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Abstract: Changes in the hydrological process caused by urbanization lead to frequent flooding in
cities. For fast-growing urban areas, the impact of urbanization on the hydrological process needs
to be systematically analyzed. This study takes Zhengzhou as an example to analyze the impact of
urbanization on the hydrological process based on 1971-2012 hourly rainfall-runoff data, combining
Geographic Information Systems with traditional hydrological methods. Our study indicates that
the rain island effect in different districts of city became stronger with the increase of its built-up.
The uneven land use resulted in the difference of runoff process. The flood peak lag was 25-30%
earlier with the change of land use. The change of flood peak increased by 10-30% with the change
of built-up. The runoff coefficient increases by 20-35% with the increase of built-up, and its change
increased with the change of land use. Affected by the rain island effect, precipitation tends to occur
in areas where built-up is dominant, which overall magnifies the impact of urbanization on the
hydrological process. This provides new ideas for urban flood control. Refine flood control
standards according to regional land use changes to cope with the hydrological process after
urbanization.

Keywords: Zhengzhou; rapid urbanization; land use; hydrological process; comprehensive land use
dynamics

1. Introduction

Significant changes have taken place in the urban hydrological process [1,2], such as the increase
of peak and the reduction of water degeneration [3], and the increase of surface runoff [4]. The causes
of urban hydrological process change mainly focus on two aspects. One is the impact of climate
change. The mechanism of the impact of climate change on hydrological processes is relatively clear
[5-7]. Many studies have shown that climate change altered regional hydrological conditions [8,9],
and cities amplified the hydrological changes of natural watersheds [10,11]. Another is the impact of
urbanization. Land use changes related to urbanization change rainfall-runoff generation processes
in complex ways [12-14]. In the process of urban development, urban resources (population,
impermeable surface, building density, green space, etc.) are disproportionately distributed within
urban areas. Hence, the rainfall-runoff relationship become more complex and highly non-linear
depending on changing rainfall time-space distribution and land-use [15-19]. Saifullah et al. [20]
found that the impact of land use change on runoff process is increasing with urbanization, so it is of
great significance to analyze the impact of land use change on runoff process in combination with the
characteristics of the urbanization process, which is helpful to cope with the changes of the
hydrological process after urbanization and improve the city’s flood control ability and protect urban
security.
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Urban expansion changes the natural underlying surface condition [21,22], which affects the
catchment characteristics [23-25]. The expansion of built-up areas disturbs the original vegetation
cover, reducing the amount of penetrations and increasing the amount of runoff [26-28]. Based on
this, many studies took impervious surface as the main index to analyze the impact of land use
change on hydrological process, and found that combinations of impervious surface and spatial
rainfall patterns enhance hydrological responses [29-31]. However, the relationship between rainfall-
runoff is highly non-linear and complex [32-35], the use of impervious surface to analyze the impact
of land use change on runoff process has limitations. Further research is needed on the impact of land
use changes on runoff processes caused by urbanization. Li et al. [36] assessed the relative influence
and marginal effects factors affecting direct runoff using boosted regression trees, and the results
showed that the runoff had the strongest correlation with rainfall, followed by impervious surface,
normalized difference vegetation index, antecedent 5-day rainfall. Sertel et al. [10] applied the Soil
and Water Assessment Tool (SWAT) distributed hydrological model to the Buyukcekmece Basin of
Istanbul metropolis to analyze the sensitivity of hydrological elements to land use. Infiltration,
evaporation, and basal flow are the most sensitive to land use, while soil water is the least. The above
studies show that urbanization affects the distribution of temporal characteristics of rainfall and
hydrological processes. However, there is limited understanding of rainfall and runoff sensitivity to
the rapidly development of urban.

Zhengzhou is an ideal research area to study the effects of urbanization on hydrological
processes. On the one hand, compared with other rapidly developing cities, Zhengzhou has a
network of rain stations and hydrological stations established earlier, which is convenient to obtain
rainfall data and hydrological data. On the other hand, the urbanization of Zhengzhou is typical. In
recent years, driven by a series of development policies, such as reform and opening-up and the
construction of the Central Plains urban agglomeration, Zhengzhou is in the process of rapid
urbanization, with a rapidly expanding urban area and obvious imbalance of development among
regions [37]. As a result, the impact of urbanization on the hydrological process is increasingly
obvious, and many researches are concentrated here. Based on the Landsat remote sensing images to
extract the land use and water system structure of Zhengzhou in 1988, 2002, and 2016 with RS and
GIS, Wu [38] found that the reduction of river network in Zhengzhou urbanization area led to the
decline of the capacity of the water system through analyzing the changes of Zhengzhou water
system structure and the capacity of the water system structure with river length, water area, river
network density, water surface ratio, water system connectivity, storage capacity, adjustable storage
capacity, unit storage capacity per unit area, and adjustable storage capacity per unit area. It is
necessary to adopt low-impact development (LID) to meet Zhengzhou's requirements for urban
rainfall and waterlogging. The runoff data selected for the studies of the impact of Zhengzhou
urbanization on the hydrological process are mostly runoff data from the Zhengzhou section of the
Jialu River Basin. Wang et al. [39] found that 2009 was the mutation point of runoff coefficient through
the Mann—-Kendall test of runoff coefficient during 1995-2015. The multi-year average of runoff
coefficient from 1995 to 2009 was 0.21, and the average value increased from 2009 to 0.28, with an
increase of 33.33%. It was found that the land use change in Zhengzhou caused the runoff coefficient
to develop to a high value through simulating the annual rainfall and runoff data of Zhengzhou
section of the Jialu River Basin from 1995 to 2015 with the SCS model and analyzing the land use,
which was one of the main reasons leading to the increase in total runoff. Liu [40] found that land
use change had the greatest impact on runoff in dry years by analyzing the annual runoff process in
wet years (10%), normal years (50%), and dry years (90%) with the hydrologic statistics method and
verified model by simulating the daily runoff data of the Zhengzhou section of the Jialu River Basin
from 1995 to 2008 with the SWAT model. Wei et al. [41] found that urbanization has a certain effect
on the peak flow and peak duration of runoff through simulating the 2004 daily runoff process in the
middle section of the Jialu River with the coupling of MIKE 11 and MIKE Urban model. Land use
change has the greatest impact on the wet years and the least on the dry years by analyzing the annual
runoff process in wet years (20%), normal years (50%), and dry years (90%) with using the hydrologic
statistics method and verified model, which is quite different from Liu [40]. All these studies show
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that simulating annual or daily runoff processes cannot accurately reflect the impact of Zhengzhou
urbanization on runoff processes. Thus, it is necessary to quantitatively analyze the impact of
Zhengzhou land use change on the hydrological process based on the hourly data and the
characteristics of the urbanization development process. This can understand the impact of
urbanization on the hydrological process from a more detailed perspective, which is of great
significance to urban flood control planning.

Zhengzhou was selected as a case to explore the impact of urbanization on the hydrological
process combined the characteristics of the urbanization development process. There were three
goals: (1) to analyze the impact of different development periods of urbanization on the hydrological
process; (2) to qualitatively analyze the regional land change imbalance and its impact on the
hydrological process; (3) to quantitatively analyze the impact of land use change on the hydrological
process based on hourly runoff data.

2. Materials and Methods

2.1. Study Area

Zhengzhou is located in north-central China (112.70° E-114.23° E, 34.26° N-34.96° N), covers
approximately 7446.2 km?, and is the capital of Henan province. It is also the most populous province
with the fifth-highest gross domestic product (GDP) of China. The urban area consists of 5 municipal
districts (i.e., Huiji, Jinshui, Zhongyuan, Erqi, and Guancheng), as shown in Figure 1. The Yellow
River plays a significant role in the development of the regional economy as the major source of
freshwater for a large number of people living there. It has a warm temperate continental monsoon
climate with an annual average temperature from 12.7 °C to 15.6 °C and an average annual rainfall
approximately 635.6 mm. The change in population of Zhengzhou was relatively fast during 1978-
2018, ranging from 4.379 to 10.136 million.
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Figure 1. Location map and rainfall-runoff gauge stations of Zhengzhou. (A) Inset map showing the
location of Henan province in China; (B) Location of Zhengzhou in Henan province; (C) Location of
Zhengzhou and distribution of rainfall-runoff gauge stations.
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2.2. Workflow

The methodology applied in this study is illustrated in Figure 2. The outcomes are the changes
in the different urbanization development period. Furthermore, the impact of urbanization on the
hydrological response. To reach these targets, several steps were taken. Firstly, the characteristics of
Zhengzhou's urbanization were analyzed with the Mann-Kendall test, and the urbanization was
divided into two periods. Secondly, Classification and Regression Trees (CART) algorithm was used
to process remote sensing images. Land use transfer matrix and comprehensive dynamic attitude of
land use were used to analyze the distribution and transformation characteristics of land use in
different urbanization periods. Thirdly, the Thiessen Polygon approach was used to process the
rainfall data to obtain the precipitation and its distribution changes in Zhengzhou. The rainfall was
divided into groups according to the Precipitation Grade Standard, and the changes of precipitation
in different urbanization periods and their influencing factors were analyzed. In the fourth step, the
runoff data was processed with the method of flat cutting and diarrhea relationship. Runoff was
divided into different groups according to precipitation characteristics. The characteristics and
influencing factors of runoff change in different periods were analyzed. Finally, the SCS model was
applied to analyze the impact of urbanization on hydrological processes.
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2.3. Data Collection

There are 31 rainfall stations and 1 hydrological station in Zhengzhou, with a rainfall station
density of 232.69 km?/a, which can accurately reflect the spatial distribution of rainfall, as shown in
Table 1. In this study, annual runoff, daily runoff, flood extract data and evaporation data of
Zhongmu hydrological Station in the lower reaches of Zhengzhou from 1971-2012 were collected, as
well as rainfall data of daily and period rainfall data from 23 rainfall stations in the city from 1971-
2012 and 8 rainfall stations in the suburbs from 1971-2015. Zhengzhou economic and social data from
1978-2018 were taken from Zhengzhou Statistical Yearbook.

The remote sensing data were downloaded from the Geospatial Data Cloud website with
acquisition dates from April to October. Landsat 4-5 TM series was selected for remote sensing data
from 1983 to 1995. The Landsat 7 ETM series of 19992012 and the Landsat 8 OLI series during 2013—
2017 were downloaded for studying the dynamic change of land use in urbanization. The
classification data of Zhengzhou soil data were from the Nanjing Institute of Soils, Chinese Academy
of Sciences.

Table 1. Station Information Distribution Statistics.

Administrative Area Rainfall Station Hyg::tli(;ilcal Period Total Station Density
District (km?) (Amount) (Amount) (km2/amount)
(Amount)
]S 235.0 5 0 1971-2012 5 47.00
EQ 157.2 10 0 1971-2012 10 15.72
HJ 220.2 2 0 1971-2012 2 110.12
GC 198.2 3 0 1971-2012 3 66.06
VA 197.4 3 0 1971-2012 3 65.79
Suburbs 6438.0 8 1 1971-2015 9 715.33
Zhengzhou 7446.0 31 1 — 32 232.69

Note: JS denotes Jinshui District, EQ denotes Erqi District, GC denotes Guancheng District, ZY
denotes Zhongyuan District, H] denotes Huiji District.

The Mann-Kendall test is a non-parametric statistical test method, which has the advantage that
the sample does not need to follow a certain distribution and is not affected by a small number of
outliers. Zheng [42] applied the Mann-Kendall test to the division of urban development periods and
analyzed the impact of different urbanization periods on the spatial distribution of rainfall in Beijing.
It illustrates the applicability of Mann-Kendall test to divide the development stages of urbanization
when analyzing the impact of urbanization on the hydrological process.

The total population and non-agricultural population were selected to reflect the urban
development. Since 1978, the total population of Zhengzhou has increased by an average of 143,900
people annually, reaching 10.136 million people by the end of 2018. The proportion of urban
population also increased from 28.68% in 1978 to 51.55% in 2018, an average annual increase of 0.57%
(Figure 3A). The Mann-Kendall test on the proportion of urban population found that the mutation
point appeared near 1998 under the condition of 99% confidence (Figure 3B). The annual growth rate
of the built-up area and the proportion of the urban population were selected to analyze the
development of the urban area in Zhengzhou's urbanization. It is found that population growth and
urban expansion were inextricably linked and present different characteristics in different
urbanization periods. Before 1998, the total annual population of Zhengzhou increased by 1.78%, the
urban population increased by 0.97%, and the built-up area increased by 3.96%. After 1998,
Zhengzhou's total population increased by 2.51% annually, urban population increased by 2.03%,
and built-up area increased by 8.03%. This showed that with the obvious acceleration of Zhengzhou's
urbanization process, the urban area began to accelerate its expansion around 1998. Based on this,
the urbanization process of Zhengzhou was divided into the slow urbanization period before 1998
and the accelerated urbanization period after 1998 to analyze the impact of different periods of
urbanization development on the hydrological process.
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Figure 3. The proportion of population (A) and urban population and the Mann—-Kendall test statistics
of population urbanization rate (B) in Zhengzhou from 1978 to 2018.

2.4. Land Use

The rapid development of Zhengzhou's urbanization has led to the rapid expansion of the urban
area, which has a huge impact on land use in Zhengzhou. At present, the main urban land uses are
built-up, agricultural land, grass, forest, bare land, and water bodies. Zhengzhou is located on the
plain, which has a high degree of land use. Its land use types were divided into built-up, agricultural
land, grass, forest, and water bodies. The Classification and Regression Trees (CART) algorithm can
clearly indicate the importance of variables for classification and select classification-related
variables, which can improve the accuracy of land-use extraction [43].

The land use transfer matrix and comprehensive land use dynamic attitude are selected to
quantify the change of land use.

The land use transfer matrix can comprehensively and specifically reflect the structure of land
use change and the direction of change of each land use type. Therefore, it is widely used in land use
change and simulation research.

Comprehensive land use dynamics (LU) represents regional land change rate of a certain land
use type within a certain time range of a research area [44], which is widely used in land use change
analysis [45]:

n n
LU =Z ALM,,/2 TZ LM,x100% (1)
a=1 a=1
where, ALM(a — b) represents the absolute area of the type a land use type converted into a non-a
type land use type during the study period, LMa represents the area of the type a land use type at
the study start time, and n represents the land use type data, T is the length of the study period.
The distribution of land uses in Zhengzhou in 1993, 1998, 2003, 2008, and 2013 is shown in Figure 4.
The area of land uses is shown in Table 2. The land use transfer matrix is shown in Table 3. In the
past 20 years, the changes in the land use patterns of Zhengzhou showed a decrease in grass and an
increase in built-up. The grass area decreased from 331.02 km? in 1993 to 153.83 km? in 2013, a
decrease of 53.33%. The area of built up increased from 134.41 km? in 1993 to 406.04 km? in 2015, a
two-fold increase. From 1993 to 1998, the average annual decrease in grass was 3.21 km? and the
average annual increase in built-up was 4.20 km?. From 1998 to 2013, the average annual decrease in
grass was 10.65 km?, and the average annual increase in built-up was 18.71 km?. In addition, forest
and agricultural land have also been continuously transformed into built-up. After 1998, as the rapid
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growth of urban population led to the expansion of urban area, the conversion of other land use to
built-up accelerated.

Legend
Agricultural Land
=RBuilt-up
= Forest
Girass
Water Bodies

— %

Figure 4. Land use classification of Zhengzhou.

Table 2. Areas of different land use patterns in Zhengzhou from 1993 to 2013 (km?).

Year
Land Use

1993 1998 2003 2008 2013

Water Bodies 4.95 3.87 4.07 5.56 6.78

Forest 8.73 8.57 7.94 5.19 2.52
Grass 329.61 313.57 273.53 195.12 153.83
Agricultural Land 532.60 528.90 515.14 47448 441.13
Built-up 134.41 155.39 209.61 329.95 406.04

Table 3. Land Use Transfer Matrix of Zhengzhou from 1993 to 2013 (km?).

2013
Land Use Water Bodies Forest Grass Agricultural Land Built-Up Sum  Transfer Out
Water Bodies 4.92 0.03 0.01 4.95 0.04
Forest 1.88  0.07 0.10 6.68 8.73 6.85
1993 Grass 1.07 0.02 137.72 13.93 178.27 331.02 193.30
Agricultural Land 0.69 0.02 9.05 431.52 9091 532.19 100.67
Built-up 0.23 0.02 134.15 134.41 0.26
Sum 6.68 1.92 147.11 445.58 410.02 1011.30
Transfer into 1.76 0.04 9.38 14.06 275.87

2.5. Rainfall and Hydrological Processes

In order to analyze the impact of urbanization on the spatial rainfall distribution and obtain
more accurate rainfall in Zhengzhou, the Thiessen polygon approach [46] was used to analyze the
rainfall and rainfall distribution.

The obtained flood data is time-continuous data, and the flat cut method and storage relation
method are used to process the flood data. First, the flat cut method is used to divide the flood formed
by this rainfall from the flood generated by this rainfall, and then the runoff depth R formed by this
rainfall is calculated using the storage and drainage relationship method [47]:
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n-1
R=3.6M "0, + % /A )
=

where, 7 is the number of study periods; At is the period length (h); Qi is the flow at the i-th time
(m?/s); A is the area of the study area.

2.6. SCS Model

The SCS model is suitable for runoff simulation in urban areas with insufficient measured data
[48,49], and has strong practicability and wide applicability in China [50]. Therefore, the SCS model
was selected to analyze the impact of urbanization on the hydrological process. In order to analyze
the impact of land use change on surface runoff, the SCS model was selected to simulate the surface
runoff under different land use changes.

(P—0.25)
_ 3
Q P +0.8S ©)
100
S =254(C—N -1) 4)

where, Q is direct runoff (mm), S is in mm and CN is the curve number, which depends on the soil
type, land cover and land use, hydrological conditions, and antecedent moisture condition, the value
varies from 0-100; P is rainfall for event (mm).

In the SCS model, soil moisture in the early stage can be divided into three levels: dry (AMCI),
normal (AMCII), and moist (AMCIII). The CN value is a dimensionless parameter with a theoretical
range of 0-100. According to the characteristics of hydrologic and soil groups and land use types in
Zhengzhou, based on the CN table put forward by The Bureau of Soil and Water Conservation of the
Ministry of Agriculture, the CN values corresponding to various land use types and hydrologic and
soil types in the study area under normal conditions (AMCII) were obtained by looking up the table.
For the CN values of soil moisture at different stages, the following formula can be obtained:

N, - 42CNu -
™10 - 0.058CNy,
23CNy;
N = 155 0.13CN, ©)

Set the adjustment coefficient K to adjust the parameters:
CN'=kxCN )

where, CN is the updated value, CN is the initial value.
3. Results and Discussion

3.1. Precipitation

Compared with 1971-1998, the average annual precipitation in Zhengzhou was 572 mm, and
1999-2018 was 617 mm. It can be seen that the average annual precipitation of Zhengzhou did not
change much during different urbanization periods. Therefore, according to the “Precipitation Grade
Standard” [51], 75 precipitations in Zhengzhou from 1971 to 2012 were grouped to analyze the
changes in precipitation caused by urbanization. The grouping criteria and statistical results are
shown in Table 4. Precipitation of all intensities increased from 1999 to 2012 compared with 1971 to
1998, indicating that the rapid development of urbanization has brought about obvious changes in
the process of extreme rainfall. The frequency of light rain, rainstorm, and heavy rainstorm has
increased significantly. Based on the monthly precipitation data from 1959 to 2010 in Beijing, Zhou et
al. [52] found that the variation coefficient of rainfall stations in urban areas was greater than that in
suburbs during urbanization. It shows that urbanization increased the occurrence probability of
rainstorm and light rain, which provided support for our research results.
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Table 4. Precipitation intensity in different periods.

Maximum Precipitationin1h Rainfall Intensity  1971-1998 (a)  1998-2012 (a)

0.1 mm <P <1.5mm light rain 1 4
1.6 mm <P <6.9 mm rain 14 15
7.0 mm < P <14.9 mm heavy rain 14 15
15.0 mm < P <39.9 mm rainstorm 2 8
40.0 mm < P <49.9 mm heavy rainstorm 0 2
Sum 31 44

Note: P is precipitation; a is the amount of precipitation.

Most of current researches have analyzed the impact of urbanization on precipitation at the city
scale, which found that urbanization-related land-use changes lead to the rain island effect and have
an enhanced effect on the precipitation [53-55]. However, there are few studies focusing on the
impact of land use change on rainstorm at the regional scale. In order to study the precipitation and
its influencing factors on the regional scale, administrative division of China was used to divide the
urban area. Zhengzhou is divided into Erqi District (EQ), Guancheng District (GC), Huiji District
(HJ), Jinshui District (JS), and Zhongyuan District (ZY). Two sets of sufficient data for rain and heavy
rain in different urbanization periods were selected to analyze the impact of regional land use on
precipitation (Figure 5).
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Figure 5. (A) Precipitation center of rain in 1971-1998, (B) Precipitation center of rain in 1999-2012, (C)
Precipitation center of heavy rain in 1971-1998, (D) Precipitation center of heavy rain in 1999-2012.

From 1971 to 1998, most of the precipitation was concentrated in EQ, where about 50% of rain
and heavy rain occurred. The main factor affecting the spatial distribution of precipitation during
this period was the natural geographical conditions due to the low level of urban development. The
average slope of EQ is 3.89°, which is the largest topographic fluctuation area in Zhengzhou,
providing conditions for the formation of precipitation (Figure 6A).

From 1999 to 2012, the precipitation centers in Zhengzhou were mostly concentrated in urban
areas, presenting obvious rain island effect that with different strengths in different regions. The
frequency of precipitation centers in JS and ZY increased significantly, while in EQ it showed a
downward trend. According to the analysis of land use change, the built-up land area of ZY and JS
expanded rapidly (Figure 6B). At the end of 2013, the built-up land area of JS reached 110.91 km?, and
that of ZY reached 103.39 km?. The total built-up land area of the two districts accounted for 52.78%
of Zhengzhou, making the possibility of precipitation centers appearing in these areas increased. This
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indicates that regional land use change in urbanization, especially the distribution of built-up, has an
impact on the distribution of the rain island effect. In the process of urbanization, the economic
development difference between different regions increases, and the built-up is redistributed. The
retardation of concentrated buildings on cloud activities leads to the extension of precipitation time
and the increase of precipitation intensity, so more pronounced in areas where built-up land is
relatively concentrated.

Previous studies have found similar conclusions on the city scale: in the period of accelerated
urbanization, land use becomes the main influencing factor of precipitation [42], and the retardation
of city on clouds enhances precipitation [56]. This study further explains the impact of land use
associated with urbanization on precipitation. Combined with regional land use changes, it is found
that the distribution of built-up land is the main factor of the rain island effect, and precipitation is
more likely to be concentrated in areas with built-up land as the main type of land use.
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Figure 6. (A) Relationship between slope and precipitation center distribution during the slow
urbanization period, (B) relationship between built-up and precipitation center distribution during
the accelerated urbanization period.

3.2. Hydrological Processes

With the complex changes on land use and rainfall in urbanization, the hydrological process has
also changed significantly. For example, the surface runoff increased significantly, the underground
runoff decreased, and the peak lag was advanced. Many studies have confirmed these changes [57—
59], but most of the current studies have not involve the impact of land use distribution related to
urbanization on the hydrological process under the rain island effect. In order to further explore the
impact of urbanization on hydrological processes, 75 hydrological processes from 1971 to 2012 were
grouped according to precipitation distribution and regional land use. Hydrological processes are
grouped according to the maximum 1-h precipitation, and the classification criteria are shown in
Table 4. Taking EQ as an example, typical hydrological processes in different periods are shown in
Figure 7. Two groups of sufficient runoff data of rain and heavy rain which precipitation center in
ZY, GC, EQ in different periods of urbanization were selected to analyze the impact of urbanization
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on hydrological process by statistical three indexes, namely peak lag, flood peak and runoff
coefficient. The results are shown in Tables 5-7.

0 (A) 0 ‘ (B)
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Figure 7. Hydrographs and hyotograms (mm/h) on (A) group of rain: 31 May—2 June 1998,
precipitation center in EQ, and 22-24 July 2006, precipitation center in EQ, (B) group of heavy rain:
3-7 July 1988, precipitation center in EQ, and 19-25 August 2012, precipitation center in EQ.

The flood peak lag in 1999-2012 was about 25-30% earlier than that in 1971-1998 under similar
precipitation conditions. In the same group of hydrological processes, the variation trend of the
hydrological peak lag formed by the precipitation center in different regions was ZY > GC > EQ (Table 5).
The comprehensive dynamic degree of land use (LU) between 1998 and 2013 in Zhengzhou was ZY
> GC > EQ. Under the conditions of similar precipitation, when the precipitation center was in the
area with a large LU, the change in the peak lag was relatively large (Figure 8A). The consistency of
the peak lag change and LU indicated that the peak lag was affected by the spatial distribution of
land use. With the accelerated expansion of Zhengzhou built-up area from 1999 to 2012, significant
changes took place in land use patterns. Precipitation converged more quickly because of the
reduction of vegetation, the rapid expansion of the urban area and the construction of the urban
drainage pipe network. The difference in the spatial distribution of land use has led to the difference
in the peak lag. When rainfall is concentrated in areas with large changes in the spatial distribution
of land use, the peak lag variation is large.
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Figure 8. (A) Relationship between LU and change of peak lag, (B) relationship between built-up and
change of peak.
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Table 5. Peak lag statistics.

1971-1998 1999-2012
Group Precipitation Center LU (1998-2013) Mean Peak Lag (h) Mean Peak Lag (h) Change Rate
zY 0.47% 26 17 -34.62%
. GC 0.44% 23 16 -30.67%
Rain
EQ 0.23% 25 18 -26.40%
Mean 0.38% 25 17 -30.56%
zY 0.47% 24 15 -37.50%
GC 0.44% 21 15 -31.60%
Heavy rain EQ 0.23% 24 17 -29.24%
Mean 0.38% 23 16 -31.77%
Zhengzhou 0.38% 24 16 -31.08%

Under the condition of similar precipitation distribution, the influence of land use change on the
peak lag of runoff process in heavy rain group is greater than that in rain group. The average peak
lag of runoff in rain group was advanced by 30.56%. The average peak lag of runoff in heavy rain
group was 31.77% earlier. The rain island effect increased the frequency of heavy rain, amplified the
impact of land use change on the peak lag of flood season, and put pressure on the operation of urban
flood control system.

The flood peak in 1999-2012 was about 10-30% greater than that in 1971-1998 under similar
precipitation conditions. In the same group of hydrological processes, the variation trend of the flood
peaks formed by the precipitation center in different areas was GC > ZY > EQ (Table 6). The changes
of Zhengzhou's built-up area between 1998 and 2013 was GC > ZY > EQ. Under the conditions of
similar precipitation, when the precipitation center was in a region with large changes in built-up
type, the change in flood peak was greater (Figure 8B). The change of flood peak is closely related to
the change of built-up land. As the expansion of built-up land significantly accelerated from 1999 to
2012, the amount of filling and infiltration decreased, which increased the flood peak. Due to the
different expansion of built-up area in different regions, the differences in the amount of filling and
infiltration also increased. While the precipitation is concentrated in areas with large changes in built-
up land, the flood peaks also change more.

Table 6. Flood peak statistics.

1971-1998 1999-2012
Group Precipitation Changes of Built- Mean Peak Mean Peak Change
Center Up (m?3/s) (m?3/s) Rate
GC 424.13% 58.6 73.4 25.26%
Rain zY 170.20% 54.3 63.8 17.50%
EQ 99.54% 46.5 52.0 11.83%
Mean 231.29% 46.5 55.4 18.19%
GC 424.13% 65.1 84.3 29.49%
Heavy rain zY 170.20% 58.6 71.2 21.50%
EQ 99.54% 54.8 63.7 16.24%
Mean 231.29% 53.8 66.7 22.41%
Zhengzhou 231.29% 54.9 66.3 20.00%

Under the condition of similar precipitation distribution, the influence of the change of built-up
land on the runoff process of heavy rain group was greater than that of rain group. The average peak
of runoff in rain group increased by 18.19%. The average peak of runoff flow in heavy rain group
increased by 22.41%. Heavy rain is more frequently affected by the island effect and is more likely to
occur in areas with concentrated built-up land. This aggravated the influence of the change of built-
up land on the flood peak and increased the flood control pressure of the city and its downstream.

The runoff coefficient in 19992012 increased by approximately 20-35% compared with that in
1971-1998 under similar precipitation conditions. In the same group of hydrological processes, the
variation trend of the runoff coefficient formed by the precipitation center in different areas was ZY



Water 2020, 12, 1870 14 of 21

>EQ > GC (Table 7). The proportion of built-up land in 2013 was ZY > EQ > GC. The runoff coefficient
of hydrological process was larger when the precipitation center occurred in the area where the built-
up land is concentrated (Figure 9A). The change of the runoff coefficient formed by the precipitation
center in different regions was ZY > GC > EQ. Zhengzhou’s LU was ZY > GC > EQ during 1998-2013.
When precipitation was concentrated in areas with large changes in land use, the runoff coefficient
changed more (Figure 9B). It is manifested as that the runoff coefficient is related to the distribution
of built-up land and its change is related to the distribution of land use. When the precipitation is
concentrated in the built-up area, the runoff coefficient increases as the amount of filling and
infiltration decreases. When precipitation is concentrated in areas with large changes in land use, the
amount of infill and infiltration also varies greatly, leading to an increase in runoff coefficient.

Table 7. Statistics of runoff coefficient.

1971-1998 1999-2012
Group Precipitation LU Built-Up Mean Runoff Built-Up Mean Runoff Change
Center (km?) Coefficient (km?) Coefficient Rate
zY 0.47% 38.26 0.20 103.39 0.26 32.00%
Rain GC 0.44% 7.97 0.19 41.80 0.25 30.21%
EQ 0.23% 55.58 0.22 11091 0.27 22.73%
Mean 0.38% 33.94 0.20 85.37 0.26 28.31%
zY 0.47% 38.26 0.17 103.39 0.24 35.06%
Heavy rain GC 0.44% 7.97 0.16 41.80 0.22 33.54%
EQ 0.23% 55.58 0.18 110.91 0.24 27.72%
Mean 0.38% 33.94 0.17 85.37 0.23 32.10%
Zhengzhou 0.38% 33.94 0.19 85.37 0.25 29.94%

Under the condition of similar precipitation distribution, the influence of land use change on the
runoff peak of heavy rain group is greater than that of rain group. The average runoff coefficient of
rain group increased by 28.31%. The average runoff coefficient of heavy rain group increased by
32.10%. Under the influence of rain island effect, the frequency of rainstorm increases and it is easier
to concentrate in built-up land. This magnified the impact of land use change on runoff in flood
season and brought difficulties to the operation of urban drainage system.

Liu [40] used the SWAT model to simulate the daily runoff data of the Zhongmu section of the
Jialu River from 1995 to 2008, and found that the land use had an increasing impact on the
hydrological process with the urbanization of Zhengzhou. For the same location, Wei [41] used the
MIKE model to simulate the daily runoff process in 2004 and 2007, and found that Zhengzhou
urbanization had a significant impact on the flood peak. However, the simulation of daily runoff data
masks the impact of urbanization on the hydrological process within a few hours, which cannot
accurately reflect the impact of urbanization on the hydrological process. Based on systematic
analysis of the hourly measured rainfall-runoff data and the impact of regional land use change on
urbanization, it is found that when the precipitation is concentrated in the area with fast land use
conversion, the peak lag and runoff coefficient change greatly. Flood peaks change greatly when
precipitation is concentrated in areas with large changes in built-up land, and runoff coefficient
increases with precipitation concentrating in areas where build up is the main land use type. The
impact of land use change on the hydrological process is more pronounced in extreme precipitation.
The probability of occurrence of extreme precipitation increases under the influence of the rain island
effect that can amplify the impact of land use change on the hydrological process during the flood
season and cause urban floods.
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Figure 9. (A) Relationship between built-up and runoff coefficient, (B) relationship between LU and
change of runoff coefficient.

3.3. Impact of Urbanization on Hydrological Processes

The flood was simulated for the data of nine precipitation processes in 1998 and 2003. The values
of CN are shown in Table 8 and the simulation results are shown in Table 9. It can be seen from Table
9 that the errors of the simulated runoff and the calculated runoff are both less than 20%, indicating
that the SCS model can better simulate the precipitation hydrological process in Zhengzhou.

Table 8. CN.
Hydrological Soil Group Forest Grass Agricultural Land Water Bodies Built-up

AMCI 16 22 54 98 53

A AMCII 26 41 59 98 74
AMC III 52 62 78 98 88

AMCI 35 42 58 98 72

B AMCII 57 63 78 98 87
AMC III 77 81 90 98 96

AMCI 51 56 72 98 78

C AMCII 74 77 87 98 92
AMC III 87 90 96 98 97

AMCI 60 65 77 98 84

D AMCII 80 83 90 98 95
AMC III 93 94 98 98 98

Note: A is thick sand, thick loess, aggregated silt soil group; B is thin layer loess and sandy loam
group; C is sandy clay loam group; D is clay loam, silt clay loam, sand clay, silt clay, clay group; AMC
I represents soil drought, but did not reach plant wilting point; AMC II represents the average
condition of the river basin when flooding occurs; AMC III represents heavy rain, light rain or low
temperature in the first 5 days, and the soil moisture is almost saturated.
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Table 9. Rainfall-runoff simulation.

Flood Pmm) RC(mm) RS(mm) QC(10¢m3) QS (106m3) Relative Error (%)

1998053106  51.89 1.93 1.82 1.95 1.84 -5.56%
1998070702  45.71 16.44 18.55 16.61 18.74 12.86%
1998071200  31.42 4.98 5.07 5.03 5.12 1.73%

1998071516  39.75 8.25 9.23 8.34 9.33 11.85%
1998081404  37.81 9.13 8.18 9.22 8.27 -10.34%
1998082109  22.83 12.01 11.81 12.13 11.93 -1.63%
2003062914  81.69 46.06 52.68 46.54 53.22 14.36%
2003082520  178.67 125.88 111.13 127.17 112.28 -11.71%
2003092817  48.71 19.39 22.98 19.59 23.21 18.51%

Note: RC represents the runoff depth calculated from measured data; RS is the runoff depth simulated
by the SCS model; QC represents the runoff calculated from measured data; QS is the runoff simulated
by the SCS model.

In order to study the impact of land use on the hydrological process, it is necessary to control
the conditions such as rainfall and soil moisture in the early stage. Therefore, the precipitation data
of 2003082520 was selected to calculate the runoff under normal (AMC II') conditions in 1998, 2003,
2008, and 2013, respectively. The distribution of regional CN values is shown in Figure 10, the
simulation results are shown in Table 10. The runoff distribution of different land uses is shown in
Table 11 and the runoff distribution of different districts is shown Table 12 and Figure 11.

Table 10. Rainfall-runoff simulation.

Flood Pmm) RC(mm) RS(mm) QC(10¢m3) QS (106m3) Relative Error (%)

1998053106  51.89 1.93 1.82 1.95 1.84 -5.56%
1998070702  45.71 16.44 18.55 16.61 18.74 12.86%
1998071200  31.42 4.98 5.07 5.03 5.12 1.73%

1998071516  39.75 8.25 9.23 8.34 9.33 11.85%
1998081404  37.81 9.13 8.18 9.22 8.27 -10.34%
1998082109  22.83 12.01 11.81 12.13 11.93 -1.63%
2003062914  81.69 46.06 52.68 46.54 53.22 14.36%
2003082520  178.67 125.88 111.13 127.17 112.28 -11.71%
2003092817  48.71 19.39 22.98 19.59 23.21 18.51%

Note: RC represents the runoff depth calculated from measured data; RS is the runoff depth simulated
by the SCS model; QC represents the runoff calculated from measured data; QS is the runoff simulated
by the SCS model.

Table 11. Runoff from SCS model of different land uses in different periods (10° m3).

Year Water Bodies Forest Grass Agricultural Land Built-Up Sum
1998 0.67 0.66 28.85 65.21 21.98 117.38
2003 0.70 0.61 25.17 63.51 29.65 119.65
2008 0.96 0.40 17.95 58.50 46.67 124.49

2013 1.17 0.19 14.16 54.39 57.44 127.35
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Figure 10. CN distribution in different regions in different periods.

Table 12. Runoff from SCS model in different districts in different periods (10° m?).

District Area (km?) 1998 2003 2008 2013
JS 235.0 27.63 28.19 29.25 29.78
HJ 220.2 25.40 25.80 26.43 26.80
GC 198.2 22.29 22.58 23.77 24.97
zY 197.4 23.17 24.71 25.25 25.71
EQ 157.2 18.41 18.83 19.45 19.72

2003

Legend
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¢
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5 =22.97-25.23
0 2M =2524 -27.51

Figure 11. Runoff from SCS model in different regions in different periods (10°m3).
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On the city scale, the total runoff of Zhengzhou showed an increasing trend from 1998 to 2013,
with grassland, agricultural land and built-up land as the main ones. The continuous increase of built-
up land runoff makes it the largest land use type of runoff, indicating that the land use change caused
by urbanization leads to the significant increase in regional runoff. Among them, the runoff of water
bodies increased by 75.19%, the runoff of built-up increased significantly, with a proportion 161.30%,
and the runoff of forest, agricultural land and grass decreased, which was mainly related to the
increase and decrease of land use area. The five years in 2003-2008 manifested the largest change in
total runoff, with an increase of 4.05%. During this period, the runoff of water areas and built-up land
increased by 37.14% and 57.40% respectively, and the runoff of forest, grass, and agricultural land
decreased to varying degrees. It shows that the tendency of runoff change in urbanization is mainly
affected by the change of built-up land. The increase of built-up land can reduce the amount of infill
and infiltration and increase the surface runoff.

On the regional scale, the runoff in each region from 1998 to 2013 was: JS > HJ > ZY > GC > EQ.
The area of each administrative district is: JS > HJ > GC > ZY > EQ. Regional runoff is mainly affected
by the area, that is, the larger the area, the greater the runoff. However, in ZY and GC with similar
areas, land use distribution has become the major factor affecting runoff. From 1998 to 2013, the
runoff in ZY with a relatively large distribution of built-up land was greater than the runoff in GC, a
relatively small distribution of built-up land. This shows that the runoff of the areas with
concentrated built-up land is greater under similar rainfall. From 2003 to 2008, the runoff in ZY was
greater than that in GC and the LU changed the most, which shows that as spatial distribution of land
use change increased, runoff change also increased under similar rainfall.

In summary, the runoff change trend on the city scale is mainly affected by changes of built-up
land, which is the surface runoff increases with the expansion of built-up land. On the regional scale,
regional runoff is mainly affected by the area. The larger the area, the greater the runoff. With similar
areas, land use distribution becomes the major factor affecting runoff. The amount of runoff is related
to the distribution of built-up land, and the change of runoff is related to the spatial distribution of
land use. Under similar rainfall and area, the larger the runoff generated in the concentrated area of
built-up land, the more the runoff variation with the land use change.

Wang et al. [39] used the SCS model to simulate the long-term rainfall and runoff data of
Zhengzhou from 1995 to 2015 and found that land use change and sewage discharge were the main
reasons for the increase in total runoff. We further analyzed the impact of land use change on the
hydrological process on the basis of it, which found that the trend of runoff change in Zhengzhou on
the city scale is mainly affected by changes in built-up land. On the regional scale, the regional runoff
is mainly affected by the area. In the case of similar areas, runoff increases with the increase in built-
up land. The greater the change in built-up land, the greater the change in runoff.

4. Conclusions

The impact of urbanization on the hydrological process with Zhengzhou as an example was
discussed in the study. In the process of rapid urbanization, changes in regional land use, especially
the distribution of built-up land, have a huge impact on the distribution of the rain island effect. The
rain island effect is more apparently in areas where built-up land is relatively concentrated. When
the precipitation is concentrated in the area where the distribution of land use changes greatly. The
transformation speed of other land to built-up is accelerated, the faster the corresponding drainage
pipe network is constructed in the built-up area, the earlier the flood peak appears. When the
precipitation is concentrated in the area where the built-up expands faster, the speed of impermeable
surface replacing permeable surface increases faster, the infiltration rate decreases and the speed
changes, and the increase of flood peak is more obvious. Runoff coefficient is related to the
distribution of built-up, and its change is related to the spatial distribution of land use. When the
precipitation is concentrated in the area with more built-up, the infiltration amount decreases and
the runoff coefficient is large. When the precipitation is concentrated in the area with great land use
change, the faster the conversion of other land to built-up, the greater the change of runoff coefficient.
By analyzing the hydrological process with similar spatial distribution of rainfall, land use change is
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more significant under heavy rain. Affected by the rain island effect, the frequency of heavy rain
increases in the areas where built-up is concentrated, which increases the flood control pressure in
the areas where built-up is the main use type and land use changes greatly.

The SCS model was used to simulate runoff of different land use types in different periods, and
it was found that land use distribution was the main factor affecting runoff in the case of similar area
and precipitation conditions. The runoff increased with the increase of built-up. The change of runoff
increases with the change of spatial distribution of land use. Compared with 1998, the built-up area
in 2012 increased by 161.30%, and the runoff increased by 8.49%. The main increment of runoff is
located in the area with large land use change and built-up concentrated. Under the influence of rain
island effect, the heavy rain is mostly concentrated in the area where built-up is the main land use
type. Therefore, these areas are more at risk of flood than other areas, so we should pay attention to
the construction of flood control facilities in these areas. Appropriate low-impact development
measures should be developed in areas with strong rain-island effects to cope with post-urbanization
hydrological processes.
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