
i = 1

(
Xi −

−
X

SX
)(

Yi −
−
Y

SY
) (7)

In Equation (7), n is the number of sequences;
−
X and SX are the mean value and mean

square deviation of sequences X, respectively; and
−
Y and SY are the mean value and mean

square deviation of sequences Y, respectively. Positive r indicates a positive correlation
between the two variables, and negative r indicates a negative correlation. The larger the
absolute value of r, the stronger the correlation between the two sequences. Similarly,
the specific significance level is 0.05 in this study, and the correlation is significant when
p < 0.05.

3. Results Analysis
3.1. Urbanization Process in Jinan City

Based on the impervious surface data of Jinan City in 1978 and 1985–2017, the spatial
and temporal variations of impervious surfaces in Jinan City during the period of 1978–
2017 were analyzed. The proportion of impervious area from 1979 to 1984 was obtained
by the linear interpolation method. As can be seen from Figure 2, the proportion of
impervious surface areas in Jinan City increased rapidly from 1978 to 2017, and the growth
rate showed an increasing trend. In 1978, 1995, 2005 and 2017, the impervious surface
areas were 311.68 km2 (3.04%), 1016.23 km2 (9.92%), 1546.56 km2 (15.10%) and 2389.50 km2

(23.33%), respectively.

 
Figure 2. Proportions of impervious surfaces in Jinan City (the blue 
dots represent interpolation data during the period of 1979-1984). 
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Figure 2. Proportions of impervious surfaces in Jinan City (the blue dots represent interpolation data
during the period of 1979–1984).

As can be seen from Figure 3, the impervious surfaces in Jinan City continued to
expand in space during the period of 1978–2017. In 1978, the impervious surfaces were
mainly concentrated in the central old urban area of Jinan City. With the development of
urbanization, the impervious surfaces gradually expanded to the east, southwest, southeast
and north of Jinan City. Urbanization is mainly reflected by the expansion of urban space
from the center to the periphery.
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Figure 3. Spatial distribution of impervious surface areas in Jinan City during the period of 1978–2017.

3.2. Characteristics of Temperature in Jinan City
3.2.1. Spatial and Temporal Variations of Temperature Indices

Based on temperature data, four temperature indices including the annual mean
temperature (Tm), tropical nights (TR), frost days (FD) and diurnal temperature range
(DTR) were selected to analyze the spatial distribution of temperature in Jinan City during
1979–2017.

The spatial distribution of air temperature is basically consistent with that of impervi-
ous surfaces, and the temperature in the impervious surface areas is generally higher than
that in the permeable surface areas (Figure 4). The high-value areas of Tm and TR and the
low-value areas of FD and DTR are mostly concentrated in the intensive construction area.
The results indicate that the impervious surfaces have a certain degree of impact on the
spatial distribution of temperature.

Figure 4. Spatial distribution of temperature indices in Jinan City during the period of 1979–2017.
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During the period of 1979–2017, the temperature in Jinan City showed an increasing
trend, and the extreme values of the temperature indices were mainly concentrated in the
southeastern areas and the southwest mountainous areas (Figure 5). The variation trend of
temperature indices in the intensive construction area is significant, and the fluctuation
range is small. It can be seen that the variations of temperature have a certain degree of
correlation with the expansion of impervious surfaces.

Figure 5. Spatial variation trend of the temperature indices in Jinan City during the period of
1979–2017.

3.2.2. Effects of Urban Expansion on Temperature

In order to quantitatively analyze the impact of urban expansion on temperature,
the values of temperature indices in the sparse construction area are subtracted from
that in the intensive construction area of every year so as to eliminate the impact of
climate change on temperature (Table 3). Based on their Sen’s slope estimator, Tm and
TR show an increasing trend, with an average rate of 0.05 ◦C·(10a)−1 and 1.1 ◦C·(10 a)−1,
respectively. FD and DTR display a decreasing trend, with an average of 1.8 day·(10 a)−1

and 0.1 ◦C·(10 a)−1, respectively. TR, FD and DTR experience statistically significant trends
at the 0.05 significance level. According to the result of the Pettitt test, the mutation
year of the four temperature indices is 1991, which may be related to the urbanization
development of Jinan City. According to the results of the Pearson correlation analysis,
TM and TR are positively correlated with the impervious surfaces proportion, while FD
and DTR are negatively correlated with the impervious surfaces proportion. TR, FD and
DTR show statistically significant trends at the 0.05 significance level, and the correlation is
significant. It can be seen that there is a certain correlation between impervious surfaces and
temperature in Jinan City, and urbanization can lead to the change in relevant temperature
indices. The increase in impervious surfaces leads to an increase in Tm and TR and
a decrease in FD and DTR. Jinan City shows a relatively significant heat island effect.
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Table 3. The impact of urban expansion on temperature in Jinan City during the period of 1979–2017.

M-K Test Pettitt Test Pearson Correlation Analysis

Z Value Trends Sen’s Slope Change
Point (Year) p Value Trends R Value p Value Correlation

Tm 1.44 Positive 0.05 ◦C·(10 a)−1 1991 <0.01 * 0.16 0.34 Positive
TR 2.73 Positive * 1.1 days·(10 a)−1 1991 <0.01 * 0.48 <0.01 Positive *
FD −3.6 Negative * −1.8 days·(10 a)−1 1991 <0.01 * −0.6 <0.01 Negative *

DTR −3 Negative * −0.1 ◦C·(10 a)−1 1991 <0.01 * −0.6 <0.01 Negative *

* Significant at the 0.05 level.

3.3. Precipitation Patterns in Jinan City
3.3.1. Characteristics of Precipitation

The annual mean precipitation during the period of 1979–2017 in Jinan shows a slowly
increasing trend (Figure 6). According to the result of the M-K test, it does not experience
statistically significant trend. Table 4 shows the statistical characteristic of precipitation in
the intensive construction area and sparse construction area of Jinan City during the period
of 1979–2017. The wet season represents April to October, and the dry season represents
November to March. By comparison, it can be seen that the increased value in the wet
season in the intensive construction area is the largest, and it experienced statistically
significant trend.

Figure 6. The trend of precipitation in Jinan City during the period of 1979–2017.

Table 4. Characteristic of precipitation in wet season and dry season in Jinan City during the period of 1979–2017.

Area Period Mean (mm) Range (mm) Z Value Trends Sen’s Slope (mm/10 a)

Intensive
construction area

wet season 603.24 258.87 to 947.19 2.23 Positive * 46.7
dry season 56.16 15.24 to 249.64 1.74 Positive 8.4

Sparse construction
area

wet season 638.84 298.26 to 949.48 1.55 Positive 30.4
dry season 61.36 21.72 to 272.02 1.09 Positive 4.5

* Significant at the 0.05 level.

The duration and intensity of precipitation events in Jinan City from 1979 to 2017 were
statistically analyzed (Table 5). It can be seen that the number of events with rainfall time
of less than 9 h increased, and the number of events with rainfall time of more than 10 h
decreased, and all experienced statistically significant trends at the 0.05 significance level.
The rainfall intensity of events shows an increasing trend, and most of the events show
statistically significant trends. The abrupt change in events occurred from 1995 to 2002,
which may be related to the urbanization development of Jinan City.
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Table 5. Duration and intensity of precipitation events.

M-K Test Pettitt Test

Z Value Trends Sen’s Slope Change Point (Year) p Value Trends

N1–3h 5.09 Positive * 20.8 times·(10 a)−1 1997 <0.01 *
P1–3h 4.39 Positive * 0.3 mm·(1–3 h·10 a)−1 1995 <0.01 *
N4–6h 3.41 Positive * 5.4 times·(10 a)−1 2000 <0.01 *
P4–6h 4.72 Positive * 0.6 mm·(4–6 h·10 a)−1 1997 <0.01 *
N7–9h 5.2 Positive * 3.4 times·(10 a)−1 1997 <0.01 *
P7–9h 3.73 Positive * 1.9 mm·(7–9 h·10 a)−1 1996 <0.01 *

N10–12h −2.98 Negative * −0.9 times·(10 a)−1 1995 <0.01 *
P10–12h 3.48 Positive * 1.8 mm·(10–12 h·10 a)−1 1995 <0.01 *
N>12h −4.89 Negative * −5.2 times·(10 a)−1 1998 <0.01 *
P>12h 0.73 Positive 0.5 mm·(>12 h·10 a)−1 2002 0.18

* Significant at the 0.05 level.

3.3.2. Spatial and Temporal Variations of Precipitation Indices

Based on precipitation data, nine precipitation indices, namely, simple daily intensity
index (SDII), total wet-day precipitation (ATP), maximum 1-day precipitation (Rx1day),
very-wet-day precipitation (R95p), count of precipitation days (APD), moderate rain days
(R10), heavy rain days (R25), rainstorm days (R50) and consecutive dry days (CDD) were
selected to analyze the spatial distribution of precipitation in Jinan City during the period of
1979–2017 (Figure 7). Most of the maximum values of precipitation indices are concentrated
in the southern mountainous area of Jinan City, indicating that topography has a great
influence on precipitation. The values of SDII, Rx1day, R50 and APD in the central and
southeastern intensive construction areas are large. The values of ATP, R95p, R10 and R25
in the southeastern intensive construction areas are large. CDD shows an increasing trend
from south to north, but it is notably small in the central intensive construction areas. The
results show that the distribution of extreme precipitation is related to the urbanization
process in Jinan City.

The above nine extreme precipitation indices were also selected to analyze the spatial
variation of precipitation in Jinan City during the period of 1979–2017 (Figure 8). SDII,
Rx1day and R95p in the central, southeastern and northern intensive construction ar-
eas show an increasing trend. ATP, APD and R10 in the central, southeastern intensive
construction areas show an increasing trend. R25 and R50 in the southeastern intensive
construction areas show an increasing trend. It is worth noting that the above indices show
a decreasing trend in most of the sparse construction areas, especially in the southwest
mountainous areas. On the contrary, CDD increases in the southwest sparse construction
areas and decreases in intensive construction areas. The results prove that the increasing
trend of extreme precipitation in the intensive construction areas is significant, and the
rainfall center has a tendency to move towards to the intensive construction area.

Figure 7. Cont.
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Figure 7. Spatial distribution of precipitation indices in Jinan City during the period of 1979–2017.

3.3.3. Effects of Urban Expansion on Precipitation

In order to quantitatively analyze the impact of urban expansion on precipitation,
the values of precipitation indices in sparse construction areas are subtracted from that in
intensive construction areas every year so as to eliminate the impact of climate change on
precipitation (Table 6).

SDII, ATP, R95p, JSTS, R10 and R25 show statistically significant trends. According to
the results of the Pettitt test, the year of mutation of the nine precipitation indices occurred
from 1986 to 1993, which may be related to the urbanization development of Jinan City.
According to the results of the Pearson correlation analysis, most of the precipitation indices
are positively correlated with the impervious surfaces proportion, while CDD is negatively
correlated with the impervious surfaces proportion. SDII, ATP, R95p, JSTS, R10 and R25
show statistically significant trends, and the correlation is significant.

It can be observed that the magnitude (SDII, ATP, Rx1day and R95p) and frequency
(APD, R10, R25 and R50) of extreme precipitation show an increasing trend, and there is
a certain correlation between impervious surfaces and precipitation in Jinan City. Urban-
ization can lead to change in relevant precipitation indices. Jinan City shows a certain
degree of the rain island effect.

Figure 8. Cont.
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Figure 8. Spatial variation trend of precipitation indices in Jinan City during the period of 1979–2017.

Table 6. The impact of urban expansion on precipitation in Jinan City during 1979–2017.

M-K Test Pettitt Test Pearson Correlation Analysis

Z Value Trends Sen’s Slope Change
Point (Year) p Value Trends R Value p Value Correlation

SDII 2.15 Positive * 0.2 mm·(d·10 a) −1 1990 0.02 * 0.34 <0.01 Positive *
ATP 3.19 Positive * 17.5 mm·(10 a)−1 1990 <0.01 * 0.53 <0.01 Positive *

Rx1day 1.38 Positive 1.6 mm·(10 a)−1 1986 0.11 0.23 0.15 Positive
R95p 2.15 Positive * 10 mm·(10 a)−1 1990 0.02 * 0.37 <0.01 Positive *
APD 2.08 Positive * 0.6 days·(10 a)−1 1993 <0.01 * 0.32 <0.01 Positive *
R10 2.44 Positive * 0.5 days·(10 a)−1 1990 0.01 * 0.41 <0.01 Positive *
R25 2.01 Positive * 0.2 days·(10 a)−1 1990 0.04 * 0.36 <0.01 Positive *
R50 1.9 Positive 0.1 days·(10 a)−1 1991 0.02 * 0.28 0.08 Positive

CDD −1.23 Negative −0.8 days·(10 a)−1 1987 0.21 −0.23 0.17 Negative

* Significant at the 0.05 level.

4. Discussion

The impact of urban expansion on localized rainfall events in Jinan City is explored in
this study. The results indicate that most of the differences in extreme climate indices in
the intensive construction area and sparse construction area remarkably increase and have
a strong correlation with impervious surfaces. It can be observed that urban expansion
has a degree of impact on the local climate pattern in Jinan City. The results are generally
consistent with the findings of previous studies. The study of Meng Dan et al. on the
rainstorm on 21 July in Beijing showed that the distribution between the rain island
and heat island was consistent [41]. The research of Cao Kun et al. showed that the
trends of temperature and precipitation in Shanghai were basically the same, and the rain
island effect was mainly concentrated in the flood season [42]. He Ping et al. studied
the rain island effect in Chuxiong City, Yunnan Province, and the results showed that the
urban area had a great influence on the intensity of rain island effect [43]. In addition,
Kaufmann et al. found that urbanization may lead to urban precipitation deficit in the dry
season by changing the underlying surface properties and local evaporation [44]. Their
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results indicate that the changes in extreme precipitation in urban areas are related to
urban expansion.

The underlying mechanism of the rain island effect is as follows: urbanization can
alter the patterns of circulation by changing the local thermodynamic conditions, which
provides conditions favorable for the production of more extreme rainfall and rainstorm
events [45]. The underlying surface has undergone drastic changes in urban areas. In
horizontal landscapes, the permeable surfaces (such as cropland, forestland and grassland)
have converted to impervious surfaces (such as residential area, commercial area and
industrial area), and residential land witnessed the greatest growth [46,47]. In vertical land-
scapes, bungalows have converted to multi-layer and high-rise buildings, with high-rise
buildings concentrated in the central urban areas and low-rise buildings concentrated in
the city edge [48,49]. Urbanization causes changes in the surface energy balance, resulting
in more sensible heat flux (SHF) and less maximum convective available potential energy
(MCAPE) [50]. The increased SHF leads to an increase in the surface temperature and an
elevated planetary boundary layer height (PBLH), leading to more water vapor mixing
in the atmosphere over urban areas [51]. The decrease in MCAPE and increased surface
roughness change the evolving convective activity, which leads to stronger low-level con-
vergence and convection [52,53]. In addition, exhaust emissions of vehicles and buildings
give off aerosols with condensation nuclei, which are conducive to the nucleation of cloud
droplets [54]. It can be observed that the urban rain island effect is often accompanied by
the urban heat island effect [55]. Some scholars have interpreted the mechanism of urban-
ization on local extreme climates through surface observations and climate models, as well
as land–atmosphere coupling simulations under different urbanization scenarios [56,57]. It
is worth pointing out that the above research is consistent with our study.

Extreme rainfall is frequently associated with climate change over this region. It is
weakened to the greatest extent by calculating the difference between the indices of the
intensive construction area and sparse construction area. We also analyze the characteristics
of climate indices in the intensive construction area and sparse construction area separately.
The results show that the variation trend of climate indices in the intensive construction area
is significant. To some extent, the changes in climate indices are spatially consistent with
the changes in urban expansion. In addition, the underlying surface factors of urbanization
in this paper only consider impervious surfaces, and the impact of various land use changes
on the regional climate pattern also needs to be further analyzed. In future research, a
finer-resolution numerical model needs to be developed to explore the physical mechanism
of urban expansion on extreme rainfall.

5. Conclusions

In this study, multiple climate indices are selected based on long-term series and
high-resolution precipitation, temperature and impervious surface data. The role of urban
expansion in the change of rainfall and temperature is comprehensively analyzed, and the
mechanism of the rain island effect is discussed. The main conclusions are as follows:

(1) Jinan City has experienced rapid urbanization since the 1978 economic reform. The
impervious surface areas increased from 311.68 km2 (3.04%) in 1978 to 2389.50 km2

(23.33%) in 2017, and the impervious surfaces expanded year by year. The develop-
ment of urbanization is mainly concentrated in the middle and southeast of Jinan
City (intensive construction area), while the development of urbanization is relatively
slow in the southern mountainous area, southwest and north of Jinan City (sparse
construction area).

(2) Urban expansion in Jinan City has a significant effect on temperature. On the one hand,
the spatial distribution of temperature indices in Jinan City during the period of 1979–
2017 is basically consistent with that of impervious surfaces, and the temperature in
the intensive construction area is generally higher than that in the sparse construction
area. On the other hand, urban expansion significantly decreases FD and DTR by
1.8 days and 0.1 ◦C, respectively, every 10 years, while TR increases by 1.1 days every
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10 years. Moreover, there is a significant correlation between temperature indices and
impervious surfaces in Jinan City.

(3) Jinan City shows a certain degree of the rain island effect, which seems to be spatially
correlated with the urban heat island effect. The frequency of events of short-duration
precipitation increases, and the rainfall intensity of events generally increases. The
precipitation in the wet season significantly increases in the intensive construction
area. Urban expansion results in an increase of SDII, ATP, Rx1day, Rx95p, APD, R10,
R25 and R50, while a decrease in CDD can be observed. There is a tendency that Jinan
City’s rainfall center moves towards to the intensive construction area. In addition,
the development of urbanization results in an increase in precipitation intensity and
a decrease in the surface infiltration capacity in the intensive construction area of
Jinan City, which is also one of the main reasons for frequent rainstorm and flood
disasters in the central area of the city in recent years.
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