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Abstract: Urbanization has a significant influence on precipitation, but existing studies lack the spatial
and temporal heterogeneity analysis of its impact on precipitation in urban areas at different levels.
This study investigates the spatial heterogeneity of precipitation and the influencing factors on six
dimensions in 156 urban areas in the Beijing-Tianjin—-Hebei urban agglomeration from 2000 to 2018,
utilizing a mixed-methods analytical approach. The results show that the change in the natural factor
layer caused by urbanization was the most important factor, affecting urban precipitation variation
in summer and over the whole year, accounting for 34.5% and 10.7%, respectively. However, the
contribution of the urban thermal environment in summer cannot be ignored, and the change in the
urban thermal environment caused by human activities in winter is an important influencing factor.
When considering the optimal combination of factors, relative humidity was shown to be significant
in the spatial variations in precipitation during summer, which contributed 26.2%, followed by
human activity as indicated by night-time light intensity. Over the whole year, aerosol optical depth
makes the substantial contribution of 21.8% to urban precipitation change. These results provide
benchmarks for improving the adaptability of urban-environment change and urban planning in the
context of urbanization.

Keywords: urbanization; urban thermal environment; influencing factors; urban planning

1. Introduction

With the development in the urbanization process, the urban population has increased
greatly as a proportion of the total population, and is expected to be as high as 70% by
2050 [1]. The urban population in China currently stands at about 56.1% of the total and
will exceed 70% by 2030, making it one of the fastest-urbanizing countries in the world.
The rapid process of urbanization has greatly changed the original natural environment,
with changes in surface albedo, evapotranspiration, the moisture of the soil, the degree of
roughness of the surface, land—gas flux exchange, energy, and the water cycle, which have
a significant impact on atmospheric precipitation [2-10].

Since urban areas are home to the vast majority of the world’s population, variation
in urban climate and environment will substantially affect the well-being of a great many
people. For example, urbanization may increase the probability of extreme precipitation
in some cities [1,11-15]; it may also reduce the precipitation effect in cities [16,17], thereby
heightening residents’ risk of exposure to extreme weather events [18-22]. Hence, evaluat-
ing the impact of urbanization on precipitation change is of the utmost importance in urban
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climate research [7,23], and, in recent years, domestic and international attention has begun
to be paid to the relevant impacts of urbanization precipitation on urban drainage and
water-logging prevention [24-27], urban water-resource management [28-32], municipal
traffic [25], the ecological environment [26,33], and even human health [12,34,35]. Great
efforts have been made to identify appropriate countermeasures in the form of adaptation
and regulation [2]. Therefore, exploring the precipitation effect of urbanization and deter-
mining the leading factors in different seasons is crucial for improving the adaptability
of urban-environment change and urban planning, and for promoting the sustainable
development of urban areas and improvements in well-being [36,37].

Many experts have carried out studies on the precipitation effect of urbanization. Site
observation data provide evidence that urban expansion has a substantial impact on precip-
itation from a statistical perspective, and scholars have found that urbanization increases
downwind precipitation in cities [1,12,38]. Drawing on satellite and remote-sensing data,
researchers have shown that urbanization increases the intensity of urban precipitation [39]
and the probability of urban flood [40—-42]. In addition, numerical model simulations have
been used to explain the mechanism of the precipitation effect of urbanization [40,43,44],
with scholars arguing that urbanization is the likely cause of changes in net radiation, latent
heat, sensible heat, albedo, frictional rate and boundary-layer height in urban areas that
lead to variation in the intensity and location of urban precipitation [40,45,46].

However, most existing research has been conducted in the form of case studies
on a single city [36,47,48] or simulation studies of the effect of urbanization on heavy
rainfall [40,48]; the results are neither convincing nor representative. Studies on the dif-
ferences between cities or urban agglomerations [49,50] are often carried out on the basis
of the same level of cities, and lack statistical evidence at different scales of development
(small, medium, and large). Moreover, there have been few studies on the influence of
urban morphology on precipitation. To address these research gaps and to achieve an
objective and comprehensive evaluation of the urbanization effect on precipitation, it is
necessary not only to take account of samples that have sufficient quantity and spatial
heterogeneity, but also to consider urban morphology, urban development and natural
elements, air pollution, and the urban thermal-environment factor.

Therefore, this study uses 156 urban areas of different sizes from the Beijing—Tianjin—Hebei
(or Jing-Jin-ji) urban agglomeration (BTHUA) to explore the impact of the development
of urbanization on urban precipitation change from 2000 to 2018. The BTHUA is an
appropriate sample for exploration for several reasons. First, most of the cities in the
BTHUA are located on the North China Plain, and their climate types can be categorized in
terms of a temperate monsoon season with the same periods of rain and heat; generally,
there is little difference in their climate backgrounds (compared with other regions in
China, which have complex and diverse climate types), and the geographical spatial
scale is also moderate. Second, coverage of large, medium, and small cities provides an
effective way to assess the impact of urban development on precipitation. Third, the rapid
urban development of recent decades has resulted in a high degree of agglomeration and
expansion in some areas, and the rapid expansion of small and medium-sized towns has
led to huge changes in urban boundary morphology [51]. This makes it possible to provide
a variety of morphological indexes and is conducive to the assessment of the impact of
urban morphology on precipitation.

The purpose of this study is to address the following two research questions: (1) What
are the dominant factors that affect precipitation change in the process of urbanization in the
BTHUA? (2) Does urban morphology have an impact on precipitation or not? The results
are expected to provide a benchmark for strategies to adapt to climate and environmental
change during the process of urbanization.
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2. Materials and Methods
2.1. Study Area

The BTHUA, with a total of 156 urban areas, includes Beijing, Tianjin, and 11 prefecture-
level cities in Hebei Province (Baoding, Langfang, Shijiazhuang, Tangshan, Handan, Qin-
huangdao, Zhangjiakou, Chengde, Cangzhou, Xingtai, and Hengshui) (see Figure 1).
According to the 2018 Statistical Yearbook data of Beijing—Tianjin—-Hebei, the BTHUA has
a permanent population of 112.7 million and an economic output of CNY 8.4 trillion. Its
per capital GDP is 1.3 times the national average, making it one of the three engines of
economic development in China. Since the beginning of the twenty-first century, the
BTHUA has undergone a rapid process of urbanization expansion. From 2000 to 2018, the
urban area of the BTHUA has increased by 9450.77 km?, which was 2.5 times the growth
rate of 1980-2000. During this process of rapid urbanization, changes in air quality [52],
urban form [51-53], urban heat islands [51,53,54], and underlying surface [42,55] have had
a significant impact on water vapor and the urban energy balance, and thus an impact
on local precipitation. The BTHUA contains sizable town areas which are among the
fastest-growing areas of urbanization in China. Therefore, studies conducted on the effect
of urbanization on precipitation in that region, and explorations of the relationship be-
tween different factors and precipitation there, will provide a basis for urban-development
planning and climate-change adaptation strategies not only for the BTHUA but also for
other agglomerations in China.
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Figure 1. Study area in Beijing-Tianjin—-Hebei. (Note that the location of Beijing-Tianjin-Hebei in
China (a). The merging and screening of the urban boundary and non-urban land patches were
based on the land use status in different periods according to the degree of patch continuity and the
influence of the ocean or cities in other provinces; the continuous patches were therefore taken as a
research unit, whereas those affected by sea water and inaccurate classification were deleted. This
screening and merging process yielded a total of 156 urban areas (b), which are independent of each
other and continuous in time, and are not affected by the ocean or adjacent patches).

2.2. Data Sources
2.2.1. Selection of Variables

Different typical variables were selected from six dimensions: urban morphology,
urbanization development level, natural/climatic background, land surface attributes, air
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quality, and urban thermal environment (Table 1). The three factors selected to represent
urban morphology are FRAC (the fractal dimension index), CIRCLE (the circle index),
and CONTIG (the contiguity index). For level of urbanization development, the three
indicators are POP (urban population density), NLI (nighttime light intensity), and AREA
(urban area size). The four factors representing natural factors are WIN (wind speed),
RHU (relative humidity), RAD (radiation), and ALT (average altitude of the city). NDVI
(normalized difference vegetation index) and TREE (tree cover) were taken as indications
of surface condition, and AOD (Aerosol optical depth) and PM; 5 (Particulate matter with
a diameter of less than 2.5 microns) represent urban air quality. Two indexes of UHI
(urban heat island) and LST (land surface temperature) represent changes in the thermal
environment caused by urbanization. These factors were selected for inclusion on the basis
of the following considerations.

Urban morphology factors, such as FRAC, CIRCLE, and CONTIG, affect not only WIN
but also UHI, which, in turn, has an effect on the stability of the atmosphere. According
to research carried out by Liang et al. [51,53], the more complex the fractal dimension,
the greater the roundness and continuity; the less favorable the urban heat dissipation,
the stronger the UHI. Furthermore, the contribution to UHI increases with city size. The
increase in the urban population and the expansion of the urban area are significant factors
in measuring urbanization [51]. The higher the population density per unit area, the greater
the anthropogenic heat emitted by human production and living. Urban area expansion
affects changes in the latent heat, the sensible heat, and the Bowen ratio of a city [40], and
these effects change the heat balance of the city’s atmosphere. NLI is a good representation
of human footprint, as it captures the intensity and breadth of human activities and regional
development, and it provides spatial information and attribute information [55-57]. The
higher the NLI value, the greater the surface modification due to human activities. Wei
et al. [55] proved that changes in POP, AREA, NLI, and the interactions of other factors all
increase influences on urban precipitation change.

Generally speaking, the greater the RHU, the greater the probability of condensation
under appropriate conditions. Expansion of urbanization leads to the dry-island effect [58],
which results in more obvious vertical gradient of atmospheric humidity over cities (drier
at the lower levels and wetter at the upper levels) [59], thus affecting urban precipitation.
Wind affects urban heat dissipation and pollutant diffusion, among other factors [60].
NDVI, which denotes the growth potential of vegetation, and TREE, which stands for urban
forest coverage, together represent the transpiration of vegetation, which has an important
influence on changes in atmospheric relative humidity and surface temperature [61]. The
higher the net radiation (RAD) input to the surface, the more the heating effect on the
surface increases atmospheric instability and triggers convective precipitation [40].

The higher the altitude, the more complex the change in water-vapor combination may
be [14]. In the process of rising, airflow more easily condenses into clouds, causing rain [14].
AOD and PMj 5 are condensation nuclei, and their levels influence precipitation [62,63].
Studies have shown that increases in AOD and PM, 5 concentration reduce the impact
efficiency of atmospheric water droplets, making them more uniform and reducing the
probability of light rain [17]. However, with the development of deep convection, an
increase in AOD and PMj; 5 concentration may increase the probability of heavy rain [17].
The UHI can reflect the stability of the urban surface atmosphere. The stronger the UHI,
the more unstable the surface atmosphere and the more easily convective precipitation is
triggered [54,64]. Due to the strong spatial heterogeneity of the underlying surface types
between cities and suburbs in different regions, the higher LST of cities may mean the
higher atmospheric temperature near the surface; however, because UHI is mainly related
to temperature discrepancies between cities and suburbs, this may not necessarily enhance
the heat-island circulation between the two.
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Table 1. Influencing factors on precipitation used in this study.

Category of Variable Variable Meaning of Variable Data Sources
2In(0.25p;;
FRAC = %, Calculated from the 30 m land use
. L .. data (https:/ /www.resdc.cn/data.
FRAC P;j = perimeter (m) of patch ij, a;; = area (m?) of patch ij. aspx(?D ET AID=283) (accessed on
FRAC can help quantify the degree of complexity of the 1 September 2020)
planar shapes.
a;i
CIRCLE =1 - { ﬁ } Calculated from the 30 m land use
.. ' data (https://www.resdc.cn/data.
— 2 : L 2
CIRCLE ajj = area (m?) of grid ij. aj; = area (m*) of smallest aspx?DATAID=283) (accessed on
Urban form factor circumscribing circle around grid ij. CIRCLE is used to 1 September 2020)
distinguish patches that are linear (narrow) or elongated
[M -1
CONTIG= 1" |
cijr = contiguity value of pixel p in zone ij, a;; = area of zone ij Calculated from the 30 m land use
. . ! data (https://www.resdc.cn/data.
CONTIG is represented by the number of grids, s = sum of the values aspx?’DATATD=283) (accessed on
in a 3-by-3 grid template. CONTIG assesses the spatial P 1Se tembc;r 2020)
connectedness or contiguity of cells within a grid cell patch P
(equals O for a one-pixel patch and increases to a limit of 1 as
patch contiguity or connectedness increases)
http:/ /sedac.ciesin.columbia.edu/
POP Represents the degree of population density dzzitea r< :12;/— fg‘q&i—igggdagﬁn_
1 September 2020)
Urbanization Denotes the light generated from electricity (areas of high Defense Meteorological Satellite
development level NLI economic prosperity and population are generally Program-Operational Linescan
well-illuminated) System (DMSP-OLS)
Based on the 30 m land use data
. . (https:/ /www.resdc.cn/data.aspx?
AREA Indicates the area of urban expansion DATAID=283) (accessed on
20 September 2020)
http://data.cma.cn/data/detail /
RHU Average relative humidity of an urban administrative unit dataCode/A.0012.0001.html
(accessed on 20 September 2020)
http://data.cma.cn/data/detail /
WIN Average wind speed of an urban administrative unit (m/s) dataCode/A.0012.0001.html
Natural /meteorological (accessed on 20 September 2020)
conditions http://data.cma.cn/data/
RAD Average radiation of an urban administrative unit cdc&lﬁ[ﬁll/}jck\t{aﬁ&c%c&/l i{cﬁs[;leal\g g L_
20 September 2020)
ALT Average altitude of urban areas obtained from DEM (digital
elevation model) data with a resolution of 30 m
Normalized transform of the NIR (near-infrared radiation) to http:hé({(l)}s(elia;rlrllzgdsbg/o;(/)ieli:asct,
NDVI red reflectance ratio (commonly designed to standardize duct t'ybl /mod13a3. v006
vegetation indices values to between —1 and +1) products _tab’e/mocoas_v
Surface properties (accessed on 1 September 2020)
https:/ /modis.gsfc.nasa.gov/data/
TREE Percentage of urban forest coverage dataprod/mod44.php (accessed on
1 September 2020)
https:/ /sedac.ciesin.columbia.edu/
. . . data/set/sdei-global-annual-gwr-
AOD Aerosol op.tlcal depth, the key physical quantity .that pm2--5-modis-misr-seawifs-a0d-
characterizes the degree of atmospheric turbidity vd-gl-03 (accessed on
Air quality 1 September 2020)
Particulate matter with a diameter of less than 2.5 microns https:/ /nasasearch.nasa.gov/
PM can enter the lungs (expressed as fine particulate matter, in search?query=PM2.5&affiliate=
25 terms of the annual average concentration of micrograms per  nasa&utf8=%E2%9C%93 (accessed
cubic meter) on 20 September 2020)
Average surface temperature of the inner city area minus the (h ttp;c/a/lf,\lrl\lszﬁ?;sf;ﬁ)rﬂ dLS;F /c;?);arces /
UHI average surface temperature of the suburbs 10 km from the [ (1 /3362pid=333) (accessed
Urban thermal environment buffer zone on 20 September 2020)
http:/ /www.gscloud.cn/sources/
LST Average surface temperature of the inner city area accessdata/336?pid=333 (accessed

on 20 September 2020)
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The BTHUA has a typical temperate monsoon climate, with high temperatures and
rain in summer, being cold and dry in winter, and with the rainy season mainly concentrated
in June, July, and August. Accordingly, this study mainly analyzed the relationship between
urbanization and precipitation changes in summer (June, July and August) and winter
(December, January and February) (while spring and autumn were not analyzed).

2.2.2. Data Sources for Different Variables

Based on the 30 m land use data (https://www.resdc.cn/data.aspx?DATAID=283)
(accessed on 1 September 2020) in different periods in 2000, 2005, 2010, 2015 and 2018,
we selected 51 categories in the secondary land use classification to calculate the ur-
ban form indexes, such as FRAC, CIRCLE, and CONTIG. The calculation of these ur-
ban form indexes was completed in version 4.2 of Fragstat software(http:/ /www.umass.
edu/landeco/research/fragstats/downloads/fragstats_downloads.html#FRAGSTATS, ac-
cessed on 1 June 2019). The calculation formula is shown in Table 1. The aim of this
study is to explore the built-up area in 2018, merging and screening the urban bound-
ary and non-urban land patches according to the degree of patch continuity and the
influence of the ocean or cities in other provinces; the continuous patches were therefore
taken as a research unit, whereas those affected by sea water and inaccurate classifica-
tion were deleted. This screening and merging process yielded a total of 156 urban areas
(Figure 1b), which are independent of each other and continuous in time, and are not
affected by the ocean or adjacent patches [51]. NASA’s social and economic statistics
(http:/ /sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev10) (accessed
on 1 September 2020) were used to obtain the POP of each town unit, at a spatial resolution
of 1 km, and AREA was calculated in terms of the space occupied by urban patches in the
land use data for each period. NLI was taken as the average night light-intensity index for
each town unit according to the annual composite data collected using DMSP-OLS sensors.
The spillover effect enhances the spatial distribution continuity of the data, which does not
accurately reflect the spatial distribution characteristics of the intensity of human activities,
because the brightness of night light does not increase with an increase in human activities
after the maximum has been reached. Therefore, the DMSP nighttime light data used here
were calibrated and corrected in time sequence [57], at a spatial resolution of 1 km, and
the NLI for 2018 was obtained using the linear interpolation method. The meteorological
data used in this study (RHU, WIN, and RAD) were taken from the historical monitoring
data of the National Meteorological Center of China (http://data.cma.cn/data/detail /
dataCode/A.0012.0001.html) (accessed on 20 September 2020), and the spatial grid was
obtained via ordinary kriging interpolation, further extracted by resampling according to
the boundary of each urban unit. The air pollution data are the latest made available by
NASA (http:/ /sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev10)
(accessed on 1 September 2020), at a spatial resolution of 1 km.

Since our research objects include small cities and relatively dense towns, 1 km res-
olution provides enough spatial detail for comparison. Urban vegetation characteris-
tics were drawn from two kinds of remote-sensing data, including the normalized dif-
ference vegetation index from the annual 1 km resolution synthetic NDVI data (https:
/ /lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod13a3_v006) (ac-
cessed on 1 September 2020). Tree cover data were taken from the MODIS vegetation
continuous fields (MOD44B, Vegetation Continuous Fields Yearly L3 Global 250 m) (https:
//modis.gsfc.nasa.gov/data/dataprod/mod44.php) (accessed on 1 September 2020). The
land surface-temperature data were derived from the monthly composite surface tem-
perature of the DIDLTIM product in the geospatial data cloud (http:/ /www.gscloud.cn/
sources/accessdata/3367pid=333/) (accessed on 20 September 2020), at a spatial resolution
of 1 km, and the urban heat island was calculated in terms of the differences between
urban and suburban average temperatures. Since the BTHUA has expanded during the
18 years under study;, it is important to ensure comparability between the intensity of the
urban heat-island effect in different years and seasons. Here, the urban boundary of 2000


https://www.resdc.cn/data.aspx?DATAID=283
http://www.umass.edu/landeco/research/fragstats/downloads/fragstats_downloads.html#FRAGSTATS
http://www.umass.edu/landeco/research/fragstats/downloads/fragstats_downloads.html#FRAGSTATS
http://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev10
http://data.cma.cn/data/detail/dataCode/A.0012.0001.html
http://data.cma.cn/data/detail/dataCode/A.0012.0001.html
http://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev10
https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod13a3_v006
https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod13a3_v006
https://modis.gsfc.nasa.gov/data/dataprod/mod44.php
https://modis.gsfc.nasa.gov/data/dataprod/mod44.php
http://www.gscloud.cn/sources/accessdata/336?pid=333/
http://www.gscloud.cn/sources/accessdata/336?pid=333/

Remote Sens. 2022, 14, 2880

7 of 21

was selected for the calculation of the average urban LST. Taking account of the buffer
zone built up outward from the urban boundary in 2018 with a width of 10 km (based
on the size of urban areas) [51,55], the suburban LST was obtained by calculating the
average land-surface temperature within the buffer zone. The surface UHI was calculated
by subtracting the suburban average temperature from the urban LST. All the selected
variables (Table 1) above were extracted from the data of the five periods of 2000, 2005,
2010, 2015 and 2018, with precipitation as the dependent variable and other selected factors
as independent variables for analysis. In order to exclude the impact of climate change and
reflect the impact of urbanization, the value of each factor in this study was the difference
between the corresponding factors of cities and suburbs (except for the data of elevation,
urban form and area).

2.3. Methodology

The methods used in this study were the partial least squares method, stepwise
regression, optimal subset regression, and hierarchical regression (HR). Stepwise regression
made it possible to look at the effects of each stratification factor. The partial least squares
method was used to judge whether each factor of the chosen and the urban precipitation
correlation, for the existence of significant correlation factor, enters the full subset regression.
HR was then used to analyze the output results of the optimal subset regression. The
importance of the influence factor on the change in precipitation was assessed according to
the changes in R?. These methods are described in detail in Sections 2.3.1-2.3.3.

2.3.1. Partial Least Squares Method and Stepwise Regression Analysis

We conducted a partial correlation analysis between different selected variables and
precipitation before analyzing. The analysis results showed that different variables were
related to precipitation. Before analyzing the data, the selected elements were first tested
for collinearity, and the variance inflation factor (VIF) was determined. When 0 < VIF < 10,
there is no multicollinearity; when 10 < VIF < 100, some multicollinearity is present; when
VIF > 100, there is severe multicollinearity. Our analysis established that the VIF of all
the elements was less than 1.5, which indicated that there was no multicollinearity in the
selected factors. To prepare for the next multiple regression, based on the partial least
squares method (OLS), and taking precipitation as the dependent variable and each factor
as the independent variable, the factors that passed the 95% (p < 0.05) significance test
were taken as the important influencing factors of urban precipitation in different seasons.
In each indicator dimension, we used stepwise regression analysis (this study adopts the
“entry” model) and a collinearity test (VIF less than 1.5) to calculate the comprehensive
explanatory rate of each stratified factor of the impact of urbanization on precipitation in
each season.

2.3.2. Optimal Subset Regression

Although stepwise regression can yield the best regression model, it introduces the
influencing factors into the regression equation separately according to their significance
without considering all their possible combinations [65]. To overcome this limitation, the
optimal full subset regression model was used in this study. This method not only takes
into account all possible combinations of explanatory variables but also provides more
information about factor combinations. It has been shown to be reliable [66] and has been
applied widely [67-71]. Using the R-LEAPS software package (https://www.r-project.org/)
(accessed on 30 December 2020), we constructed all possible combination models from
the impact factors that passed the significance test in OLS. We set the value of N-best (the
number of output optimal models) to 1; that is, every time the number of independent
variables changed, an optimal regression model that passed the significance test was
generated accordingly. Then, we assessed the model fit in terms of the adjusted R?; the
larger the adjusted R?, the better the model. Since the adjusted R? values of some of the
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best models were very similar, we used the Mallows CP information standard value as the
judging standard and the minimum Mallows CP value to determine the optimal model.

2.3.3. Hierarchical Regression Analysis

For each impact factor entering the optimal subset regression model, we used the
HR method to determine the independent impact of explanatory variables contained in
the optimal model. The HR method is based on semi-parametric regression analysis
and calculates the relative importance of each factor by performing multiple random
transformations on the original data matrix. The advantage of this method over traditional
regression analysis is that it overcomes common collinear phenomena in environmental
variables, which makes it particularly suitable for multidimensional environmental data
analysis [72]. In this study, we obtained the independent importance from the changes
in R? for each factor according to the results of the HR analysis; the greater the change
in R?, the stronger the influence of the variable on the change in precipitation. Then, we
ranked the changes in R? to determine the dominant factors affecting urban precipitation
in different seasons.

3. Results and Analysis

3.1. Temporal and Spatial Patterns of Precipitation

3.1.1. Spatial Distribution Characteristics of Precipitation Changes in Different Seasons in
the BTHUA

In this study, the ANUSPLIN software (https:/ / fennerschool-anu-edu-au.translate.goog /
research/products/anusplin?_x_tr_sl=auto&_x_tr_tl=en&_x_tr_hl=zh-CN&_x_tr_pto=wapp)
(accessed on 30 December 2020) was used to interpolate the precipitation data of more
than 2400 meteorological stations in China; in addition, the BTHUA boundary was used
as a mask to extract the spatial distribution of precipitation in different urban areas in the
BTHUA (the spatial resolution is 250 m x 250 m). It can be seen from Figures 2—4 that there
were seasonal and spatial differences in the changes of precipitation in the BTHUA from
2000 to 2018. In summer, precipitation tends to increase in the northern part of the BTHUA,
especially in the northern and northeastern parts of Beijing. In the southern part of the
BTHUA, precipitation tends to decrease in summer, winter and throughout the year. In
winter, the increase in precipitation was mainly distributed in the northwest Zhangjiakou
area (Figure 3).

It can be derived from the perspective of annual precipitation changes (Figure 4) that
the increase and decrease in distribution areas of precipitation were roughly consistent
with the spatial distribution characteristics of summer precipitation changes. Judging from
the spatial distribution characteristics of precipitation changes in different seasons, areas
with large precipitation changes were often related to more urban units contained in the
area. For example, the area around the Beijing megalopolis had become an area with a
large increase in summer precipitation. Therefore, it can be concluded that this may be
related to the influence of changes in water vapor and heat balance caused by urbanization
on atmospheric precipitation.

From the perspective of precipitation change rate (Figure 5), it can be clearly seen
that, although the average precipitation in the southern part of the BTHUA (such as
Handan and Xingtai, etc.) was higher than that in the northern part (such as Beijing,
etc.) during 2000-2018, the precipitation in the region showed a decreasing trend no
matter whether in summer, winter or throughout the year. Similar situations were also
to be seen in Shijiazhuang, Tianjin and Tangshan. The spatial distribution of areas with
precipitation increases in different urban areas in summer and throughout the year was
generally similar, which were mainly distributed in Beijing, Zhangjiakou, Chengde, the
northeast of Qinhuangdao, Baoding and Cangzhou urban areas and its surrounding town
areas. Due to the different data sources, research methods and the size of the study
area, although the results of this study cannot be directly compared with many existing
studies on the whole, it is to be observed that, in the study of the areas with overlapping
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parts such as Beijing, the precipitation changes in this study were consistent with some
existing research conclusions [73-75]. In winter, the areas with increased precipitation
were mainly distributed in Beijing and northern regions, and some urban areas in the
Hengshui-Cangzhou region.

2000 3 N 2005 N 2010 N
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Figure 2. Spatial distribution of summer precipitation in different periods in the Beijing-Tianjin—
Hebei region.
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Figure 3. Spatial distribution of winter precipitation in different periods in the Beijing-Tianjin—
Hebei region.
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Figure 4. Spatial distribution of annual precipitation in different periods in the Beijing—Tianjin—
Hebei region.
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Figure 5. Spatial distribution of precipitation changes in different seasons in the Beijing-Tianjin-Hebei
region ((a), summer; (b), winter; (c), annual, units: mm).

3.1.2. Spatial Distribution of Urban Precipitation Changes in Inner Urban Areas of
Different Cities in the BTHUA

In order to evaluate the changes in urban precipitation caused by urbanization, this
section utilized the urban boundary in 2000 to extract the average precipitation per unit
area of different cities in each period, and adopted the precipitation extracted from the
10 km buffer area outside the urban unit boundary in 2018 as background values. Then,
the average precipitation within the urban unit boundary in 2000 was subtracted from
the average precipitation in the suburbs outside the 10 km buffer zone of the urban unit
boundary in 2018 to obtain the impact of urbanization. The main purpose of this approach
was to ensure that, during the study period 2000-2018, urban areas were always cities, and
suburban areas were always suburbs, so that the impact of urbanization on precipitation
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in different periods can be compared. On the basis of the above results, this paper used
the trend analysis method to calculate the change rate (slope) of urban precipitation in
different cities from 2000 to 2018 (the fifth period). The results are shown in Figure 6. On
the whole, the change trend of precipitation in the inner city of the BTHUA was not very
obvious (the coefficient is —0.012, p < 0.000), and the change trend was generally consistent
with the findings of Jiang et al. [59]. In summer, the change trend of the difference between
the urban area and the background values in the entire BTHUA over time was slightly
positive (the coefficient is 0.077, p < 0.000). However, there were large spatial differences in
the average precipitation changes in different regions and different seasons.

N
a b ¢ A
.‘/J"\\z AN PRI N
P B . B \ 5oy
i S < ~.) 2% A\ 3 AV
o, e {1 g SR ivwz
¢ ~ v o N P £ S &
L8 Y "} ? X N
/\ R Kg'\ ~7 A N Ef}» ~ P < ,:\{}\w? Py
\, /‘/:Zl s S N T A S SR egf 3 W5 Ve SO
L RGNS . p b RS L st
e . I o % {
e -3 ARAVE SR AR ¢ g
o P I & | Vo Xy o L RV K 4+
1/’ E 4 <w<;,_\/ g & < ;/’\”h/ T i !'\ 3 M;’,\
il TN b g N
P /% Ry Ve / IS,
f,i\/ v J J\.J\— L”‘\, 3 N J“A\ NN P A e\
g e S ’ / ] ¢ A s
gy A Legend \,J);} i Legenc \ 3 V77—~ Legend
L £/ / N {
PP 7 -30.59--17.05 & EE-630--343 % N 4 ~13.82--10.52
N - id . - —— I N
/7 J 17.04 - -3.13 7 3.42-—0.49 / J ~10.51--7.70
TS —3.12-0.00 —0.49-0.51 e ~7.69-—6.03
4 o \‘\ 0.01-28.84 0.52-193 { —6.02--4779
T I 28.85 - 42.64 I 1.94 - 4.04 T I —4.78 - —4.05
I 42.65-77.17 I 4.05-7.99 B —4.04--2.69

0 175 350
e km

Figure 6. Variations in precipitation in the Beijing-Tianjin—Hebei urban agglomeration from 2000

to 2018 (a), summer; (b), winter; (c), annual; green or light green means decrease, blue or light blue

means increase; units: mm).

As shown by Figure 6, the areas with increased precipitation in the inner urban areas
in summer were mainly concentrated in the larger urban areas of Beijing, Zhangjiakou,
small towns in the northeast of Qinhuangdao, Shijiazhuang, Xingtai and some small towns
in the south of Handan. The areas with reduced precipitation were mainly distributed in
cities and towns such as Baoding and Tianjin. In winter, the areas with slightly increased
precipitation were mainly distributed in the urban area of Beijing (consistent with the
results of Song et al. [75]), the urban area of Baoding and Shijiazhuang and its surrounding
areas, while in Tianjin, Tangshan, Qinhuangdao and the towns of Handan and Xingtai in
the south, the precipitation showed a decreasing trend. On the annual scale, relative to
the background value, the precipitation in different cities and towns in different seasons
showed a decreasing trend. The areas with a significant decrease were mainly located
in the southern region, and the northern region had a relatively small decrease, showing
a slower decrease trend from south to north. It is worth noting that the precipitation
changes in spring and autumn were not considered in this study, and the precipitation
changes showed a decreasing trend on the annual scale, which may be caused by the
difference in precipitation between inner and suburban areas of different cities in spring
and autumn. Overall, the above results indicate that, although different urban areas in
the BTHUA are adjacent and have similar climatic backgrounds, there were significant
differences in precipitation among them, which may be closely related to changes in the
natural environment and human activities caused by urbanization. In addition, in the same
city, there were differences in the precipitation between the inner city and the suburbs,
which showed that urbanization does have a greater impact on the precipitation.
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3.2. Significant Influencing Factors on Precipitation
3.2.1. Significant Influencing Factors on Precipitation in the Whole Factor Layers

The stepwise regression results showed that the explanatory power of each factor
layer for spatial changes in precipitation in the BTHUA changed accordingly at different
times (Table 2). In summer, the explanatory power of the natural factor layer was greatest
(34.5%), followed by the urban thermal-environment factor (16.6%), and then by the land
surface attribute layer and urban development level (13.2% and 10.3%, respectively). The
explanatory power of the urban morphology factor layer was no higher than 1%. Hence,
the change in natural factors caused by urbanization is the most important factor affecting
the change in precipitation in summer in the BTHUA, consistent with the research findings
of Wei et al. [55]. Nonetheless, the impacts of urbanization on urban precipitation, such
as changes in underlying vegetation and increases in the urban thermal environment and
urbanization level, should not be ignored.

Table 2.
urban precipitation.

Ordinary least squares (OLS) and stepwise regression results for factors affecting

Category of Variable Variable Summer Winter Annual
R? Adj R? R? Adj R? R? Adj R?
FRAC 0.01 ** (+) 0.002 (+/) 0.006 (—)
Urban form factor CIRCLE 0.01 ** (+/) 0.01 0.003 (+/) / 0.001 (—/) 0.05
CONTIG 0.000 (+/) 0.000 (+/) 0.004 (—/)
. POP 0.000 (+/) 0.004 (—) 0.000 (—)
Urbanization
NLI 0.072 *** (+) 0.103 0.017 ** (+) 0.046 0.032 *#* (=) 0.075
development level AREA 0.007 * (+) 0.000 (/) 0.036 *** ()
RHU 0.314 *** (+) 0.003 (—/) 0.060 *** (+)
Natural/meteorological WIN 0.003 (+) 0.021 *** (—) 0.000 (—/)
conditions RAD 0.012#+ (=) 03 o=y 0159 0.000 (+) 0.107
ALT 0.000 (+) 0.135 *** (+) 0.025 *+ (=)
. NDVI 0.093 *** (+) 0.111 ** (—) 0.001 (—/)
Surface properties TREE 0.000 (—) 0.132 0.019 ** (— /) 0.109 0.008 (+) 0.006
. . AOD 0.002 (—/) 0.128 *** (—) 0.014 ** (—)
Air quality PM, 5 0.005 (— /) / 0.003 (=) 0148 0.003 (/) 0.012
Urban thermal UHI 0.041 *** (+) 0.011 ** () 0.051 *** (—)
environment LST 0140 %= (=) 0166 gopguss sy 0.228 0.008 * (+) 0.062

Note: ***,**, and * represent significance at the 0.001, 0.01, and 0.05 levels, respectively. The R? column shows the
OLS regression results for a factor analyzed alone with precipitation. (+) and (—) indicate that the correlation
between the explanatory variable and precipitation is positive or negative, respectively. Adj R? shows the result of
stepwise regression between each factor layer and precipitation. The symbol/indicates that the variable did not
enter the stepwise regression equation.

In winter, the explanatory power of the urban thermal-environment factor layer was
greatest (22.8%), indicating that changes in the thermal environment in different cities
in the BTHUA had the greatest influence on changes in precipitation. The explanatory
power of the air-quality factor was 15.9%, and the explanatory power of the natural-
environment factor was 14.8%. These results show that changes in air quality and in the
natural environment caused by human activities have an important influence on changes
in urban precipitation in winter. The impacts of the other factor layers were relatively small
or insignificant. Of these, the highest explanatory power belonged to the natural factor
layer (10.7%), followed by the level of urbanization development (7.5%). Table 2 shows that
the number of factor layers in the stepping-regression model increased greatly over the
year, but that the explanatory power of each factor layer tended to decrease. This indicates
that the factors affecting the urbanization of the BTHUA for the whole year may be diverse
and more complex.
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3.2.2. Significant Influencing Factors on Precipitation in Each Factor Layer

Table 2 shows that, in the urban-morphology factor, only FRAC entered the stepwise
regression in summer and for the whole year. The explanatory power of FRAC is small
(1%) in summer, which indicates that the fractal dimension could affect the change in
precipitation in a city. However, compared with other factors, its direct impact was very
small and can even be ignored. The explanatory power for the year is greater (5%), which
suggests that the fractal dimension may have a substantial influence on precipitation in
other months or seasons. At the urban development level, according to the OLS regression,
POP did not pass the significance test, regardless of the season, which indicates that
the influence of urban population on precipitation change is limited. NLI had a strong
influence on precipitation in summer and in winter. As NLI represents the intensity of
human activities, this indicates that the greater the intensity of human activities, the more
man-made heat is emitted and the more likely it is to cause atmospheric instability in
summer, promoting convective precipitation [55]. In winter, AREA did not enter the
stepwise regression model for the urban development level, unlike NLI and POP. The
maximum R? of NLI did not account for 50% of the explanatory power of the stepwise
regression model of the urban development level. It may be that the interaction between
NLI and POP increased, thereby strengthening the explanatory power [55].

In the natural factor layer, RHU had the highest explanatory power in summer and
for the whole year. Its explanatory power in summer was 31.4%, accounting for more than
91% of the natural factor layer, which indicates that relative humidity had the greatest
influence on precipitation in the natural factor layer in summer. In winter, ALT was the
most important influencing factor. As can be seen from the relationship between ALT and
precipitation in Table 2, this may be related to the increase in altitude forcing airflow to
lift and increasing topographic rain. In the land-surface attribute layer, the explanatory
power of NDVI accounted for more than 70% of the land-surface attribute layer in summer,
although it did not enter the stepping-regression model for the year. NDVI represents the
growth of vegetation; the higher the NDVI in summer, the better the vegetation coverage.
Plant evapotranspiration makes available a large amount of water vapor for meteoric
precipitation, thereby increasing precipitation.

In the air-quality layer, no factor entered the stepwise regression model in summer,
which indicates that the influence of air quality in summer was not very significant. In
winter, AOD and PMj 5 both entered the model, and both had a great impact. Over the
whole year, only AOD entered the stepwise regression model. The OLS regression results
showed that AOD and PM; 5 had negative effects on precipitation change both in winter and
for the year. This suggests that, in the case of relative drought or relatively low humidity, if
the air pollution is serious (if AOD or PMj 5 increases), then the higher aerosol concentration
will distribute the droplets in the atmosphere more evenly, inhibiting the collision and
condensation process of water droplets and reducing precipitation. In the urban-thermal-
environment layer, the explanatory power of LST for precipitation change in summer and
in winter was higher than that of UHI. The explanatory power of LST in winter was 22.6%,
accounting for more than 99.1% of the urban-thermal-environment layer, making it the
most influential factor on precipitation change in that layer, and the explanatory power of
UHI exceeded that of LST over the year. It should be noted that, although there is a certain
connection between LST and UHI, high LST does not necessarily mean high UHI, as UHI
is related to the disparity of average surface temperatures between cities and suburbs. In
general, the stronger the UHI in summer, the stronger the atmospheric instability, which
increases precipitation by triggering convective precipitation [12]. However, in winter or in
the dry season, an increase in UHI reduces the probability of precipitation [45]. As can be
seen from Table 2, these results are similar to the conclusions drawn by most researchers.
However, previous studies have tended to consider only the role of UHI, without taking
account of the direct influence of LST. When LST was included as the independent variable,
the present study found that the influence of LST exceeded that of UHL



Remote Sens. 2022, 14, 2880

14 of 21

These results demonstrate that a single variable or single-factor layer can have an
influence on precipitation change. If multiple elements are jointly affected, then the sign of
the relationship between the univariate and the precipitation may change. Therefore, in
order to obtain a more realistic relationship between the variables and precipitation, the
joint action of multiple variables was adapted to exclude the influence of various factors
and to make the results more convincing (see Sections 2.3.2 and 2.3.3 for details).

3.3. Optimal Regression Model

For different seasons, if the impact factors of urban precipitation passed the signifi-
cance test (p < 0.05), they were selected as the influencing factors of urban precipitation
and included in the full subset regression. As Table 2 shows, nine, ten, and seven impor-
tant factors entered the regression model in summer, in winter, and for the whole year,
respectively. We set NBEST to 1; that is, every time the number of independent variables
changed, an optimal regression model that passed the significance test was generated
accordingly. Ultimately, there were eight optional models of output in summer that passed
the significance test, eight in winter, and seven for the year. Since several optional models
had similar R? values for each season, we chose models on the basis of higher R?. A small
Mallows CP value indicates that the model can explain more urban precipitation changes
with fewer variables. Therefore, when R? values were the same, we determined the model
with the lowest Mallows CP value as the best for each season.

As shown in Figure 7a—c, six explanatory variables (CIRCLE, NLI, AREA, RHU, NDV]I,
and LST) entered the optimal model in summer; the adjusted R? was 0.38, and the Mallows
CP value was 6.2. Eight explanatory variables (WIN, RAD, ALT, NDVI, AOD, PM, 5, UHI,
and LST) entered the optimal model in winter; the adjusted R? was 0.30, and the Mallows CP
value was 8.6. On the annual scale, five explanatory variables (RHU, ALT, AOD, UHI, and
LST) were incorporated into the optimal model, with an adjusted R? of 0.32 and a Mallows
CP value of 5.9. Hence, the number of explanatory variables that entered the optimal model
was greater in winter than in summer. This indicates that, when the temperature in the
BTHUA decreased, the mechanism of urbanization on urban precipitation change become
more complex and more factors were needed to explain the precipitation change. Since
we did not consider the influence of urbanization on precipitation change in other months
or other seasons in this study, the decrease in the number of explanatory variables in the
optimal model throughout the year may also be related to the interaction of various urban
elements in other months or other seasons.

3.4. Relative Importance of Precipitation Influencing Factors

In order to observe the importance of the factors affecting urban precipitation more
clearly and intuitively, we used the analytic hierarchy process to rank the factors entering
the optimal full subset regression model according to changes in R2. The larger the change
in the R? of a factor, the more important the factor’s influence on urban precipitation.

Figure 8 shows the results of entering the optimal full subset regression model in
different seasons. Of all the influencing factors considered, RHU in summer made the
largest independent contribution (26.2%) to urban precipitation in BTHUA, followed by
NLI (7.1%). The values of Area, NDVI, LST, and CIRCLE were 1.7%, 1.4%, 1.4%, and
1%, respectively. ALT and LST made the largest independent contributions in winter,
accounting for 12.7% and 8.4%, respectively. The independent contributions of other
explanatory variables were as follows: NDVI 2.7%, WIN 2.1%, AOD 1.8%, RAD1.2%, UHI
0.9%, and PM3 5 0.7%. For the whole year, AOD made the largest independent contribution
(21.8%) to urban precipitation change in the BTHUA. The independent contributions of
RHU, UHI, LST, and ALT accounted for 6%, 4%, 0.5%, and 0.2%, respectively. We can
conclude provisionally that, among the influencing factors of urbanization on precipitation
in the BTHUA, RHU is the most important factor in summer, ALT is dominant in winter,
and AOD is the most important influencing factor for the whole year.
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Figure 7. Results of the optimal full subset regression (a), summer; (b), winter; (c), annual; the red
font on the right indicates that the model was the best model).
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Figure 8. Ranking of influencing factors by season.
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In addition, the independent contribution rate of the dominant factor ranked highest
in summer and lowest in winter. The most important factor of the contribution rate
between summer and winter for the whole year showed that, when the temperature rises,
the change in urban rainfall is more likely to be affected by the dominant factor, and
when the temperature falls, the mechanism of the BTHUA urban precipitation becomes
more complicated.

The layers of each factor in different seasons, natural factors, and thermal environment
all entered the optimal model, but the factors and contribution rates in the model were
different in different seasons. Of the natural background layer, only RHU entered the
model in summer, and its explanatory contribution was high (26.2%). RHU did not enter
the model in winter, but ALT, WIN, and RAD did, and their contribution was 16%. For the
whole year, the contribution of the natural background layer accounted for 6.2%. It can be
seen that the contribution rate of natural factors to urban precipitation gradually decreased
from summer to winter. The contribution of the thermal environment gradually increased
from 1.4% in summer (LST) to 9.3% in winter (LST, UHI); for the full year, the contribution
was 4.5%. Only in summer did the urban development level and urban form layer factor
(CIRCLE) enter the best model. The explanatory power of urban development level
factors (NLI, AREA) was 8.8%, second only to the influence of urban natural conditions.
This indicates that the intensity of human activities in cities and urban expansion has a
significant impact on urban precipitation in summer. Urban morphology factors entered
the stepwise regression in summer, and all scales had an impact on the model, but only
the CIRCLE factor entered the best subset regression model in summer; nonetheless, its
explanatory contribution of 1% suggests that urban-form factor changes can also affect
urban precipitation. The land-surface attribute factors had an impact on urban precipitation
in summer and in winter, but the impact intensity was not representative in general, and
there was no factor that entered into the optimal model for the whole year. Air-quality
factors entered the best model only in winter (AOD, PM;5) and for the year (AOD),
with explanatory power of 2.5% and 21.8%, respectively. There is a strong relationship
between air quality and atmospheric particulate matter. As condensation nuclei, particulate
matter floating in the atmosphere is one of the important conditions for the formation of
precipitation, which can increase or decrease the probability of precipitation. Therefore,
it was relatively reasonable that AOD had greater explanatory power for precipitation
changes throughout the year.

4. Discussion

In terms of urban precipitation from 2000 to 2018 in the BTHUA, the results demonstrate
a clear discrepancy in precipitation between different areas in the BTHUA, despite the fact
that they are adjacent and that their topographic and climatic backgrounds are similar. These
results are of great importance for understanding how urbanization leads to differences
between cities in terms of environmental change and the intensity of human activity.

In previous research on the BTHUA, Jiang and Li [59] found that urbanization led to a
decreasing trend in urban annual precipitation, similar to annual precipitation trends in
some cities. However, their study used statistical analysis to analyze the overall situation
of the urban agglomeration, without distinguishing the temporal changes in the spatial
areas of each town. Accordingly, more detailed content cannot be provided for the BTHUA.
Based on WRF model simulation studies, Wang et al. [76] found that urbanization in Beijing
reduced precipitation in urban and suburban areas by 11%. They argued that urbanization
increased the impervious layer area, inhibited surface evapotranspiration, reduced relative
humidity, and reduced the water vapor cycle of local precipitation. The results in this
study are consistent with their findings on changes in relative humidity, which was the
dominant factor of precipitation change in the BTHUA in summer. Likewise, Wei et. al. [55],
using a geographical probe method to examine the interaction between elements and their
influence of urbanization on precipitation, found results for each season that are roughly
similar to those of the present study (for example, for RHU in summer, for WIN, AOD,
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and AOD in winter, and for RHU for the whole year). However, their study considered
interactions of two elements only, without taking into account the combined effects among
many factors.

Thus, the present study makes a number of novel contributions. In terms of the
research content, and unlike traditional single-factor research, it constructs a multi-index
system to explore the impact of the urbanization process on precipitation using a specific
and comprehensive method. Instead of single-site meteorological data, it takes the city
boundary as the inner city in 2000 in order to include the dependent and independent
variables in different periods for the years 2000, 2005, 2010, 2015 and 2018. As a result, the
independent variable contingency is reduced and the heterogeneity caused by the error is
increased, which ensures that the effects of different periods of urbanization on the rainfall
are comparable. In terms of research methods, a multiple regression model was established
between different factors to eliminate disturbance of the results of the model through the
whole subset regression. The city is a complicated coupling system that consists of human
and natural elements. Urban precipitation is therefore a complex process that is correlated
with many factors and involves many factors in its mechanism, including climate and
human activities; however, the intensity of the influence of different factors on precipitation
makes accurate measurement and comparison difficult. This study clarifies the effects of
various influencing factors of rainfall intensity by computing the contribution rate of the
influence of different factors on the precipitation.

The results of this study showed that there were differences in the dominant factors
affecting urban precipitation changes in urban areas in different seasons, and the changes
in these factors are closely associated with or greatly influenced by human activity and the
process of rapid urbanization. Through the analysis of the land-use transition matrix of the
BTHUA, we found that, between 2000 and 2018, the urban area of the BTHUA increased by
9450.77 km?, which was 2.5 times the growth rate from 1980 to 2000. In the process of rapid
urbanization, the expansion of urban land will lead to the increase in urban impervious
area and the decrease in vegetation, and the average surface temperature during the day
will also increase; the weakening of urban evapotranspiration will affect the change of
relative humidity in the atmosphere. In addition, with the increase in urban population, the
intensity of human activities and the emission of pollutants will increase. These processes
will finally lead to changes in urban surface latent heat and sensible heat flux, which will
affect the stability of the atmosphere. Among these factors, some influence factors (e.g.,
AOD, PMj; 5, and UHI) could be controlled, or humans could curtail certain activities in
order to reduce the influence of urbanization on certain elements (e.g.,, RHU, NLI, and
NDVI). Wei et al. [55] showed that, although natural factors such as RHU have a greater
impact in summer, human factors such as NLI and UHI are more sensitive and greatly
amplify the impact on RHU. Intensification of human activities and increases in UHI are
more likely to cause urban atmospheric instability and promote deep convection, which
may lead to extreme precipitation. In winter, the RHU is relatively low compared to summer
because the wind blows from the land to the ocean. In addition, the increase in coal burning
for heating in winter not only increases the AOD in the atmosphere, but also increases
the intensity of the UHI, which may increase the condensation saturation of atmospheric
water vapor. The combined effect of these factors may reduce the frequency of winter
precipitation in the BTHUA (especially light rain), thereby making winter precipitation
changes more complicated. Increases in AOD may reduce the probability of light rain (when
the relative humidity of the atmosphere is low, the increase in atmospheric pollution will
make the water vapor more uniform and reduce the collision efficiency of water droplets,
thereby reducing the probability of precipitation), but they increase the probability of
heavy and extreme rainstorms [17]. Therefore, during the process of urban development,
attention should be paid to the protection of underlying vegetation to reduce the emission
of anthropogenic heat and air pollutants, thereby making urban extreme precipitation
events less likely. In addition, the urban form (CIRCLE) has become one of the main
factors affecting changes in urban precipitation in summer. Therefore, during the process
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of urbanization, the degree of agglomeration within the city should be subject to reasonable
control (that is, the degree of agglomeration should be neither too dense nor too sparse),
making it possible to avoid wasting resources.

This study also has certain limitations that should be noted. First of all, this study is
based on data analysis for five periods, the years 2000, 2005, 2010, 2015 and 2018. More
continuous and complete data that better reflect development trends for different factors
are required in order to offer causal explanations. In addition, as urbanization accelerates
and human activities intensify, the contributions of different factors are likely to change.
This study has not explored the developments and changes in the contribution rates of
different factors over time, and this should be the focus of future research. Finally, the
goodness of fit (R?) obtained by multiple stepwise regression was not high enough, largely
because of the complexity, discontinuity, and strong locality of the precipitation process.
Many factors affect precipitation, and the function relationship between natural factors
is complex; together with the substantial influence of human activities in the process of
urbanization, the roles of various factors, relations, and internal mechanisms are difficult
to determine. The present study has identified the general rules and the trend, but a
high-precision model is required to study the phenomena more comprehensively and over
a longer period.

5. Conclusions

This study explored the correlative relationship between five dimensions of impact
factors and spatial changes in different seasons in 156 town areas in the BTHUA from
2000 to 2018. It adopted a mixed-methods analytical approach, using OLS regression,
stepwise regression, optimal subset regression, and HR analysis from the perspective of
multidimensional indicators for natural and human factors. The provisional conclusions
drawn here offer a benchmark for improving adaptability, urban planning, and water-
resource management in the BTHUA during the process of urbanization.

First, the change in the natural factor layer caused by urbanization was the most
important factor affecting the urban precipitation change in summer and for the whole
year, explaining 34.5% and 10.7% of the urban precipitation change, respectively. However,
the contribution of the urban thermal environment in summer should not be ignored. In
winter, the change in urban thermal environment caused by human activities was the main
influencing factor.

Second, in terms of the optimal combination of all factors, RHU, with an independent
contribution of 26.2%, was the most important factor affecting spatial changes in precip-
itation in the BTHUA in summer, followed by NLI, with an independent contribution
of 7.1%. These results indicate that changes in the intensity of human activity also have
a significant impact on changes in precipitation. The most significant factor in winter
was ALT, accounting for 12.7%, but the influence of AOD could not be ignored among
the anthropogenic factors in the close relationship with human activities in the city. For
the whole year, AOD made the largest independent contribution to urban precipitation
change in the BTHUA, as high as 21.8%, followed by the independent contributions of
RHU and UHI. The factors affecting precipitation were more complex in winter than in
summer. Changes in urban RHU are central to any explanation of the urbanization process
in the pad surface NDVI, and NLI, AOD, and UHI are directly related to human activities.
Accordingly, attention should be paid to vegetation retention and environment greening in
the process of urbanization, in order to reduce seasonal fluctuations of urbanization leading
to precipitation change and environmental issues caused by extreme precipitation, and in
order to slow down damage to the natural environment as much as possible. Attention
should also be paid to controlling emissions of pollutants.

Finally, the results in this study show that urban morphology (CIRCLE) was one of the
factors affecting changes in urban precipitation in summer, although its effect was relatively
small. Therefore, in the process of urbanization, the degree of agglomeration within the
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city should be subject to reasonable controls to ensure that it is neither too dense nor too
sparse and to avoid wasting resources.
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