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Abstract: The impacts of anthropogenic land use and land cover (LULC) changes on the spatiotemporal
distribution of precipitation in megacities have been highlighted in studies on urban climate change.
In this study, we conducted a quantitative analysis of urban growth on the impact on precipitation
in Shanghai, China. We considered four periods of LULC data in 1979, 1990, 2000 and 2010, in
addition to the long-term (1979-2010) trend of daily precipitation. The results indicate that the trend
in precipitation exhibit different characteristics for urban (Ur), outskirt of urban (OUr) and outer
suburb (OS) regions. Most Ur regions had an upward trend in annual and extreme precipitation
during 1979-2010, while annual precipitation for the OUr and OS regions exhibited a decreasing trend.
From 1979 to 2010, the areas of fastest expansion were located in the OUr region. The OS region, far
away from the central area, had a relatively lower rate of change. In addition, OUr regions with
rapid LULC changes exhibited higher increasing trends in annual and daily extreme precipitation,
which is critical for the identification of frequent precipitation areas and the reliable projection of
further changes.

Keywords: land use and land cover; precipitation trends; precipitation extremes; built-up
area; Shanghai

1. Introduction

It was reported in the World Urbanization Prospects that more than 54% of the global population
currently lives in cities, and this percentage is projected to reach 66% by 2050 [1]. The 2014
Intergovernmental Panel on Climate Change (IPCC) predicted that several large metropolitan areas
around the world may experience a temperature rise of greater than 1.5 °C under the Representative
Concentration Pathway (RCP) 2.6 scenario, which introduces additional challenges for cities with
respect to coping with climate change and its impact [2,3]. Under the influence of anthropogenic factors,
cities are very sensitive and vulnerable to heavy rainstorms [4,5], floods [6,7], heat waves [8] and
other weather-related hazards that are likely to be exacerbated by climate change [9,10]. In particular,
changes in “urban heat island (UHIs)” associated with anthropogenic land use and land cover (LULC)
in megacities have raised great concerns with regard to their impact on urban precipitation [11-13].
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By 2030, the urban land cover will increase by 1.2 million km?, which is nearly triple the situation
in 2000 [14,15]. More densely built impervious underlying surface, such as road, building and
concrete, have replaced the natural vegetation during rapid urbanization [16,17], which leads to
changes in precipitation due to changes in the urban thermal environment, e.g., albedo effects [18,19],
anthropogenic heat [20-22] and the increase in emission of artificial aerosols [23-26]. These changes
in the underlying urban surface have exacerbated the destabilization of the boundary layer, thereby
altering local precipitation processes [27,28]. For instance, Holst et al. [29] used cloud-resolving
models (CRMs) and found that an increase in convective precipitation depends on the amount of
heat energy released at the surface. Moreover, it was demonstrated that high precipitation rates
are sensitive to the amount of surface heat that is released [30]. Currently, high accuracy LULC
data are an important parameter in the precise simulation of precipitation processes in most climate
models [31-33], such as the Weather Research and Forecasting (WRF) model [34]. Specifically, the
WRF model incorporates the urban canopy model (UCM) parameterization scheme option with Noah
land surface beginning from WRF-UCM version 2.2 [35]. However, it has been demonstrated in some
instances that simulated precipitation does not accurately represent the actual precipitation process due
to the coarser spatial [36-39] and temporal [40] resolution of the LULC data. In particular, Xie et al. [41]
simulated a precipitation process in 2012 that occurred during a heavy rainstorm in Beijing based on
the WRF model, and they concluded that the simulated results could be sensitive to the accuracies of
LULC data.

Over the past decades, China has experienced rapid urbanization [42]. The unprecedented
LULC changes across urban areas of China have exerted substantial impacts on regional climate
and precipitation [43—46]. Previous studies in some urban agglomerations such as the Yangtze River
Delta [47], Pearl River Delta [48,49] and Beijing-Tianjin-Hebei [50] have revealed that rapid urban
expansion may cause significant increases in the amount of total precipitation in urban areas. Moreover,
extreme precipitation may be intensified in the center of metropolitan areas [51], especially in the cities
of Beijing, Guangzhou and Shanghai. In addition, precipitation intensity [52] and frequency [53] are
more likely to increase in the metropolitan areas of these cities during the phase of rapid urbanization.

Since the 1980s, Shanghai’s built-up area has ranked second in China under the rapid urbanization
process. Liang et al. [54] found that the speed of urbanization exerts significant influences on the
spatial distribution of annual and extreme precipitation. In addition, further results show that changes
in the frequency and total amount of hourly heavy precipitation indicate an obvious increasing trend
in urban and suburban areas during the rapid urbanization phase (1981-2014) in Shanghai [55]. Based
on these studies, Shanghai was selected as a case study region not only because of its complicated
underlying urban surfaces but also due to the changing pattern of its regional precipitation extremes.
Therefore, it is necessary for us to explore the relationship between different LULCs and precipitation
in Shanghai. Two aspects could be emphasized: precipitation patterns in different LULC types and
impacts of LULC variations on precipitation trends. In this study, we quantitatively compared the
differences of gridded precipitation trends among urban, outskirt of urban and outer suburbs areas
during the rapid urbanization phase (1979-2010), particularly in the case of extreme events. In addition,
the potential changes in precipitation trends with variations in LULC were further analyzed. The
rest of this paper is organized into several sections. Section 2 introduces the study area, datasets and
methods. Section 3 presents the main results on the influence of built-up area changes on precipitation.
Finally, the discussion and conclusions are summarized in Sections 4 and 5, respectively.

2. Materials and Methods

2.1. Study Area

Shanghai, on the coast of the East China Sea, is a well-known megacity of more than 24.28 million
residents as of 2019 and a total area of 6340.5 km? [56]. The entire city is situated on the eastern fringe
of the Yangtze River Delta (Figure 1), and the average elevation is approximately 4.0 m (above sea
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level, measured at the Wusong Datum). Shanghai has a humid subtropical climate with four distinct
seasons. The average annual precipitation is approximately 1123 mmy/year [57]. This city typically
faces threats from typhoon-triggered rainstorms from June to September [58]. Covering an area of
314.96 km?2, more than 30% of Shanghai’s population lives in the central area, which includes the most
densely populated commercial regions in Shanghai.
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Figure 1. LULC types of Shanghai in 2010.
2.2. Datasets

Table 1 shows all the data used in this study, including 30 m-resolution LULC data available for
1979, 1990, 2000 and 2010 and daily precipitation data from 10 rain gauges during 1979-2010.

Table 1. Datasets used in this study.

. Temporal .

Data Type Period Resolution Spatial Scale Purpose Source

. United States
LULC data 1979, 1990, Yearly Areas Bullt-up' area Geological Survey
2000, 2010 detection
(USGS)
. o Shanghai

reci ]i?;tlilc})’n data 1979-2010 Daily Point t:z(;};ﬁ:losrils Meteorological
precip 4 Bureau (SMB)

2.2.1. LULC Data

LULC data were obtained from Landsat satellite images for four periods (i.e., 1979, 1990, 2000 and
2010) from the USGS (https://earthexplorer.usgs.gov/). Table 2 shows the image details for the four
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periods. After atmospheric and geometric correction, these images were further classified into built-up
and non-built-up areas based on a supervised classification method. The non-built-up area included
four land use types: farmland, green land, bare land and water (Table 3). The classification results
show that the total accuracy is higher than 85% and the values of the Kappa coefficient (a measure of
agreement between the two individuals, see Yin et al. [59]) are between 0.79 and 0.89. Figure 2 shows
the spatiotemporal distribution of the built-up and non-built-up areas. In this period (1979-2010),
Shanghai experienced rapid urbanization and the extent of built-up area in 2010 reached 2350.05 km?,
which is nearly 10 times than that in 1979.

Table 2. Description of the four-periods for the Landsat satellite images.

Period Date Sensors
1979 4 August Landsat Multispectral Scanner (MSS)
1990 4 December Landsat-5 Thematic Mapper (TM)
2000 29 June Landsat-7 Enhanced TM (ETM+)
2010 22 May Landsat-7 Enhanced TM (ETM+)

Table 3. Description of each land use type.

Categories Types of Land Use LULC Descriptions

Urban land, settlements, other construction land (industrial
land, transportation land, airport, special land, etc.)

Farmland Crop fields, vegetable field, fallow and alternate land, etc.)

Land used for growing forest, arbors, shrubs, bamboos, coastal

Built-up area /

Non-built-up area Green land
mangroves, etc.
Bare land Land to be built on, unused land, rock, beaches, etc.
Waters Rivers, lakes, reservoirs, ponds, mud flat, etc.

M Built-up area g g
Non-built-up area Ty

1979 1990

Figure 2. Spatiotemporal distributions of built-up and non-built up areas in Shanghai.
2.2.2. Rain Gauge Data

Based on the 25-km distance of the barycenter of the central area, the investigated area could be
classified into three categories: urban area (Ur), outskirt of urban area (OUr) and outer suburb area
(OS) (see Figure 3). Daily rain gauge-based precipitation observations from January 1979 to December
2010 were obtained from the Shanghai Meteorological Bureau (http://sh.cma.gov.cn/). As shown in
Figure 3, Xujiahui gauge (red dot) is located in the Ur region. Minhang, Baoshan, Jiading and Songjiang
gauges (orange dots) are distributed in the OUr region (the distance of the barycenter of the central
area is less than 25 km). In addition, other gauges (e.g., Qingpu, Jinshan, Nanhui and Chongming
gauges) are positioned in the OS region, which are far from the city center (distance of the barycenter
of central area is more than 25 km).
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Figure 3. Location of the selected 10 rain gauges in Shanghai and the two surrounding rain gauges.

In addition, we selected five rain stations located in coastal areas around Shanghai including one
in Jiangsu province (Lvsi site) and four in Zhejiang province (Pinghu, Cixi, Dinghai and Shengsi sites)
(see Figure 4). Given that these stations are mainly distributed on islands and in coastal regions, their
precipitation trend changes are strongly affected by climatic factors, especially for the oceans.
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Figure 4. Locations of Xujiahui and five coastal stations.
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2.3. Methods

2.3.1. Precipitation Trend Modeling

We used the nonparametric Theil-Sen estimator [60] to calculate the trend of precipitation (i.e.,
annual extreme amount, extreme precipitation amount and frequency of extreme precipitation). This
method is insensitive to outliers and suitable for skewed data. In addition, the nonparametric
Mann-Kendall test [61] at a significance level o = 0.05 was applied to examine the statistical significance
of the detected precipitation trends.

Usually, a daily precipitation event is defined with the condition that the daily precipitation
is larger than 0.1 mm [62]. In addition, the daily precipitation that exceeded the 95th percentile
threshold [63] (calculated based on the period 1979-2010) was considered as an extreme precipitation
event. The yearly number of extreme precipitation events that exceeded this threshold was used as the
frequency of occurrence of extreme precipitation.

In this study, the three-year moving-average method was used to smooth the short-term data
fluctuations and to address the precipitation trend in the long-term series [64].

2.3.2. Gridded Precipitation Trends

To quantify the precipitation trends of the entire study area, the inverse distance weighted
(IDW) interpolation method was employed to generate the spatially distributed precipitation from the
point-scale to the gridded scale [65]. To prevent the “extrapolation” in the gridding process, two rain
gauges that located in the surrounding area of Shanghai (Figure 1) were included in interpolation. Five
automatic weather stations daily records provided by Shanghai Climate Centre were used to verify
the daily precipitation interpolation results in 2008. The 10 rain gauges used in this paper and the
automatic weather stations are belonging to the same dataset, but the historical period of the automatic
weather stations observation is shorter than rain gauges. The results show that IDW interpolation has
high accuracy with an averaged correlation coefficient of 0.78 and root mean square error is less than
10 mm.

2.3.3. Built-Up area Changes

To quantify the spatiotemporal changes of the built-up area, we created a vector layer with a 5 km
resolution covering the study area, the four periods of the built-up layers were assigned to the vector
layer. The percentage of the built-up area in each block was calculated, based on Equation (1).

Gi, j
Pi,]' = S_l X 100% (1)

where P; ; is the percentage of the built-up area, i is block number and j represents the year. The
parameter G; ; is the extent of the block for period j and S; is the total area of block i.

In addition, the change rate of the built-up area percentage from 1979 to 2010 was calculated
based on the linear regression model (see Equation (2)).

y=ax+b ()

where a is the regression coefficient that represents the change rate of the built-up area percentage and
x and b represent the time series variables and constant, respectively.

3. Results

3.1. Spatiotemporal Changes in Precipitation Trends

Spatial distribution of the gridded mean annual precipitation in Shanghai during the period
1979-2010 is shown in Figure 5. The precipitation in the Ur and southern OUr is higher than in
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other areas, with an average annual precipitation of over 1700 mm/year. The relatively low average
annual precipitation is located on Chongming Island and the western areas. Figure 6 shows the spatial
distributions of the trend for annual precipitation amount, extreme precipitation amount and frequency
of extreme precipitation. It is evident that most of the Ur region had an upward trend with respect to
the annual and extreme precipitation from 1979 to 2010. The annual precipitation amount exhibited a
decreasing trend for most of the OUr and OS regions. We found that regions with an upward trend for
extreme precipitation amount and its frequency are mainly distributed over the eastern region of the

study area (Figure 6b,c).

3 Ur
[ Oour

mm/year
Il > 1750
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B 1650 - 1675
B < 1650

Figure 5. Spatial distribution of the mean annual precipitation from 1979 to 2010 in Shanghai.
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Figure 6. Spatial distribution of the trends for: (a) annual precipitation amount; (b) extreme precipitation

amount; and (c) frequency of extreme precipitation.

Box plots of the precipitation trends during 1979-2010 for the Ur, OUr and OS regions are shown
in Figure 7. Based on a thorough analysis of Figure 7, the median rise of the annual and extreme



Appl. Sci. 2020, 10, 7897 8 of 21

precipitation in Ur is higher compared to OUr and OS, which indicates that some areas in Ur exhibit an
increasing trend in precipitation. It is noted that the maximum trends of extreme precipitation for the
OUr region is nearly 2.0 mm/year.

6 3 0.2
4 ’ ]
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Figure 7. Box plots of the precipitation trends during 19792010 for Ur, OUr and OS. The rectangular
box plot shows three horizontal lines that represent the median (intermediate line), the 25th percentile
(low line) and the 75th percentile values (upper line), while the top and bottom three vertical lines
represent the maximum and minimum of the precipitation changes during 1979-2010 for Ur, OUr and
OS, respectively. (a) annual precipitation amount; (b) extreme precipitation amount; and (c) frequency
of extreme precipitation.

3.2. Spatiotemporal Changes of Built-Up Areas

Based on Equations (1) and (2), we calculated the percentage changes of the built-up areas given
the selected four periods. As shown in Figure 8, in 1979, most of the built-up areas were primarily
located in the central area of Shanghai. From 1990, the built-up areas have expanded throughout the
Ur region of Shanghai, and some new built-up areas have been established around the OUr region.
Since 2000, there has been an expansion of the built-up areas to the OS region. In 2010, the percentage
of built-up areas in OS region exceeded 20%. Overall, from 1979 to 2010, it is noted that the fastest
areas of expansion are located in the OUr region (Figure 9). The grids with higher change rates of the
built-up area are mainly distributed in the OUr region, e.g., within the 25 km distance of the barycenter
of the central area. The OS region, far away from the central area, has a relatively lower changing rate.

S S

D D

¥

(a) 1979 (b) 1990 () 2000 (d) 2010
o Percentage (%) |
[Jour 0 20 40 60 80 100

Figure 8. The percentage of the built-up areas in: (a) 1979; (b) 1990; (c) 2000; and (d) 2010.
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Figure 9. The percentage change rate of the built-up area from 1979 to 2010.

To further investigate the potential changes of the trend in precipitation and the variation of the
built-up area, a quantitative analysis of the relationship between changes in the built-up area and the
distribution of precipitation is presented in Section 3.3.

3.3. The Relationship between Precipitation Trends and Built-Up Changes

Scatter plots for the precipitation trend and changes of the built-up in the Ur, OUr and OS regions
are shown in Figure 10. Overall, the linear-fitting mode of the precipitation trends and built-up area
change rates of the three regions are different. The rapid growth in the percentage of built-up area in the
OUr is positively correlated with the increase in the precipitation trend (correlation coefficient >0.4). As
such, higher changing rates of the built-up area is associated with a larger increase in precipitation over
time. In contrast, although the Ur experienced relatively rapid growth of the built-up area percentage,
there is a strong negative correlation between the precipitation trend and the changes in the built-up
area percentage. In addition, the precipitation trend for the OS is smaller than that of the Ur and OUr
regions, and a negative correlation is observed between the precipitation trend and changes in the
built-up area percentage.

Spatial distributions of the blocks that exhibit an upward precipitation trend and the rapid
built-up area changes (the change rate of built-up area percentage exceeds 0.2, red filled) are shown in
Figure 11. These blocks are mainly distributed in the OUr region. In contrast to the circular distribution
surrounding the Ur region for the frequency of extreme precipitation, annual precipitation amount
and extreme precipitation amount are concentrated in the south of the Ur and OUr regions.
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Figure 10. Scatter plots of the precipitation trend and changes in the rate of built-up area percentage
for: the (A) Ur; (B) OUr; and (C) OS regions.
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Figure 11. Spatial distributions of the grids with upward precipitation trends and rapid built-up area
changes: (a) annual precipitation amount; (b) extreme precipitation amount; and (c) frequency of
extreme precipitation.
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4. Discussion

The urbanization process is complex and includes continuous population concentration,
industrialization and commercialization that trigger the conversion of underlying surface types,
as well as changes in urban geometry. Changes involving wider impervious surface areas consisting of
cement and asphalt dramatically alter the environment factors of urban boundary layer, including
land surface albedo, roughness, surface latent fluxes, etc. [66—68]. In this process, decreases in albedo
increase the radiative energy absorption by urban land surface [69,70]; higher and denser urban
buildings increase the roughness length, which exerts a stronger drag on the wind [71-74]. Moreover,
a lower canopy fraction results in reduced ground moisture content and surface latent fluxes [75,76].
Urbanization is often associated with high emissions of artificial aerosols, which reflects and scatter
solar radiation, thereby altering the energy budget and acting as cloud condensation nuclei [77]. In
addition, anthropogenic heat production enhances sensible heat flux from the land surface to the
atmosphere near cities [78-80]. The urban boundary layer is described as being unstable whenever the
surface is warmer than the air and in a state of free convection in the case of vigorous thermal updrafts
and downdrafts [81].

The changes of the urban boundary layer thermodynamic stability induced by increased
urbanization processes can affect the local microclimate [82-84]. In addition, enhanced convection
over a city can cause a measurable increase in convective clouds and thunderstorms, and it may
also produce modification of precipitation patterns [85]. It has been shown in previous studies that
thermally induced changes in circulation play an important role in the simulated precipitation increase
in the central urban domain [13,29]. For instance, Souma, Sunada, Suetsugi and Tanaka [21] confirmed
that the increase in the amount of precipitation over the Tokyo urban area was caused by anthropogenic
heat and artificial land cover.

In the current study, we considered changes in built-up area as one of the most important factors
that influence the occurrence and intensity of urban precipitation [86,87]. We also demonstrated that
precipitation trends show different characteristics in the Ur, OUr and OS regions in Shanghai, during
the period of rapid urbanization. However, further efforts are still needed to determine changes in
other factors interlinked with urbanization in Shanghai, for example, the impact of urban heat island
(UHI) effects on precipitation. In addition, apart from LULC changes, influences of natural external
variability including extreme precipitation is also very important and is often assumed to scale with
changes in atmospheric moisture and content [88] and large-scale circulation patterns [89]. As a coastal
city, precipitation in Shanghai is not only influenced by anthropogenic activities but is also affected by
adjacent oceans. Therefore, detailed analyses of observed trends in temperature change in Shanghai
during urbanization and the effects of regional and nearby oceanic influences on precipitation, should
be thoroughly investigated.

4.1. The Spatiotemporal Changes of Temperature Trends

Due to the physical mechanism and thermal modifications of the urban boundary layer, this
causes the city center to be warmer than the surrounding rural areas. This phenomenon as termed
the UHI effect [90-92]. Figure 12 shows the time series of temperature in Shanghai from 1960 to 2010
based on in situ observations. It is evident that mean annual temperature, mean summer temperature,
and mean winter temperature recorded at stations located in the Ur, OUr and OS regions generally
exhibit an upward trend from 1960 to 2010. From the 1960s to the early 1980s, the temperature and
change trends among those three regions are relatively synchronized. However, from the mid-1980s,
the observed annual average temperature differences gradually become more prominent due to rapid
urbanization. The temperature of Ur becomes gradually higher than measurements from the gauges
distributed in OUr and OS. As previously indicated, associated with the expansion of the built-up area,
the central area has a relatively high degree of built-up area percentage, which inevitably increases the
impervious surface cover with its high heat capacity. Therefore, the quantitative relationship between
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the temperature and the changing rate of the built-up in the Ur, OUr and OS regions during 1979-2010
is further discussed.
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Figure 12. Time series of temperature in Shanghai from 1960 to 2010: (a) mean annual temperature; (b)
mean summer temperature; and (c) mean winter temperature.

The spatial pattern of mean annual temperature indicates that areas with an upward change trend
are mainly distributed over the Ur and OUr regions (Figure 13a). Urbanization and LULC changes
may contribute to the spatial distribution difference of the evolution trends of temperature in Shanghai.
The largest rise in mean annual temperature occurs in the southwest of OUr, where the change rate of
built-up area percentage is the highest. However, it is noted that most of the Chongming Island and
northern OUr region had an upward trend with respect to the extreme high temperature and days of
extreme high temperature from 1979 to 2010 (Figure 13b,c).
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Figure 13. Spatial distribution of the trends for: (a) mean annual temperature; (b) extreme high
temperature; and (c) days of extreme high temperature from 1979 to 2010.

Figure 14 shows the relationship between temperature and the change rate of the built-up area in
the Ur, OUr and OS regions. Although the warming trend for mean annual temperature was observed
in Uz, the increase in the built-up area percentage has a poor linear fit for a change in temperature.
In contrast, the temperature warming trends for OUr and OS are positively related to the growth of
the built-up area (correlation coefficient >0.5). Many previous studies have concluded that land use
change caused by urbanization is the primary driving factor for the increase in temperature. Kalnay
and Cai [87] estimated that there was a 0.27 °C mean surface warming per century due to land-use
changes, which is at least twice as high as previous estimates based only on urbanization. However,
the days of extreme temperature only show lightly positive relationship with the growth of the built-up
area in OS (correlation coefficient >0.3).
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Figure 14. Scatter plots of temperature and change rates of built-up area percentage for: the (a) Ur; (b)
OUr; and (c) OS regions.

4.2. Analysis of the Possible Influence of Urbanization on Precipitation

The time series of the annual precipitation amount from 1979 to 2010 and the percentage of the
built-up area from 1990 to 2010 for Xujiahui and five coastal sites are shown in Figure 15. The results
show that there are remarkably different patterns for the percentage of built-up area. For Xujiahui
station, the percentage of built-up area in the surrounding 5 km buffer zones exceeded 90% in the
period from 1990 to 2010, and an obvious increasing trend at a rate of 4.75 mm/year was observed at
this station from 1979 to 2010 (statistically significant at the « = 0.05 level). Among coastal stations,
Cixi station also exhibits an increasing trend at a rate of 1.30 mm/year. However, a decreasing trend in
annual precipitation amount was observed for the Pinghu and Dinghai stations, and a relatively weak
increasing trend was observed for the Lvsi and Shengsi stations (not statistically significant at the & =
0.05 level). We found that the amount of precipitation increased significantly in the Shanghai urban
areas and suggest that urbanization has a profound impact on precipitation at a regional level.

Moreover, the effects of regional and nearby oceanic influences on precipitation trends in Shanghai
should be considered in detail. Firstly, a brief statement of sea—land breezes is appropriate because rain
in coastal regions is usually initiated by the convergence associated with land-sea breezes [93]. The
different thermal conductivity of the land surface and sea surface results in the land-sea temperature
difference and causes horizontal pressure gradients which can drive mesoscale circulations, daytime
sea breeze and nighttime land breeze [81]. The subsequent sea breeze may affect the diurnal
cycle and intensity of local precipitation by modifying low-level convergence [94,95]. However,
urban-induced circulation changes can cause enhanced convergence leading to moisture transport
from the ocean [96,97]. Lei et al. [98] found that even with the active-phase monsoon urbanization
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also contributes to local heavy precipitation and mesoscale precipitation distribution, and the upward
trends of precipitation region in Mumbai city was increased due to the feedback of the sea breeze-urban
landscape convergence. In Shanghai, previous studies have documented that the urban heat island
effect is most prominent during the late afternoon to early evening, which combines the influence of
urban effects and the basic local circulation associated sea breeze. Thus, urban heavy precipitation is
much more intensive than that in rural areas [55].

Annual precipitation amount
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Figure 15. The time series and estimated trends for annual precipitation amounts from 1979 to 2010
and the percentage of the built-up area from 1990 to 2010 for: (a) Xujiahui; and five coastal sites ((b)
Lvsi; (c) Pinghu; (d) Cixi; (e) Dinghai; and (f) Shengsi).

The decadal and interdecadal variabilities of precipitation in China may be associated with
the large-scale East Asia Summer Monsoon (EASM) circulation features [99,100]. The prevailing
winds in summer controlled by the EASM are the southeast winds that blow from adjacent seas [101].
The variation of precipitation is closely related to the northward airflow, with an abundance of
water vapor and humidity. It has been proposed in many studies that the large-scale anomaly of
summer precipitation has a complex relationship at intraseasonal, interannual and interdecadal
timescale [102-104]. In addition, after the late 1970s, EASM exhibited a low northward movement
with a northern edge located south of its normal position. Reduced summer precipitation occurred in
East China except for the Yangtze River basin [99,105]. Recently, numerical model simulations have
shown that the expansion of the urban surface is an important factor that weakened the EASM system
after the 1990s via changes in thermal states [106]. It is noted that human-induced land use changes
in East China could affect the climate [67,107]. According to our results (Figure 6), it is evident that
the spatial distribution of extreme precipitation and its frequency exhibits a large upward trend in
the upwind region of the East Asian Summer Monsoon, i.e., the southeast coastal area. According to
Liang and Ding [55], the prevailing wind direction convergence zone over Shanghai central city areas
and the nearby suburbs is similar to that of the heat-island area. In combination, these two factors
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readily led to the occurrence of heavy precipitation events. However, we currently still do not have an
adequate understanding of the changes of EASM in terms of onset, intensity and the influence of these
changes on precipitation in Shanghai.

Additionally, some studies have revealed that the changes in annual and extreme precipitations in
China are also related to the large-scale circulation indexes [89,108,109], including the El Nifio-Southern
Oscillation (ENSQO), the North Atlantic Oscillation (NAO), the Southern Oscillation Index (SOI) and
the Pacific Decadal Oscillation (PDO). For example, summer rainfall anomalies in China are different
between the developing and decaying phases of ENSO. In Shanghai, Liu et al. [110] performed the
chi-square test on daily precipitation from 1951 to 2001, and the results indicate that the El Nifio events
lead to more precipitation than normal year. Regional precipitation events may not only be related to
ENSO and monsoon variability but also to some local mechanisms (e.g., warming environment or
aerosols) [111]. This means that the regional changes of precipitation are more complex, and further
comprehensive analyses involving natural climatic factors combined with numerical modeling studies
will be beneficial.

5. Conclusions

We analyzed Landsat satellite images for 1979, 1990, 2000 and 2010, in addition to rain gauge-based
daily precipitation observations from January 1979 to December 2010 in Shanghai to investigate the
effects of LULC changes on precipitation. The conclusions are summarized as follows.

(1) Precipitation trends show different characteristics in the Ur, OUr and OS region during a period
of rapid urbanization. Most Ur regions had an upward trend in terms of annual and extreme
precipitation from 1979 to 2010. In comparison, the trends in annual precipitation were downward
in most OUr and OS regions. Moreover, we found that the upward trends in extreme precipitation
including extreme amount and frequency are distributed throughout the eastern region of the
study area. From 1979 to 2010, the areas of most rapid expansion were in the OUr region. The
grids with higher change rates of the built-up area are mainly distributed in the OUr region, e.g.,
within 25 km of the barycenter of the central area. The OS region, far away from the central area,
has a relatively lower changing rate.

(2) The rapid growth of the built-up area percentage in the OUr is positively correlated with the
increase of precipitation. The larger the change of the built-up area percentage, the more
pronounced the increase in precipitation over time. In contrast, although the Ur experienced
relatively rapid growth of built-up area percentage, there is a negative correlation between
precipitation and changes in the built-up area percentage.

(3) The quantitative relationship between temperature and the change rates of the built-up indicates
that the warming trends in the Ur and OUr region are distinct. The largest increase in the annual
mean temperature was observed in the southwest of OUr, where the change rate of the built-up
area percentage was highest, which is related to the growth of the built-up area.

(4) The data from five rain stations located in coastal areas around Shanghai that have hardly
experienced obvious urbanization processes were used for precipitation trend analysis of climate
backgrounds. We found that the magnitude of precipitation increased significantly in the Shanghai
urban areas, which suggests that urbanization has a profound impact on precipitation at the
regional level.

In summary, we investigated the statistical relationship between urban sprawl and precipitation
changes; however, the analysis of the influence mechanism of LULC changes on the regional climate still
needs to be further studied. In the future, we will expand the study to include urban agglomerations
and attempt to combine climate simulations based on the Weather Research and Forecasting (WRF)
model and high-resolution gridded satellite-based precipitation data for further urban agglomeration
precipitation analysis.
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