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Abstract The variation in presummer precipitation in South China from 1979 to 2015 and its
relationship with urbanization were analyzed. The results reveal that the intensity of precipitation and
the occurrence of extreme precipitation events during the presummer season in South China have
increased significantly, and the upward trend is much more significant in urban areas than in nonurban
areas. The mean trends in urban and nonurban areas in South China are, respectively, 1.34 and 0.97
mm/day/year for maximum daily precipitation, 4.41 and 2.79 mm/year for the top 5% of daily
precipitation, and 0.26 and 0.16 day/year for extremely heavy precipitation days during the presummer
season. In addition to the variability of large-scale atmospheric circulation, urbanization appears to have a
significant effect on the variability of presummer precipitation in South China, especially with regard to
the intensity of precipitation and the occurrence of extremely heavy precipitation. From 1979 to 2015, the
upward trends of maximum daily precipitation, the top 5% of daily precipitation, and extremely heavy
precipitation days during presummer season in urban areas are, respectively, between 38.14% and 39.18%,
55.97% and 59.14%, and 43.75% and 68.75% higher than those in nonurban areas during the investigated
period. Urban areas in South China are more exposed to extreme precipitation than nonurban areas
during the presummer season.

1. Introduction

Based on satellite observations and numerical simulations, extreme precipitation events have become more
and more frequent against the background of global warming (Allan & Soden, 2008; Kunkel et al., 1999;
Madsen et al., 2014; Zhai et al., 2005; Wang & Zhou, 2005). Moreover, precipitation has been reported to
be significantly altered by feedback from local land surface processes in specific types of land cover, such
as urban areas (Huff & Changnon, 1973; Li et al., 2015; Shastri et al., 2015; Wang et al., 2015; Wai et al.,
2017; Liang & Ding, 2017; Niyogi et al., 2017). Urban heat islands can induce updrafts, which dynamically
trigger moist convection, resulting in precipitation in downwind regions under favorable thermodynamic
conditions (Baik, 1992; Han & Baik, 2008). Higher surface roughness can also lead to changes in airflow,
inhibiting or enhancing precipitating convective systems when passing through urban areas (Bornstein &
LeRoy, 1990; Tumanov et al., 1999).

South China (109-118°E, 20-26°N; Figure 1), including Guangdong province (GD) and parts of Guangxi,
Hunan, Jiangxi, and Fujian provinces, has experienced drastically rapid urbanization in the last 40 years,
as shown in Figure 2. The Pearl River Delta (PRD) region (highlighted by the thickened boundary in
Figure 1), located in the middle of South China, is one of the most urbanized areas in China (Tse
et al., 2018).

South China has the highest annual precipitation in the entire nation, with a rainy season from April to
September. Precipitation in South China is affected by complex terrain, land-sea contrast, monsoons, and
typhoons (Yu et al., 2007). Dominated by a typical subtropical marine monsoon climate, precipitation in
South China is directly affected by the activity of the East Asian monsoon. Large amounts of water vapor
are transported from the ocean to South China during the establishment of the East Asian summer monsoon
and encounter with frontal systems in South China during the presummer season (April to June), resulting
in frequent severe convective precipitation events (Chen et al., 2011) and contributing to the first flood
period in the presummer season in South China (Huang, 1986). Precipitation during the presummer season
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Figure 1. Terrain height of South China.

accounts for about 50% or more of the total annual precipitation in South China (Qiang & Yang, 2008).
Compared with typhoon precipitation from July to September, presummer precipitation is more likely to
be affected by local factors such as terrain and land cover. It has been reported that the amount and intensity
of total precipitation in South China have increased due to the variation of large-scale circulation and cli-
mate change, such as increased surface temperature (Gemmer et al., 2011; Ren et al., 2015; Fu & Dan,
2014; Zhao et al., 2014; Fan et al., 2014). However, few studies have been focused on the variation in presum-
mer precipitation and the effect of urbanization on presummer precipitation in South China.

In this study, we investigated and quantified the effect of urbanization on the variability of presummer pre-
cipitation in South China from 1979 to 2015, using a set of high-resolution gridded precipitation data and
land cover data. The rest of the paper is organized as follows. Section 2 describes the data and methods
applied in this study; the results and discussion are presented in section 3, following by the conclusions in

section 4.
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Figure 2. Time series of built urban areas of South China from 1984 to 2015.

SU ET AL.

6738



'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD030751

2. Data and Methods

2.1. Data

2.1.1. CMFD

The China Meteorological Forcing Dataset (CMFD; Yang et al., 2010; Chen et al., 2011) is a reanalysis data
set and developed by the hydrometeorological research group of the Institute of Tibetan Plateau Research of
the Chinese Academy of Sciences. The data set was generated by merging the Princeton meteorological for-
cing data set (Sheffield et al., 2006), the Global Energy and Water Cycle Experiment-Surface Radiation
Budget forcing data set (Pinker & Laszlo, 1992), the Global Land Data Assimilation System forcing data
set (Rodell et al., 2004), precipitation data from the Tropical Rainfall Measuring Mission (Huffman et al.,
2007; Huffman & Bolvin, 2013), and stationary observational meteorological data from the China
Meteorological Administration. Dating from 1979, the CMFD contains 3-hourly gridded observations of
near-surface temperature, pressure, wind speed and direction, specific humidity, surface precipitation rate,
and surface downward shortwave and longwave radiation across China, with a spatial resolution of 0.1°.
2.1.2. Statistics on Developed Land Areas

There was very little developed land in South China in the 1980s, especially in the early 1980s (Zhu et al.,
2011). According to the National Bureau of Statistics of China and the Bureau of Statistics of Guangdong,
urban areas in GD grew slowly from 1984 to 1991, with developed land areas increasing from 413 to 588
km?. However, the urban areas in GD have experienced an explosive expansion since 1992, with developed
land increasing by a factor of 10, from 591 km? in 1992 to 5,633 km? in 2015 (Figure 2). The concentration of
developed areas in the PRD has significantly altered the land surface properties of this region (Tse et al.,
2018). In line with the evolution of development in South China, the period from 1979 to 2015 was divided
into two parts in this study, the first from 1979 to 1991 and the second from 1992 to 2015, to quantify the
difference in the variation of presummer precipitation in South China during these two periods and inves-
tigate the contribution of urbanization to the long-term variation in presummer precipitation in
South China.

2.1.3. Satellite-Observed Land Cover Data

The European Space Agency launched the Climate Change Initiative (CCI) program in 2009 to provide high-
quality satellite-derived products of essential climate variables, including land cover (Bontemps et al., 2013).
The main objective of the CCI land cover project was to provide stable and comprehensive land cover data
sets for the climate modeling community. The first phase of the CCI land cover generated the following set of
products: three consistent global land cover data sets for the 1998-2002, 2003-2007, and 2008-2012 periods;
7-day time series representing the seasonal dynamics of the land surface; and medium-resolution imaging
spectroradiometer surface reflectance time series, used as inputs to generate global land cover maps. The sec-
ond phase of the project, which started in March 2014, generated a set of new and improved products: sur-
face reflectance time series of Advanced Very High-Resolution Radiometer (AVHRR) global annual data
and consistent land cover maps from 1992 to 2015 (Hansen et al., 2000).

Annual AVHRR land cover data with a spatial resolution of 300 m from 1992 to 2015 (Hansen et al., 1998)
were used in this study to investigate the development of urbanization in South China during this period.
Figure 3 shows the spatial distributions of urban areas in 1992, 2000, 2008, and 2015. The urban areas of
South China are concentrated in the PRD and Shantou city on the east coast of GD. Since 1992, these areas
have expanded rapidly, especially in the PRD, where the size of urban areas has increased considerably. This
is consistent with the trend of urbanization reported by the National Bureau of Statistics of China and the
Bureau of Statistics of Guangdong (Figure 2).

2.2. Methods

The trends of presummer precipitation in South China during the period from 1979 to 2015 were estimated
and discussed. Presummer precipitation in South China indicates precipitation from 1 April to 30 June in
this study, excluding precipitation caused by typhoons. Four indices were applied to describe the intensity
of presummer precipitation in South China based on the gridded data in the CMFD. The definitions are
listed in Table 1. Except for total precipitation during the presummer season (R), the indices were adopted
to define extreme presummer precipitation, including maximum daily precipitation (Rpay), very wet day
precipitation (Rgsp), and extremely heavy precipitation days with daily precipitation over 25 mm (Rysmm)-
Note that precipitation caused by typhoons was excluded.
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Figure 3. Urban area in South China at (a) 1992, (b) 2000, (c) 2008, and (d) 2015.

The Mann-Kendall test (Kendall, 1955) was applied for trend detection at each grid point. A trend was con-
sidered statistically significant if the probability of its occurrence by chance was less than 0.05. However,
when n tests are performed simultaneously on a large quantity of data points at significance level of 0.05,
the average number of tests for which the null is falsely rejected is n X 0.05. For example, as we had 3,600
grid points over South China in the CMFD, testing for a trend in 3,600 locations where no change actually
occurred would yield 3,600 x 0.05 (=180) significant locations on average, which was unacceptably high.
Failure to correct multiple Mann-Kendall tests would lead to misidentification of the significance of the
trends (Ventura et al., 2004). Therefore, a false discovery rate (FDR) procedure (Benjamini & Hochberg,
1995) was applied upon the multiple Mann-Kendall tests (hereafter the FDR-adjusted Mann-Kendall test)
to adjust the significance level and control the proportion of falsely rejected null hypotheses relative to the
total number of rejected hypotheses.

Furthermore, Sen's (1968) slope estimates were used to estimate linear trends during the investigated period
for grid points that passed the FDR-adjusted Mann-Kendall test. In addition to the trends of individual data
grids, the mean trends in urban and nonurban areas were calculated by averaging the time series of presum-
mer precipitation in specific areas to assess the contribution of urbanization to the variation of
presummer precipitation.

Table 1

Definition of Precipitation Indices Used in This Study

Index Descriptive name Definition Unit

R Total presummer precipitation Total precipitation during presummer season mm

Rmax Maximum daily precipitation Maximum daily precipitation during presummer season mm/day

Rogsp Very wet day precipitation Total precipitation when daily precipitation >95h percentile mm

mean daily precipitation during presummer season

Rasmm Extremely heavy precipitation days Count of days with daily precipitation >25 mm during presummer season days
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Figure 4. Spatial distribution of mean (a) R, (b) Ripax, (¢) Rgsp, and (d) Rasmm over South China during presummer season from 1979 to 2015.

3. Results and Discussion

3.1. Spatial Distributions of Presummer Precipitation in South China

Figure 4 shows the spatial distributions of presummer precipitation in South China based on the four indices
listed in Table 1.

The annual mean R in South China from 1979 to 2015 ranged from 300 mm to over 1,000 mm, accounting for
30-70% of annual total precipitation (Figure 4a). There are three precipitation maxima in South China dur-
ing the presummer season. The highest precipitation maximum is on the southwestern coast of GD, the max-
imum located northeast of the PRD region is slightly lower, and the lowest precipitation maximum is in the
northwest of South China. The main cause of precipitation maxima is likely related to local terrain. As
Figure 1 shows, the three precipitation maxima are located on the southern slopes of the mountains, sup-
porting the development of convection due to terrain-induced lift. The release of latent heat by moisture con-
densation further enhances the convective system, leading to stronger precipitation.

The annual mean Ry, in South China during the presummer season from 1979 to 2015 ranged from 20 mm
to over 80 mm (Figure 4b), and the mean Rgsp ranged from 10 mm to over 50 mm (Figure 4c). Their spatial
distributions are similar, with one maximum located on the southwestern coast of GD and the other located
northeast of the PRD.

The annual mean R,s,, from 1979 to 2015 ranged from 1 to more than 10 days/year on average (Figure 4d).
The maximum values located at the two precipitation maxima on the southwestern coast of GD and
northeast of the PRD, with a mean Rjsy,m of 12 days/year, indicating 12 occurrences of extremely heavy
precipitation during the presummer season each year.

3.2. Spatiotemporal Variability of Presummer Precipitation in South China

The FDR-adjusted Mann-Kendall test was applied to the four presummer precipitation indices, R, Ryax,
Rosp, and Rysmm, at each grid point in South China to detect whether there existed a significant trend during
the period from 1979 to 2015. In addition, the linear trends of each index were calculated in the grids that
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Figure 5. Spatial distributions of linear trends of (a) Rpax, (b) Rosp, and (c)
Ry5mm over South China during presummer season from 1979 to 2015.
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Figure 6. Spatial distributions of linear trend of Ry« over South China dur-
ing presummer season from 1992 to 2015.

passed the test. As urbanization in South China has increased rapidly
since 1992, we further divided the period from 1979 to 2015 into two parts,
one from 1979 to 1991 and the other from 1992 to 2015, and applied the
procedures described above to obtain the trends of the four indices for
each part.

3.2.1. Spatial Distributions of Trends of Presummer Precipitation
The spatial distributions of the linear trends of presummer precipitation
in South China from 1979 to 2015 are shown in Figure 5. As R shows no
significant trend in South China during the period from 1979 to 2015, only
the spatial distributions of Ryyax, Rosp, and Rysmm are presented. Note that
only grids with trends that pass the FDR-adjusted Mann-Kendall test at a
significance level of 0.05 are shown in Figure 5. In addition, the PRD
region is highlighted by solid lines on the map.

The spatial distributions of the linear trends of Ry, (Figure 5a), Rosp
(Figure 5b), and Rysmm (Figure 5c) are similar, with significant upward
trends throughout South China from 1979 to 2015. The fastest increase
is located in the northeastern part and west coast of the PRD, with a
rate of up to 3 mm/year. This increasing rate indicates that the maxi-
mum daily precipitation during the presummer season increased by
more than 100 mm from 1979 to 2015, whereas the mean R, in the
region is only between 50 and 100 mm during the period, as shown in
Figure 4b.

The increasing rate of Rgsp reached 6 mm/year in the northeastern part
and west coast of the PRD (Figure 5b); that is, the total amount of the
top 5% daily precipitation during the presummer season increased by
approximately 220 mm from 1979 to 2015, which is greater than the mean
Rosp (150-200 mm) in the region during the period (Figure 4c).

Rusmm shows an increasing rate of up to over 0.4 mm/year in the north-
eastern part of the PRD (Figure 5c). As a result, the number of extremely
heavy precipitation days increased by more than 15 days from 1979 to
2015, indicating a doubling of the number of extremely heavy precipita-
tion days in the region during the period.

As previously mentioned, as the urbanization over South China speeded
up since 1992, we divided the investigated period into two parts, one from
1979 to 1992 and the other from 1992 to 2015. The trends of presummer
precipitation in South China for the two periods were calculated sepa-
rately. As no grid points passed the FDR-adjusted Man-Kendall test for
the period from 1979 to 1992 for the four indices, the trends of presummer
precipitation are statistically insignificant throughout South China during
this period and are thus not presented here. For the period from 1992 to
2015, however, Ry,.x shows substantial upward trends in parts of South
China, especially in the northeastern part of the PRD, as shown in
Figure 6. The increasing rate reaches more than 3 mm/day/year, indicat-
ing an increase of 72 mm in maximum daily precipitation during the pre-
summer season, which accounts for 80% to 100% of the mean maximum
daily precipitation in the region during the period.

In summary, the intensity of precipitation and the number of extremely
heavy precipitation days during presummer season in South China have
significantly increased from 1979 to 2015, especially in the central PRD.
In addition, the increase in the maximum daily precipitation is much
faster during the period from 1992 to 2015 than that from 1979 to
1991, accompanying the acceleration of the urbanization of the PRD.
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(@) e I—Non—ll.lrban ' ' ' ' \ ' 3.2.2. Mean Trends of Presummer Precipitation in South China
= 1207]- -Urban ! ! | To further investigate the trends of presummer precipitation in urban and
2 100 ! ' 1 nonurban areas, we divided South China into urban and nonurban areas
g 80 ! ¢ according to AVHRR land cover maps. Specifically, the AVHRR land
g 60 cover map for 2015 was then applied to divide South China into urban
“é a0 and nonurban areas (Figure 3a).

o 20 The 300-m-resolution land cover map was regridded into a 0.1° map
gl ; : . : . : according to the spatial resolution of the CMFD data set. For each grid
1980 1985 1990 199$ear2000 2005 2010 2015 of the new land cover map, if the original urban grid accounts for over
50% of the total area of the new grid, it was defined as an urban grid; other-
(b) 500 v B T ' ' ' wise, it was defined as a nonurban grid. For each precipitation index con-
200|L= ~Urban ) | sidered in this study, the FDR-adjusted Mann-Kendall test was applied to
= i each grid of urban and nonurban areas to detect whether there was a sig-
£ 300 1 nificant trend during the period from 1979 to 2015. Only those grids that
g \L' : passed the test at a significance level of 0.05 (as shown in Figures 5) were
2200 selected for the calculation of the mean trends. The indices were then spa-
o« Yi5 tially averaged in the selected grids of urban and nonurban areas, and the
trends of each index were calculated based on the spatial means of this
019'80 19'85 19'90 19‘95 20'00 20'05 20'10 e index in urban and nonurban areas for the periods from 1979 to 1992,
o~ 1992 to 2015, and 1979 to 2015. As mentioned in the previous section,
20— . . . . : . no data grid passed the FDR-adjusted Mann-Kendall test for R, indicating
(© —Non-urban } that the total amount of presummer precipitation shows no significant
T 15 = JUFGAG ,'I'. | trend from 1979 to 2015. Therefore, only the mean trends of Ry.x, Rosp,

% P : I'. i/ and R,smm are presented and discussed in this section.
g 10+ I Y i 7 Figure 7 shows the mean trends of Ryax, Rosp, and Rysmm during the
£ ||| ' 'f “\ investigated period from 1979 to 2015. The trends are all significant at a
o 5F significance level of 0.01. Although the three indices exhibit consistent
upward trends in both urban and nonurban areas, the trends in urban
! \’ , areas are significantly higher than those in nonurban areas. The mean

Figure 7. Mean trends of presummer (a) Rpyax, (b) Rosp, and (¢) Rysmm
over urban (dash lines) and nonurban (solid lines) areas of South China

oL
1980

1985

1990

1995

during the period from 1979 to 2015.

2000 2005 2010 2015

Ruax in urban and nonurban areas have approximate values for the first
years of the investigated period but began to show an upward trend after
1992. Rysp and Rysyy, Show similar results. This transition is likely related
to the long-term variations in presummer precipitation in South China,
such as decadal oscillations. However, it is important to note that the dis-
crepancies between urban and nonurban areas widen over time, leading to much more significant upward
trends for Ryax, Rosp, and Rysmm in urban areas than nonurban areas after 1992.

Year

As shown in Figure 8a, after dividing the investigated period into two parts before and after 1992, Ryax
shows a slight decrease in nonurban areas and a slight increase in urban areas from 1979 to 1991, with trends
of —0.36 and 0.21 mm/day/year (Table 2), respectively. Neither is statistically significant. In contrast, Ry
shows an increase in both urban and nonurban areas from 1992 to 2015, with trends of 1.70 mm/day/year
in urban areas and 0.96 mm/day/year in nonurban areas (Table 2), significant at a confidence level of 0.05
and 0.01, respectively. In other words, the maximum daily precipitation during the presummer season has
increased by 40.80 and 23.04 mm/day on average in urban and nonurban areas, respectively, from 1992 to
2015. For the whole investigated period from 1979 to 2015, the mean trends of Ry, are 1.34 and 0.97
mm/day/year in urban and nonurban areas, respectively, and both are significant at a significance level of
0.01, indicating an average increase of 49.58 and 35.89 mm/day for maximum daily precipitation during
the presummer season in urban and nonurban areas, respectively.

Similarly, in Figure 8b, Rgsp shows an insignificant decrease in nonurban areas and an insignificant increase
in urban areas from 1979 to 1991. However, an increase can be seen in both urban and nonurban areas from
1992 to 2015, with mean trends of 5.39 and 2.61 mm/year, respectively; both are significant at a significance
level of 0.01 (Table 2). As a result, the top 5% of daily precipitation during the presummer season has
increased by 129.36 and 62.64 mm on average in urban and nonurban areas, respectively. For the whole
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(2) 140 '—Non—brban T T T ' A ‘ investigated period from 1979 to 2015, the mean trends of Rgsp are 4.41
= 12071~ -Urban ,"| | and 2.79 mm/year in urban and nonurban areas, respectively, both are
% 1001 ,l 1 significant at a significance level of 0.01 (Table 2). This leads to an average
§ 80 | H increase of 163.17 and 103.23 mm for the top 5% of daily precipitation dur-
g 60 - ing the presummer season in urban and nonurban areas, respectively.

?Eé 40 In Figure 8c, Rysmm also shows a slight decrease in nonurban areas and a
® 20 slight increase in urban areas from 1979 to 1991, although neither is sta-
oL . ‘ ‘ : , . tistically significant. In contrast, Rsmm shows a significant increase from

1980 1985 1990 199\5(earzooo 2005 2010 2015 1992 to 2015 in both urban and nonurban areas, with mean trends of 0.26

and 0.15 days/year (Table 2), suggesting an average increase of 6.24 and

(b) °%° —Non—rbanl T T T ' 3.60 days of extremely heavy precipitation during the presummer season

200/ ~Urban \ in urban and nonurban areas, respectively. For the whole investigated
= period from 1979 to 2015, the mean trends of R,sy,y, are 0.26 and 0.16
£ 300 days/year in urban and nonurban areas, both are significant at a signifi-
§ cance level of 0.01 (Table 2), indicating that the number of extremely
e 200 heavy precipitation days during the presummer season has increased by

o 156 9.62 and 5.92 days in urban and nonurban areas, respectively.
In summary, although the total amount of presummer precipitation
%1980 1985 1990 1995 2000 2005 2010 2015 shows no significant trend in South China, the intensity of precipitation
Wear and the number of extremely heavy precipitation events during the pre-
20— i , , , K . summer season have increased significantly throughout South China
© —Non-urban ! from 1979 to 2015. This increase can be attributed to the change in pre-
T 15 - Hyban ,"'. | summer precipitation since 1992, which is likely related to a long-term
[ , [ d variation of presummer precipitation, such as decadal oscillations.
é - : i ‘n‘ :’\\ :' ‘,_ e | However, the upward trends of presummer precipitation are much higher
e 41 g 1 \ ' in urban areas than nonurban areas, suggesting that the explosive urbani-
E g zation has contributed to the intensification of presummer precipitation
. and the increase of extremely heavy precipitation events during the pre-

N i \ . l , summer season in urban areas of South China.
1980 1985 1990 1995 2000 2005 2010 2015

Year . .
3.3. Discussion

Figure 8. Mean trends of presummer (a) Rpayx, (b) Rgsp, and (¢) Roysmm ~ 3.3.1. Sensitivity of Mean Trends to “Urban Areas” of
over urban (dash lines) and nonurban (solid lines) areas of South China Different Years

during the period from 1979 to 1991 and 1992 to 2015.

As reported in section 3.2.2, the AVHRR land cover map of 2015 was used
to identify urban and nonurban grids to investigate the discrepancies
between the trends of presummer precipitation in urban and nonurban areas of South China during the per-
iod from 1979 to 2015. However, this classification may include some “urban grids” gradually converted
from nonurban grids during the period from 1992 to 2015. In this case, the calculated trends for urban areas
could include an effect of nonurban areas. On the other hand, there was little increase in urban areas in
South China before 1992 according to Figure 2. Therefore, we assumed that the urban areas of South
China in 1979 were similar to those in 1992, meaning that the identified urban grids based on the land cover
data of 1992 should be urban throughout the entire investigated period, from 1979 to 2015. To better under-
stand the effect of “nonurban grids” transformed into urban grids on the trends of presummer precipitation
in South China during the period from 1992 to 2015, we ran a sensitivity test by using the AVHRR land cover
map of 1992, 2000, and 2008 shown in Figures 3a, 3b, and 3c to classify urban and nonurban grids in the
same method as described in section 3.2.2 and calculated the respective mean trends in urban and nonurban
areas. The mean trends for each index of presummer precipitation are summarized in Table 2. Note that for
1992, there was no mean trends for all indices of presummer precipitation in urban area of South China, as
no grid passed the FDR-adjusted Mann-Kendall test in urban areas when we applied the criterion that a grid
was identified as an urban grid if the original urban grid accounted for more than 50% of the total area of the
new grid. Therefore, we ran an extra test for 1992 by applying a lower criterion according to which a grid was
classified as an urban grid if the original urban grid accounted for more than 30% of the total area of the
new grid.
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Table 2
Mean Trend of Presummer Precipitation and Daily Mean Temperature From 1979 to 2015 Over Grids Passed False Discovery Rate-Adjusted Mann-Kendall Test
Rmax RQSP R2Smm Temp

Land e (mm/day/year) (mm/year) (days/year) (°C/year)

map/criterion for

urban grids Period Nonurban Urban Nonurban Urban Nonurban Urban Nonurban Urban

1992/30% 1979-1992 —0.36 0.19 —0.81 0.97 —0.02 0.06 0.02 0.03
1992-2015 0.96™* 1.65% 2.61%* 4.64%* 0.15%* 0.27* 0.02 0.03
1979-2015 0.97** 1.34%* 2.79%* 4.35%* 0.16** 0.23%* 0.03** 0.05**

1992/50% 1979-1992 —-0.36 — —0.81 — —0.02 — 0.02 —
1992-2015 0.96™* — 2.61%* — 0.15* — 0.02 —
1979-2015 0.97** — 2.79%* — 0.15** — 0.03 —

2000/50% 1979-1992 —-0.36 0.22 —0.81 = —0.02 — 0.02 —
1992-2015 0.96™* 1.56* 2.61%* — 0.15%* — 0.02 —
1979-2015 0.97** 1.35%* 2.78%* = 0.16%* = 0.03%* =

2008/50% 1979-1992 —0.36 0.23 —0.81 —0.31 —0.02 0.10 0.02 0.03
1992-2015 0.96™* 1.69* 2.61%* 5.49* 0.15* 0.27* 0.02 0.03
1979-2015 0.97** 1.35%* 2.79%* 4.44%% 0.16** 0.27%* 0.03** 0.05**

2015/50% 1979-1992 —0.36 0.21 —0.81 0.80 —0.02 0.09 0.02 0.03
1992-2015 0.96%* 1.70* 2.61%* 5.39%* 0.15%* 0.26* 0.02 0.03
1979-2015 0.97** 1.34%* 2.79%* 4.41%* 0.16** 0.26%* 0.03** 0.05**

Note. Em dash (—) means there is no valid grid for calculating the mean trend.
*A trend significant at significance level of 0.05. **A trend significant at significance level of 0.01.

Generally, the mean trends of Ry.x, Rosp, and R,y remain almost the same in nonurban areas with the
different land cover maps from 2015 to 1992. However, the mean trends in urban areas show slight differ-
ences with the different land cover map from 2015 to 1992. For instance, applying the land cover data of
2008 and 2000, the mean trends of Ry, is 1.69 and 1.56 mm/day/year, respectively, during the period from
1992 to 2015, 0.01 and 0.14 mm/day/year lower than the trend obtained using the land cover date of 2015.
The mean trend of Rgsp is 5.49 mm/year for the period from 1992 to 2015 with the land cover data of
2008, 0.10 mm/year higher than that obtained with the land cover data of 2015. One reason may be that
the number of urban grids is much smaller than the number of nonurban grids in the region studied. As a
result, the effect of a few urban grids transformed into nonurban grids can be much greater on urban areas
than on nonurban areas. The other reason may be that by using an older land cover map, it excludes the
effect of nonurban grids recently transformed into urban grids but recognized as urban grids by using a
recent land cover map. However, the differences in mean trends induced by applying the land cover maps
of different years are not significant, the mean trends of presummer precipitation remaining almost the same
in nonurban and urban areas for the period from 1979 to 2015, even when we lowered the criterion for select-
ing urban grids when using the land cover map of 1992.

In addition, the mean trends for the four indices over all grids of South China are shown in Table 3.
Compared with the mean trends of grids that passed the FDR-adjusted Mann-Kendall test, the mean trends
over all grids are consistently smaller. Nevertheless, the mean trends in urban areas are significantly higher
than those in nonurban area for the four indices.

Table 3
Mean Trend of Presummer Precipitation and Daily Mean Temperature From 1979 to 2015 Over All Grids

R (mm/year) Rmax (mm/day/year) Rogsp (mm/year) Ros5mm (days/year) Temp (°C/year)
Region Nonurban Urban Nonurban Urban Nonurban Urban Nonurban Urban Nonurban Urban
1979-1991 —5.01 —1.72 —0.02 0.24 —-0.26 0.86 0.00 0.00 0.01 0.04
1992-2015 0.72 0.75** 1.20* 1.91%* 3.88* 0.02* 0.05* 0.02 0.01
1979-2015 1.60 0.66** 1.00** 1.89%* 3.05%* 0.02** 0.04** 0.03** 0.04**

*A trend significant at significance level of 0.05. **A trend significant at significance level of 0.01.
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3.3.2. Effect of Urbanization on Presummer Precipitation

\ The consistent upward trends in the intensity of precipitation and the
number of extremely heavy precipitation days during the presummer
season in both urban and nonurban areas from 1979 to 2015 suggest
that changes in large-scale atmospheric circulation are likely to be
the main cause of the variation in precipitation patterns. However,
the significant discrepancies between the trends in urban and
nonurban areas indicate a significant effect of urbanization on the

23 L .
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Figure 9. Mean trends of daily mean temperature over urban (dash lines)
and nonurban (solid lines) areas of South China during presummer season

from 1979 to 2015.
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Figure 10. Spatial distribution of linear trends of mean temperature over
South China during presummer season from 1979 to 2015.
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s . . variability of extreme precipitation during the presummer season in
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As shown in Table 2, although the mean trends of Ryax, Rosp, and Rysmm
are not significant in both urban and nonurban areas from 1979 to 1991,
the trends of the three indices in urban areas are different from those in
nonurban area. Furthermore, the upward trends of Ry, Rosp, and
Rysmm in urban areas are, respectively, between 62.50% and 77.08%,
106.51% and 137.14%, and 73.33% and 80.00% higher than over nonurban area for the period from 1992 to
2015. Moreover, for the whole investigated period from 1979 to 2015, the upward trends of Ryax, Rosp,
and Rysy,y, in urban areas are, respectively, between 38.14% and 39.18%, 55.97% and 59.14%, and 43.75%
and 68.75% higher than in nonurban areas, which can be attributed to the urban effect on the intensity of
presummer precipitation and the occurrence of extremely heavy precipitation during the presummer season
in South China.

The urban heat island effect may be one factor influencing the urban effect on presummer precipitation in
South China. On average, the mean surface temperature in urban areas is 1.11 °C higher than that in non-
urban area for the period from 1979 to 2015 (Figure 9), and the mean trend of surface temperature in urban
areas is 0.05 °C/year during the period from 1979 to 2015, 0.02°C/year higher than that in nonurban area
(Table 2). Urban heat islands may act as a low-level heat source in urban areas and provide extra energy
to induce vertical flows and enhance convective motion, leading to more convective precipitation in urban
and downwind areas (Craig, 2002; Rozoff et al., 2003; Shem & Shepherd, 2009; Lin et al., 2011). Strong con-
vective motion is the main cause of extreme precipitation during the presummer season in South China. As
Figure 10 shows, the upward trend of surface temperature in the PRD is the most significant on the west
coast of the PRD, which is one of the areas with the fastest increasing trends of Ry,.x (Figure 5a), Rosp
(Figure 5b), and Rysmm (Figure 5¢) throughout the investigated period.

In addition, urbanization modifies surface properties, which can also affect vertical flows in urban areas.
Due to larger surface roughness, air masses approaching a cluster of cities tend to slow down. This is illu-
strated in Figure 11, in which the annual mean wind speed from the CMFD shows an overall decrease over
west and east coasts of the Pearl River estuary during the period from 1979
to 2015. The blocked air masses then divert in front of the cities and con-
verge at the downwind areas, resulting in upward motions (Cotton &
Pielke, 2007). Furthermore, there are more and more high-rise buildings
in urban areas of South China, especially in the PRD, resulting in a higher
surface elevation. This surface elevation forces the approaching moist air
masses to rise, leading to stronger upward motions, and thus, more moist
convections are initiated. During the presummer season, a large amount
of moisture is transported to South China typically by southerly and
southwesterly winds, resulting in strong moist convection and intense
precipitation when encountering frontal systems. In Figure 11, the down-
ward trend of wind speed extends from the coast of the Pearl River estuary

i to the northwest part of the PRD, leading to a convergence of moisture
1M 505 and an accumulation of thermal energy in the northeast part of the PRD
when southerly or southwesterly winds prevails. In such cases, the moist
convections can be enhanced by the dense high-rising buildings in cities
surrounding the Pearl River estuary, resulting in stronger precipitations

Temperature [°C/year]
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lo ” in the adjacent downstream areas, the northeast part of the PRD, leading
0:02 to the most significant trends of R,y (Figure 5a), Rosp (Figure 5b), and
5 Rusmm (Figure 5¢) in this area.
0.01 =
3 4. Summa
0T - ry
B The variation in presummer precipitation in South China from 1979 to
oo g 2015 and its relationship with urbanization were analyzed in this study.
5; The results reveal that the intensity of precipitation and the number of
1l %% extremely heavy precipitation days during the presummer season have
. ~Bd ‘ H increased significantly throughout South China, and the upward trend
20N 00 112°E 114°E 116°E 118% % is much more significant in urban areas than in nonurban areas.

Figure 11. Spatial distribution of linear trends of mean surface wind speed
over South China during presummer season from 1979 to 2015.
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The total amount of presummer precipitation shows no significant trend,
in urban and nonurban areas of South China. However, the mean trends
in urban and nonurban areas are, respectively, 1.34 and 0.97 mm/day/
year for maximum daily precipitation, 4.41and 2.79 mm/year for the top
5% of daily precipitation, and 0.26 and 0.16 days/year for extremely heavy precipitation days with daily pre-
cipitation greater than 25 mm during the presummer season in South China.

The consistent trends of presummer precipitation in urban and nonurban areas from 1979 to 2015 indicate
that changes in large-scale atmospheric circulation are likely the main reason for the variation in precipita-
tion during the presummer season in South China. However, the significant discrepancies between the
trends in urban and nonurban areas, especially during the rapid growth of urban areas from 1992 to 2015,
suggest a significant effect of urbanization on the total amount and intensity of precipitation and the occur-
rence of extremely heavy precipitation during the presummer season in South China. The upward trends of
maximum daily precipitation, the top 5% of daily precipitation, and extremely heavy precipitation days in
urban areas are, respectively, between 38.14% and 39.18%, 55.97% and 59.14%, and 43.75% and 68.75% higher
than those in nonurban areas for the entire investigated period. In contrast, the upward trends of maximum
daily precipitation, the top 5% of daily precipitation, and extremely heavy precipitation days in urban areas
are, respectively, between 62.50% and 77.08%, 106.51% and 137.14%, and 73.33% and 80.00% higher than
those in nonurban areas during the period from 1992 to 2015. These discrepancies between urban and non-
urban areas can be attributed to the effect of urbanization on presummer precipitation in South China.

The results of this study suggest that in addition to the variability of large-scale variation, urbanization seems
to play an important role to enhance local precipitation and accelerating the intensification of local extreme
precipitation in the presummer season in South China in recent decades. The distributions of the trends of
presummer precipitation in South China further indicate that the increased intensification of presummer
precipitation in urban area is related to a faster upward trend in surface temperature, higher surface rough-
ness, and higher density of high-rise buildings in urban areas. Therefore, urban areas in South China will
face a greater threat of extreme precipitation than nonurban areas in the presummer season in the course
of global warming.
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