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Abstract. Many studies have investigated the impacts of
aerosol on the intensity and amount of precipitation, but
few have been done so regarding the impacts of aerosol on
the start and peak times of precipitation. Using the high-
resolution precipitation, aerosol, and meteorological data in
the warm season of June–August from 2015 to 2020, this
study investigates the influence of aerosol on the start and
peak times of precipitation over three different regions, the
North China Plain (NCP), the Yangtze River Delta (YRD),
and the Pearl River Delta (PRD). It shows that the period with
the highest frequency of precipitation start time, defined as
the frequent period (FP) of precipitation start time, is delayed
and prolonged by aerosols in NCP, contributing to the similar
durations of precipitation in NCP, YRD, and PRD. This study
also shows that different types of aerosol (absorbing versus
scattering) have caused different influences on the start and
peak times of precipitation over the three study regions. The
precipitation start time is 3 h advanced in NCP but 2 h de-
layed in PRD by aerosols during precipitation FP and shows
no response to aerosol in YRD. Compared to stratiform pre-
cipitation, the convective precipitation is more sensitive to
aerosol. The start and peak times of convective precipitation
show similar responses to aerosols. This study further shows
that the aerosol impacts on precipitation can vary with mete-
orological conditions. Humidity is beneficial to precipitation,
which can advance the precipitation start and peak times and
prolong the precipitation duration time. Correspondingly, the
impacts of aerosol on start time of precipitation are signifi-
cant under low humidity or weak low tropospheric stability
conditions. The impacts of vertical wind shear (WS) on the
start and peak times of precipitation are contrary to that of

aerosols, resulting in the fact that WS inhibits the aerosol ef-
fects on precipitation.

1 Introduction

Aerosols can modify radiative energy balance, cloud physics,
and precipitation and then affect both weather and climate,
bringing large uncertainties to weather forecast and climate
assessment (Edenhofer and Seyboth, 2013; Tao et al., 2012).
Associated with the rapid economic development in China,
heavy aerosol pollution has also resulted in serious impacts
on atmospheric environment, weather, climate, and even pub-
lic health (An et al., 2019; Song et al., 2017; Wang et al.,
2017). Although the PM2.5 mass concentrations have de-
creased significantly since 2013 due to the major air pollution
control measures made by the Chinese government (Ding et
al., 2019; Fan et al., 2021a; Wang et al., 2020; Zhang et al.,
2020; Zheng et al., 2018), China is still among the regions
with high aerosol amounts. Thus, it is still necessary to fur-
ther investigate aerosol’s impacts in China.

The aerosol can affect the cloud and precipitation by
changing the radiation directly and by serving as cloud con-
densation nuclei (CCN) or ice nuclei (IN), which are re-
ferred to as radiative effect and microphysical effect (Gar-
rett and Zhao, 2006; Wang et al., 2010; Fan et al., 2015;
Chen et al., 2017; Liu et al., 2020; Zhao et al., 2020). On
one hand, the aerosols can scatter and absorb solar radiation,
which can heat the atmosphere and cool the surface, stabilise
the atmosphere, and then suppress precipitation. In partic-
ular, aerosols by absorbing solar radiation, can strengthen
the evaporation of cloud and then suppress the formation
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of cloud and precipitation (Ackerman et al., 2000). On the
other hand, aerosols, by serving as CCN or IN, can increase
cloud droplet number concentration, resulting in larger cloud
albedo (Twomey, 1977), enhanced cloud thermal emissivity
(Garrett and Zhao, 2006; Zhao and Garrett, 2015), reduced
precipitation and longer cloud lifetime (Albrecht, 1989; Pin-
cus and Baker, 1994), and invigorated convective precipita-
tion (Fan et al., 2015; Li et al., 2011; Rosenfeld et al., 2008).

The aerosols show distinct influences on precipitation un-
der different climatic regions, which make humid areas wet-
ter and arid areas drier (Huang et al., 2006a, b, 2010; Ko-
ren et al., 2005; Rosenfeld, 2000; Teller and Levin, 2006;
Wang, 2005). Using long-term ground site observations, Li
et al. (2011) have found that the increasing aerosols make
the cloud higher and deeper under humid conditions, which
can increase the frequency and intensity of precipitation sig-
nificantly and then increase the probability of floods, while
under dry conditions, aerosols can inhibit the development
of cloud and precipitation and then increase the probabil-
ity of drought. Based on the global satellite data, Niu and
Li (2012) have further found that the above phenomenon is
shown not only at a single ground site, but even more pro-
nounced in tropical regions. Considering the complexity of
precipitation processes and their variations with locations,
studying the aerosol–precipitation interactions is important
to improve the accuracy of regional weather forecasts (Fan et
al., 2015).

The significant influences of aerosol on cloud and precipi-
tation in China have been reported in many studies (e.g. Chen
et al., 2017; Liu et al., 2019; Zhao et al., 2020). In south-
east China, with the increase in aerosol, light and moderate
precipitation are inhibited, while heavy precipitation is en-
hanced (Shi et al., 2015; Wu et al., 2016; Yang et al., 2018).
Aerosols over urban regions can increase the total precipi-
tation amount when there is sufficient moisture supply and
decrease the total precipitation amount when there is insuf-
ficient moisture supply (Chen et al., 2015; Qiu et al., 2017).
Yang et al. (2017) found that aerosols can reduce the precipi-
tation areas and intensity over Beijing–Tianjin–Hebei region
using WRF-Chem model simulations. Zhao et al. (2018) in-
dicated that the aerosols can reduce the precipitation intensity
while enlarging the precipitation area of tropical cyclones
over the western pacific area using long-term observations.

Most existing studies about the impacts of aerosol on
precipitation have focused on the precipitation amount, fre-
quency, and intensity, but few studies have investigated how
the aerosols affect precipitation time, including both start and
peak times of precipitation. Several studies have pointed out
that aerosols can make cloud higher and deeper under pol-
luted conditions, which will delay the precipitation and cause
strong thunderstorm precipitation in downwind areas (An-
dreae et al., 2004; Lin et al., 2006; Rosenfeld et al., 2008).
However, this effect, called the invigoration effect, has not
gained wide recognition. Several model simulation studies
have shown that the invigoration effect is weak, and the

aerosols even suppress convection in the case with strong
wind shear or with cold cloud base (Fan et al., 2009, 2012,
2013; Khain et al., 2005; Lebo and Morrison, 2014). More-
over, the delay caused by the invigoration effect has not yet
been quantified.

The limited studies regarding the influence of aerosol on
precipitation time showed controversial findings in China.
Yang et al. (2017) found that aerosols show no influence on
precipitation time in the Beijing–Tianjin–Hebei region using
WRF-Chem model simulations, while Zhou et al. (2020) re-
ported that aerosols advance the heavy precipitation start and
peak times significantly and prolong the duration of the pre-
cipitation in the Beijing–Tianjin–Hebei region. Similar re-
search has been carried out by Guo et al. (2016) and Lee
et al. (2016) in the Pearl River Delta (PRD) region. Guo et
al. (2016) found that the aerosol can delay heavy precipita-
tion, which was further confirmed by model simulations (Lee
et al., 2016). Guo et al. (2016) and Lee et al. (2016) found
that the aerosol radiative effect is dominant at the initial stage
of convection, and the microphysical effect is dominant at
the development stage, and the interaction of radiative and
microphysical effects eventually delays precipitation.

The controversial findings from limited previous studies
raise a serious question: why do the aerosols show differ-
ent impacts on the start and peak times of precipitation over
different regions? To answer this question, this study inves-
tigates the impacts of aerosols on the start and peak times
of precipitation over three different regions of the North
China Plain (NCP), Yangtze River Delta (YRD), and PRD
by using data from the same source with the same anal-
ysis method. With the support of high-precision data, this
study tries to quantify the impacts of aerosols on precipita-
tion time. The responses of convective and stratiform pre-
cipitation to aerosols are also investigated based on the pre-
cipitation types. Moreover, the changes of aerosol impacts on
precipitation time with meteorological conditions that can af-
fect precipitation have also been investigated, including the
relative humidity, low troposphere stability (LTS), and verti-
cal wind shear (WS), which are essential to aerosol–cloud–
precipitation interactions (Boucher and Quaas, 2012; Fan et
al., 2009; Klein, 1997; Slingo, 1987; Zhou et al., 2020).

The paper is organised as follows. Section 2 describes the
data and methods used in this study. Section 3 shows the
analysis and results. The summary and discussion are pro-
vided in Sect. 4.

2 Data and methods

2.1 Region of interest

Three study regions of the NCP, YRD, and PRD have been
selected in this study, where the concentration and types
of aerosols are different. The PM2.5 mass concentration de-
creases gradually from north to south in China. The mixed-
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Figure 1. The study region with surface altitude (m) information
from digital elevation model (DEM). The white dots are the PM2.5
site stations used in this study, and the colour map represents the
DEM information.

absorbing aerosols are dominant in the NCP, which can ab-
sorb solar radiation strongly and then heat the atmosphere,
followed by urban and industrial aerosols (He et al., 2020).
The dominant aerosols in the YRD are urban, industrial, and
mixed absorbing aerosols (Che et al., 2018; Li et al., 2018;
He et al., 2020). The main aerosol types in the PRD are urban
and industrial aerosols (He et al., 2020). It is worth noting
that the absorbing aerosols increase in the North China Plain
and Yangtze River Delta in June and August due to biomass
burning (Che et al., 2018).

Figure 1 shows the study regions with surface altitude (m)
information from a digital elevation model (DEM), along
with the location of PM2.5 ground site stations. Due to the
topographic rain effect (Jiao and Bi, 2005), this study only
selects the area with a DEM less than 100 m as the study re-
gion. There are 131, 100, and 70 ground sites in the NCP,
YRD, and PRD, respectively. In order to obtain enough pre-
cipitation samples and then reduce the statistical error, the
selected study period is the summer (June to August) of mul-
tiple years from 2015 to 2020.

2.2 Data

The datasets including precipitation, aerosol, and meteoro-
logical fields are used in this study, which are described as
follows.

2.2.1 Precipitation data from GPM

The Global Precipitation Measurement (GPM) mission can
provide global observations of rain and snow. Compared to
the Tropical Rainfall Measuring Mission (TRMM), the GPM
extends capability to measure light rain (<0.5 mmh−1), solid
precipitation, and the microphysical properties of precipi-
tating particles, in addition to the ability to observe heavy
to moderate precipitation. The observation devices are the
first space-borne Ku-/Ka-band Dual-frequency Precipitation
Radar (DPR) and a multi-channel GPM Microwave Imager
(GMI). The DPR instrument can provide three-dimensional
measurements of precipitation structure over 78 and 152 mi
(125 and 245 km) swaths. The combination of detection in-
formation from the Ka-band precipitation radar (KaPR) and
Ku-band precipitation radar (KuPR) can retrieve precipita-
tion particle size distribution and snowfall events effectively,
which is beneficial to facilitate the understanding of precipi-
tation nature and structure deeply. The DPR Level-2A prod-
uct is used in this study.

The DPR Level-2A product with a temporal resolution of
90 min provides precipitation profile data from the ground to
21 875 m at a vertical interval of 125 m vertical intervals, in-
cluding precipitation position, type, and intensity; the height
of freezing level; the height of storm top; and so on. A major
role of the DPR Level-2A product in this study is to classify
the three types of precipitation, which are convective, strat-
iform, and other. The method of precipitation type classifi-
cation for DPR is based on different vertical motion distri-
butions and microphysical mechanisms of different precipi-
tation types. The difference between two frequency (Ku- and
Ka-band) observations or so-called measured dual-frequency
ratio (DFRm) provides rich information to investigate the
microphysical properties of precipitation. The DFRm verti-
cal profile is controlled by the non-Rayleigh scattering ef-
fect and the path-integrated attenuation difference (δPIA) be-
tween two frequency channels (Le et al., 2010). The DFRm
is mainly controlled by non-Rayleigh scattering effect in the
ice region. Both non-Rayleigh scattering effects and δPIA
play a role in the melting region. The DFRm is dominated
by δPIA in the liquid precipitation region. Different precip-
itation types have different characteristics. As in the case
for convective precipitation, mixing of hydrometeors can be
present in the melting layer, and in general, density of the
mixture is higher than the case of stratiform precipitation
(Le and Chandrasekar, 2013). Therefore, the vertical pro-
file of DFRm has different characteristics for stratiform and
convective rain according to significant on-Rayleigh scatter-
ing part and δPIA part. More details about the precipitation
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type classification method for DPR can be found in Le et
al. (2010) and Le and Chandrasekar (2013). GPM generally
performs better for summer, liquid precipitation, and plain
area than for winter, solid precipitation, and complex terrain
area (Chen et al., 2019; Speirs et al., 2017). This study fo-
cuses on the warm season in eastern China, and the precip-
itation is mostly liquid during the study period, so the DPR
Level-2A product is suitable to be used.

2.2.2 Hourly precipitation from China Merged
Precipitation Analysis Version 1.0 product

The other precipitation dataset used in this study is the hourly
China Merged Precipitation Analysis Version 1.0 product.
This product has a spatial resolution of 0.1◦ and a temporal
resolution of 1 h in China. The hourly precipitation product
can be found at http://nwpc.nmc.cn. The product is devel-
oped based on the observation data at 30 000 automatic sta-
tions in China and Climate Prediction Morphing Technique
(CMORPH) data. This product overcomes the shortcoming
of ground stations, which is that it is difficult to provide the
change of the spatial distribution of the overall climate due
to discontinuous distribution. Simultaneously, this product
overcomes the issue of poor accuracy of satellite products.
With these merits, this dataset has been successfully applied
to many precipitation-related studies (Guo et al., 2016; Sun
et al., 2019), which provides us the possibility for examining
aerosol impacts on precipitation time in this study.

2.2.3 Aerosol data

This study makes use of the hourly PM2.5 mass concentra-
tion provided by the China Environmental Monitoring Sta-
tion of the national air quality real time release platform with
data quality assurance (http://beijingair.sinaapp.com, last ac-
cess: 2 November 2021) to represent aerosol. Previous stud-
ies have used aerosol optical depth (AOD) or PM10 to study
the influence of aerosol on precipitation (Guo et al., 2016;
Zhao et al., 2018; Zhou et al., 2020). However, AOD could
be not suitable for many cases since it represents the column-
integrated aerosol amount while precipitation mostly occurs
in the troposphere and is more affected by aerosols below
cloud bases. In addition, the AOD is not a good proxy for
CCN (Chen et al., 2021; Stier, 2016) and is strongly corre-
lated to humidity (Boucher and Quaas, 2012). PM10 might
also not be suitable for the study of aerosol impacts on
precipitation, particularly in the case of large aerosol parti-
cles such as dust exist since PM10 is more representative of
large aerosol particle mass while cloud condensation nuclei
are more related to the aerosol particle number with sizes
larger than 100 nm. Pan et al. (2021) have reported that fine
aerosols can serve as the best proxy for CCN compared to
AOD and coarse aerosols. Instead, PM2.5 mass concentra-
tion is more representative of aerosol particle amount with
sizes larger than 100 nm, so that we choose PM2.5 to repre-

sent the aerosol amount in this study. Of course, there are
few large-particle aerosols in the three selected research ar-
eas (Fan et al., 2021b), especially in summer. Also noted is
that while the ground-based aerosol observations are not the
aerosols at cloud bases, most convective clouds investigated
here with precipitation are with cloud bases near the tops of
the mixed boundary layer (MBL). Considering that aerosols
are generally well mixed within the MBL layer, the ground-
based PM2.5 is suitable to represent the aerosol amount be-
low cloud bases in this study.

The diurnal variation in PM2.5 mass concentration is sig-
nificant in the study regions, especially over the NCP as
shown later. This diurnal variation raises a question for the
study of aerosol impacts on precipitation: what time should
we choose for the aerosol observations that have more clear
impacts on precipitation? Figure 2 shows the relationship of
PM2.5 mass concentration between the daily mean and the
07:00–12:00 LT mean, the 13:00–18:00 LT mean, the value at
1 h before precipitation, the mean value in 2 h before precip-
itation, the mean value in 3 h before precipitation, the mean
value in 4 h before precipitation, and the mean value in 5 h
before precipitation. As shown, the correlation between daily
mean PM2.5 mass concentration and 07:00–12:00 LT (13:00–
18:00 LT) mean PM2.5 mass concentration is relatively poor
(r = 0.57–0.73) in the three study regions. The correlation
coefficients between the daily mean PM2.5 mass concentra-
tion and PM2.5 mass concentration averaged 1, 2, 3, 4, and
5 h before precipitation are worse than that between daily
mean PM2.5 mass concentration and 07:00–12:00 LT (13:00–
18:00 LT) mean PM2.5 mass concentration, suggesting that it
is not suitable to use PM2.5 mass concentration at a given
moment to examine the influence of aerosol on precipitation.
Taking into account that the aerosol effect needs time to ac-
cumulate, this study selects the 4 h mean PM2.5 mass con-
centration before precipitation to investigate the impact of
aerosols on precipitation.

2.2.4 ERA5

As indicated earlier, three essential meteorological vari-
ables will be investigated in this study, which are the rel-
ative humidity, low troposphere stability, and vertical wind
shear. Relative humidity can affect both precipitation pro-
cess and AOD. And the cloud occurrence is closely re-
lated to water vapour; for example clear skies were more
likely than cloudy skies for relative humidities below 65 %
(Boucher and Quaas, 2012; Klein, 1997; Slingo, 1980, 1987;
Zhou et al., 2020). The low troposphere stability (LTS) can
signify the strength of the inversion that caps the plane-
tary boundary layer, which is correlated with cloud amount
(Klein, 1997; Wood and Bretherton, 2006). High LTS gen-
erally means a relatively stable atmospheric stratification,
and low LTS means unstable atmospheric column, which
is more favourable for the development of convection (Guo
et al., 2016; Klein, 1997; Slingo, 1987). Wind shear im-
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Figure 2. The relationships between the daily mean PM2.5 mass concentration (µgm−3) and the mean PM2.5 mass concentration of 07:00–
12:00 LT (azure, the first column), 13:00–18:00 LT (roseo, the second column), 1 h before precipitation (green, the third column), 2 h before
precipitation (orange, the fourth column), 3 h before precipitation (grey, the fifth column), 4 h before precipitation (purple, the sixth column),
and 5 h before precipitation (blue, the seventh column) in June–August from 2015 to 2020 over the North China Plain (NCP, the first row),
Yangtze River Delta (YRD, the second row), and Pearl River Delta (PRD, the third row).

plies mechanical turbulence, which can influence detrain-
ment and evaporation of cloud hydrometeors and then affects
the aerosol effect on precipitation (Fan et al., 2009; Slingo,
1987; Tao et al., 2007). Fan et al. (2009) found that the ver-
tical wind shear plays a dominant role in regulating aerosol
effects on isolated deep convective clouds, which determines
whether aerosols suppress or enhance convection.

The meteorological datasets including the three key vari-
ables shown above are from ERA5 in this study, which is
the fifth-generation ECMWF (European Centre for Medium-
Range Weather Forecasts, ECMWF) reanalysis data (https:
//cds.climate.copernicus.eu/, last access: 2 November 2021).
ERA5 is better than ERA-Interim in temporal–spatial reso-
lutions of 1 h and 0.25◦× 0.25◦, respectively, and have been
used by thousands of studies (e.g. Fan et al., 2021a; Hoff-
mann et al., 2019; Urraca et al., 2018; Yang et al., 2021). The
ERA5 hourly data at pressure levels are used in this study,
including temperature (at 1000, 975, 950, 925, 900, 875, and
850 hPa), relative humidity (at 850 hPa), vertical velocity (at
1000, 975, 950, 925, 900, 875, and 850 hPa), and wind (at
850 and 500 hPa) on different pressure levels.

2.3 Methods

The hourly precipitation product is shown in grid pattern,
but the PM2.5 mass concentration dataset is from site obser-
vation. Therefore, the matching between precipitation infor-
mation and PM2.5 mass concentration is not point to point.
However, the representative area of PM2.5 site observation is

between 0.25 and 16.25 km2 (Shi et al., 2018), and the rep-
resentative area is even larger in clean and plain areas, so
the vague matching described as follows should be reason-
able. Assuming the location of the PM2.5 site is a given point
called A, and point A is in a certain grid of hourly precipita-
tion product that is called B, the PM2.5 mass concentration at
A can then be used to represent the pollution condition at B.
In order to know the precipitation type at B, we find the near-
est location according to the latitude and longitude provided
by GPM. The ERA5 dataset is also shown in grid pattern,
and we use the same method described above to match the
hourly precipitation product and the ERA5 dataset.

The main method used in this study is cluster analysis. We
divide all study samples into three groups based on the PM2.5
mass concentration and defined two of them as polluted and
clean conditions to further investigate the aerosol impacts on
precipitation. The detailed method is as follows. First, we
sort all observations of PM2.5 by removing the abnormal val-
ues that are over 2 times the standard deviation to get the
good-quality data group C. Second, we rank the PM2.5 mass
concentration observations from high to low and define the
top one-third of group C as polluted conditions and the bot-
tom one-third of group C as clean conditions. A similar clas-
sification method has been applied to other variables when
defining their high and low value conditions, such as mete-
orological conditions including the low troposphere stability
(LTS), vertical wind shear between 1500 and 5500 m (WS),
and relative humidity (RH). The LTS (unit of kelvin) used
here is the difference of potential temperature at 700 and
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1000 hPa (Slingo, 1987; Wood and Bretherton, 2006). The
relative humidity (unit: %) at 850 hPa is used to represent
the moisture below the cloud base in this study (Klein, 1997;
Zhou et al., 2020). The wind shear (s−1) can be calculated as
(Guo et al., 2016)

WS=

√
(u5.5− u1.5)2+ (v5.5− v1.5)2

(5500− 1500)
, (1)

where u5.5 and u1.5 are horizontal wind speed at 5500 m
and 1500 m, respectively, and v5.5 and v1.5 are vertical wind
speed at 5500 m and 1500 m, respectively. The wind speed
at 1500 (5500) m can be converted to wind speed at 500
(850) hPa by the barometric height formula.

3 Results

3.1 Characteristics of PM2.5 and precipitation

Figure 3 shows the diurnal variation in PM2.5 mass con-
centration. As shown, the diurnal variation in PM2.5 mass
concentration is strong in NCP and weak in YRD and
PRD, which further confirms that the too long time aver-
age of PM2.5 mass concentration cannot reliably represent
the aerosol amount that influences the precipitation during a
relatively short term. The diurnal variation patterns of PM2.5
are similar in the NCP, YRD, and PRD, with low values in
the afternoon and high values at night, along with high PM2.5
mass concentration values in rush hours. The diurnal varia-
tion in PM2.5 is most likely related to the diurnal variation
in boundary layer height (BLH). The high BLH is conducive
to the diffusion of pollutants in the afternoon, while the low
BLH is not conducive to the diffusion at night. Moreover,
the PM2.5 mass concentration is also high around 12:00 LT
in the PRD, which is most likely caused by the secondary
formation by strong solar radiation.

This study focuses on the start and peak times of the pre-
cipitation event. We define the precipitation event as a con-
tinuous precipitation, that is, no precipitation before and af-
ter this precipitation for at least 1 h. During a precipitation
event, the time that precipitation appears is called the start
time, and the time that precipitation intensity is the highest
is called the peak time. Figure 4 shows the statistical proba-
bility density function (PDF) of precipitation start and peak
times. There are more than 800 samples at any given hour in
the study regions, making the results statistically convincing.
As shown in Fig. 4, the precipitation events are more fre-
quent at 14:00–16:00 LT but less frequent at 06:00–8:00 LT,
which correspond to the time of strong and weak solar radia-
tion, respectively. In general, the cloud droplets occur when
the atmosphere gets saturated and the droplets can further be-
come precipitation particles through the processes of conden-
sational growth, collision–coalescence, and so on. Strong so-
lar radiation can increase the atmospheric instability by heat-
ing the ground surface, further enhancing the convection and

Figure 3. The diurnal variation in PM2.5 mass concentration
(µgm−3) during the period of June–August from 2015 to 2020 in
the North China Plain (NCP; black), Yangtze River Delta (YRD;
green), and Pearl River Delta (PRD, red). The dotted lines are for
average values, and the vertical bars are for standard deviations of
PM2.5 mass concentration at each hour.

promoting the formation of precipitation. In the following
analysis, we set the continuous periods that are over the red
dotted line as the periods with the most frequent occurrence
of precipitation (simply called the frequent period), and we
set the periods that are below the red dotted line as the in-
frequent period. There are subtle differences in the frequent
periods of the start time (Fig. 4a, b, c) and peak time (Fig. 4d,
e, f) of precipitation over the same region. Note that we use
Frequent (Infrequent) Period (S) and Frequent (Infrequent)
period (P ) to denote the Frequent (Infrequent) Periods of
start time and peak time, respectively.

As shown in Fig. 4a–c the frequent periods and infre-
quent periods are significantly different in the three study
regions. The frequent period (S) is 14:00–21:00 LT in the
NCP, 11:00–19:00 LT in the YRD, and 11:00–18:00 in the
PRD. The durations of the frequent period (S) are 8, 9, and
8 h in the NCP, YRD, and PRD, respectively. The initial time
of the frequent period (S) in the NCP is 3 h later than that
in the YRD and PRD, likely suggesting that the solar radia-
tion takes longer to strengthen convection in the NCP than in
the YRD and PRD. In contrast, the frequent periods (S) turn
into infrequent periods (S) soon after sunset in the YRD and
PRD, while the frequent period (S) remains 3 h after sunset
in the NCP. This makes the initial time of the frequent period
(S) different but the durations similar in the three study re-
gions. It is curious why the frequent period (S) can remain
3 h after sunset in the NCP and what powers the precipi-
tation or convection during the 3 h. Figure 3 already shows
that the PM2.5 mass concentration is the highest in the NCP
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Figure 4. The probability density functions (PDFs) of the start time (a–c, green) of precipitation and the peak time (d–f, blue) of precipitation
in June–August from 2015 to 2020 over the three study regions. The NCP, YRD, and PRD represent the North China Plain, Yangtze River
Delta, and Pearl River Delta, respectively. The black line represents the sample number of precipitation events at the corresponding time, and
the red dotted line is the average daily precipitation frequency.

and the lowest in the PRD. In addition, there is a relatively
large proportion of aerosols as absorbing type in the NCP
compared to that in the YRD and PRD (Yang et al., 2016).
As is known, aerosol can heat the atmosphere and cool the
ground by scattering and absorbing solar radiation. Thus, it
is most likely that the large quantities of aerosol particles in
the NCP weaken the downward surface shortwave radiation
in the morning and make the frequent period (S) delayed. Si-
multaneously, the large quantities of aerosol particles could
release the heat that they absorbed in the low atmosphere to
extend the frequent period (S) of precipitation after sunset.

The diurnal variation in peak time of precipitation is sim-
ilar to that of the start time, also with more frequent occur-
rence in the afternoon and less frequent occurrence in the
early morning. As shown in Fig. 4d–f, the frequent periods
(P ) are 14:00–21:00, 12:00–20:00, and 11:00–19:00 LT in
the NCP, YRD, and PRD, respectively, which indicates that
the peak time is often 1–2 h later than the start time. In the
NCP, although the frequent period (S) and the frequent pe-
riod (P ) are the same, the frequency of precipitation peak
time at 14:00 LT is lower than that for the precipitation start
time, while the frequency at 15:00–16:00 LT is higher than
that for the precipitation start time, which further confirms
that the peak time is often 1–2 h later than the start time.

Figure 5 shows the PDFs of the precipitation duration time
and the time difference between precipitation peak and start
time. As shown, precipitation events within 2 h account for
more than 50 % of all precipitation events, and the precip-
itation events within 4 h account for more than 80 % of all
precipitation events. In fact, long-time precipitation events
are mostly related to large-scale weather systems, and the

impact of aerosol on them is difficult to identify from the
complex meteorological factors. Therefore, the precipitation
events selected in this study are those with a duration time
within 4 h. As shown in Fig. 5d–f, because of the high propor-
tion of short-term precipitation events, the peak time tends
to occur shortly after the precipitation start time. More than
90 % of the precipitation peak times occur within 4 h of the
precipitation events.

Table 1 shows the sample volume of precipitation events
along with the precipitation types obtained from GPM prod-
uct. There are in total 21 567 matched precipitation events
in the NCP, with 78.60 % (16 951 cases) as stratiform pre-
cipitation and 15.59 % (3362 cases) as convective precipita-
tion. The number of other precipitation events is small, so
this study does not investigate the other precipitation further.
The numbers of precipitation events are 30 659 and 26 861
in the YRD and PRD, respectively. The proportions of strat-
iform precipitation events are higher than 56 % in both the
YRD and PRD, and the proportion of convective precipita-
tion is secondary to the stratiform precipitation with values
of more than 21 %. As shown in Table 1, the proportions of
convective precipitation gradually increase, and the propor-
tions of stratiform precipitation gradually decrease from the
NCP to YRD to PRD.

3.2 Influence of aerosol on precipitation start (peak)
time

We investigate the influence of aerosol on precipitation start
and peak times by analysing their frequent period and infre-
quent period, respectively. Figure 6 shows the PDFs of the
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Figure 5. The PDFs of duration of precipitation events (a–c) and PDFs of time difference (in hours) between precipitation peak and start time
for all precipitation events (d–f) during the study period of June–August from 2015 to 2020 over the three study regions. The NCP, YRD,
and PRD represent the North China Plain, Yangtze River Delta, and Pearl River Delta, respectively. Blue solid lines denote accumulated
occurrence frequencies of precipitation (ordinate on the right-hand side of each panel). Red dotted lines and numbers show the accumulated
occurrence frequencies of precipitation.

Table 1. The number and proportion of different types of precipitation in the three study regions of the North China Plain (NCP), Yangtze
River Delta (YRD), and Pearl River Delta (PRD).

Study area NCP YRD PRD

Total case numbers 21 567 30 659 26 861
Convective case numbers (proportion %) 3362 (15.59) 6683 (21.8) 9464 (35.23)
Stratiform case numbers (proportion %) 16 951 (78.6) 21 104 (68.83) 15 309 (56.99)
Other case numbers (proportion %) 1254 (5.81) 2872 (9.37) 2088 (7.77)

start and peak times of precipitation events under polluted
and clean conditions. During the frequent period of precipi-
tation in the NCP, the crest of the start time is 15:00 LT un-
der polluted conditions and 18:00 LT under clean conditions,
which implies that the start time of precipitation is 3 h ad-
vanced by aerosols. In the infrequent period of precipitation
start time in the NCP, the influences of aerosol on the start
time of precipitation are different between before and after
sunrise: the start time is 1–2 h delayed by aerosol after sun-
rise, while there is no significant delay or advance in start
time of precipitation by aerosol before sunrise. The diurnal
variations in precipitation start time are similar in pattern be-
tween polluted and clean conditions in the YRD, suggesting
that aerosols have no significant impact on the precipitation
start time over the YRD. In addition, the crest of precipita-
tion start time during the frequent period is about 16:00 LT
under both clean and polluted conditions in the YRD. Fig-

ure 4 already shows that the crest of precipitation start time is
at 14:00 LT in the PRD. Figure 6c further shows that the crest
of precipitation start time is at 13:00 LT under clean condi-
tions and at 15:00 LT under polluted conditions in the PRD
during the frequent period of precipitation, while there are
no obvious differences in the PDFs of precipitation start time
between polluted and clean conditions during the infrequent
period.

The results shown in Fig. 6 clearly suggest that the influ-
ences of aerosol on the start time of precipitation are distinct
over the three study regions, especially during their frequent
period. The aerosol can advance, delay, or show almost no
effect on the crest of the start time over the NCP, PRD, and
YRD, respectively. Moreover, the aerosols make precipita-
tion more focused in the afternoon and suppress the precipi-
tation at night over all three study regions, which is most ob-
vious over the PRD. The diurnal variations in the precipita-
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Figure 6. Normalised PDFs of precipitation (a–c) start time and (d–f) peak time (LT), represented as ratios of their corresponding precipi-
tation frequency at a given hour to those accumulated over 24 h under clean (blue lines) and polluted (red lines) conditions in June–August
from 2015 to 2020 over the NCP, YRD, and PRD, respectively. The blue (red) numbers are the average (the first column) and standard
deviation (the second column) of the PM2.5 mass concentration (µgm−3) under clean (polluted) conditions.

tion start time are much more different between the polluted
and clean conditions in the PRD. During the period 12:00–
22:00 LT, the frequency of precipitation under polluted con-
ditions is higher than that under clean conditions, while dur-
ing the other period a contrary phenomenon is found in the
PRD.

We also investigate the influence of aerosol on the pre-
cipitation peak time during their frequent period. The diur-
nal variations and the responses of precipitation peak time to
aerosol are similar to that of the precipitation start time. By
comparing the diurnal variations in precipitation peak time
under polluted and clean conditions, we find that although
the aerosols can advance or delay the precipitation time, the
diurnal variation pattern has not been changed. Based on the
almost fixed patterns, we can quantify the impacts of aerosol
on the precipitation start and peak times. As shown earlier,
we can investigate the crest of the precipitation start and peak
times to quantify the influence of aerosol on the precipita-
tion, but this method is not always suitable. As shown in
Fig. 6d, the crests of the peak time are at 15:00 and 18:00 LT
under polluted and clean conditions during the frequent pe-
riod respectively, which suggests that the aerosol has caused
the precipitation peak time to advance by 3 h in the NCP.
However, by comparing the diurnal variations in precipita-
tion peak time between polluted and clean conditions, the
right correspondence should be 15:00–16:00–17:00 LT and
16:00–17:00–18:00 LT under polluted and clean conditions,
which suggests that the aerosol has caused the precipitation

peak time to be advanced by 1 h not 3 h. Anyway, what we
can confirm from Fig. 6d is that the high frequency of the
precipitation peak time is at 15:00–17:00 LT under polluted
conditions while it is at 16:00–18:00 LT under clean condi-
tions. During the infrequent period over the NCP, there is
relatively more precipitation under polluted conditions than
under clean conditions before sunrise, while there is rela-
tively less precipitation under polluted conditions after sun-
rise. Also, the precipitation peak time is delayed (advanced)
1 h over the NCP under polluted conditions after (before)
sunrise during the infrequent period of precipitation.

The crests of the precipitation peak time are at 16:00 LT
under both polluted and clean conditions over the YRD dur-
ing the frequent period, which suggests that the aerosols
show negligible impact on the precipitation peak time. In
contrast, it shows that the precipitation peak time is advanced
by 1 h under polluted conditions during the infrequent pe-
riod over the YRD. The diurnal variations in the precipita-
tion peak time are similar to that of the precipitation start
time under both polluted and clean conditions over the PRD.
The precipitation peak time over the PRD was delayed 2 h
during the frequent period and advanced 1 h during the infre-
quent period (before sunrise) by aerosols. The responses of
precipitation start and peak times to aerosol are similar. Con-
sistent with the fact that the precipitation peak time appears
1–2 h after the precipitation start time as shown in Fig. 5, the
crest of the precipitation peak time is also later than that of
the precipitation start time as shown in Fig. 6.
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The findings above show that the aerosols have distinct im-
pacts on the precipitation start time in the NCP (advanced),
YRD (no influence), and PRD (delayed), which may be re-
lated to their different aerosol amount and types, precipita-
tion types, or meteorological conditions. Among the three
study regions, the most polluted area is the NCP, and the
cleanest area is the PRD. Meanwhile, the proportion of the
absorbing aerosol is the highest in the NCP and is the lowest
in the PRD. Both aerosol concentration and the proportion of
the absorbing aerosol in the YRD are between the NCP and
PRD. Correspondingly, if the aerosols do have significant
impacts on precipitation, the aerosol impacts on precipita-
tion over the YRD should also be between that over the NCP
and PRD. The initial time of the frequent period in the NCP
(14:00 LT) is later than that in the PRD (11:00 LT), which is
most likely due to the high aerosol concentration in the NCP.
The high aerosol concentration reduces the solar radiation
reaching the ground, making the convection suppressed in
the morning in the NCP. However, the high proportion of ab-
sorbing aerosol can advance the precipitation start time by
strengthening the convection in the afternoon. In contrast,
the scattering-dominant aerosol can cool the ground surface
and then low atmosphere by scattering solar radiation, which
weakens the convection and generally delays the precipita-
tion start time during the frequent period in the PRD. We also
find that the aerosol makes the precipitation more frequent at
night in the NCP, which is most likely associated with the
fact that the aerosol can heat the atmosphere and strengthen
convection even after sunset due to the relatively high propor-
tion of absorbing aerosol in the NCP. In addition to aerosols,
we also find that the variation in meteorology can play a role
in the change of precipitation. For example, the decreasing
temperature and increasing humidity both contribute to the
growth of cloud droplets and then precipitation at night. Af-
ter sunrise, the precipitation seems more influenced by solar
radiation and aerosols in the NCP. The atmosphere is heated
more quickly under clean conditions than under polluted con-
ditions in the morning in the NCP, making the probability of
precipitation higher under clean conditions in the morning.

The precipitation is also affected by solar radiation and
aerosols after sunrise in the YRD, but the aerosols show no
significant influence on the precipitation start time, likely due
to weak radiative effect by the relatively low aerosol amount
over this study region. Even with weak radiative effect due
to relatively low aerosol amount, the aerosol still makes the
precipitation more frequent in the afternoon and more infre-
quent in the morning and at night over the YRD, which likely
suggests the significant aerosol microphysical effect on the
precipitation. Aerosols, by serving as cloud condensation nu-
clei, increase the cloud droplet number concentration and de-
crease cloud droplet sizes, decreasing the stratiform precip-
itation that occurs more in the morning and invigorating the
convective precipitation that occurs more in the afternoon.

To further understand whether the different precipitation
types cause distinct responses of precipitation to aerosols,

we next investigate the impacts of aerosol on convective and
stratiform precipitation using the same method. Note that we
ignore some hours in a day at which the sample size is too
small (fewer than 10) to be analysed reliably, and we only in-
vestigate the impacts of aerosol on convective and stratiform
precipitation during the continuous period of precipitation.

Figure 7 shows the PDFs of convective (stratiform) pre-
cipitation start time under polluted (red line) and clean (blue
line) conditions. Figure 7a–c show that the convective pre-
cipitation occurs frequently around 08:00, 12:00–14:00, and
18:00–20:00 LT and infrequently at 15:00–16:00 LT and at
night in the NCP. The aerosols advance convective precipi-
tation start time by 1–2 h around 10:00–15:00 LT, while no
obvious influence is shown during the periods 00:00–09:00
and 16:00–20:00 LT in the NCP. Consistent with the results
presented above, aerosol makes the precipitation more ac-
cumulated in the afternoon, particularly on days when the
aerosol radiative effect works strongly. The convective pre-
cipitation is found frequently at 09:00–15:00 LT in the YRD.
The crest of convective precipitation start time is at 12:00 LT
under both polluted and clean conditions during the period
08:00–16:00 LT in the YRD, while it is delayed by 1 h by
aerosols during the period 13:00–16:00 LT. The continuous
period with enough precipitation samples is 07:00–22:00 LT
in the PRD. The convective precipitation start time over the
PRD shows negligible response to aerosols during the pe-
riod 07:00–11:00 LT, while it is 1 h delayed during the pe-
riod 12:00–22:00 LT. As shown in Fig. 7c, the crest and sec-
ondary crest of the convective precipitation start time are at
12:00 and 17:00 LT under clean conditions and at 14:00 and
18:00 LT under polluted conditions, which implies that the
delaying effect of aerosols on convective precipitation start
time becomes weaker with the decreasing solar radiation or
convective strength.

Figure 7d–f show that the stratiform precipitation occurs
frequently at night and around sunrise, with a peak occur-
rence frequency at about 07:00 LT in the NCP. The aerosol
shows no significant influence on the start time of the strati-
form precipitation in the NCP. In the YRD, the diurnal varia-
tions in the stratiform precipitation start time are similar un-
der polluted and clean conditions, while the occurrence fre-
quencies at a given hour are slightly different, which indi-
cates that the aerosol can only weakly affect the stratiform
precipitation start time. In the PRD, more stratiform pre-
cipitation occurs in the afternoon under polluted conditions.
Moreover, the crests of the stratiform precipitation start time
are at 20:00 and 18:00 LT under clean and polluted condi-
tions in the afternoon, respectively, which suggests that the
aerosol could advance the stratiform precipitation start time
by 2 h in the PRD.

Figure 8 shows the PDFs of the convective and strati-
form precipitation peak time under polluted and clean con-
ditions. Note that only the continuous periods with fewer
than 10 precipitation events at each given hour are inves-
tigated. The continuous periods with convective precipita-
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Figure 7. Normalised PDFs of (a)–(c) convective precipitation start time and (d)–(f) stratiform precipitation start time (LT), represented as
ratios of their corresponding precipitation frequency at a given hour to those accumulated over 24 h under clean (blue lines) and polluted (red
lines) conditions in June–August from 2015–2020 over the NCP, YRD, and PRD, respectively. The blue (red) numbers are the average (the
first column) and standard deviation (the second column) of the PM2.5 mass concentration (µgm−3) under clean (polluted) conditions.

tion are 00:00–16:00 LT and 18:00–22:00 LT in the NCP.
As shown in Fig. 8a, the crests of the convective precip-
itation peak time are at 14:00 LT (polluted condition) and
16:00 LT (clean condition) in the NCP, which suggests that
the aerosol could advance the convective precipitation peak
time by 2 h during the period 00:00–16:00 LT. However, it
is challenging to identify whether the convective precipita-
tion peak time has been changed by aerosols during the pe-
riod 17:00–22:00 LT because of the discontinuous distribu-
tion of convective precipitation in the NCP. The convective
precipitation is frequent during the period 10:00–17:00 LT,
and aerosols show no significant influence on the convective
precipitation peak time in the YRD. For example, the crests
of convective precipitation peak time are both at 14:00 LT
under clean and polluted conditions during the period 10:00–
17:00 LT, one of the continuous periods with sufficient sam-
ples of convective precipitation events in the YRD. Figure 8c
shows that there is a continuous period of convective pre-
cipitation at 00:00–17:00 LT in the PRD, during which the
aerosol enhances the convective precipitation gradually. The
radiative effect of aerosol generally works significantly dur-
ing the period 11:00–15:00 LT, which helps advance the con-
vective precipitation peak time by 1 h in the PRD.

The frequency of the stratiform precipitation of the day
fluctuates greatly in the NCP and shows larger values in the
early morning and early afternoon over the YRD. The strat-
iform precipitations are not affected by aerosols clearly over
both the NCP and YRD. Over the PRD, the stratiform pre-

cipitation is also strengthened gradually by aerosol, while
the stratiform precipitation peak time is likely 1 h delayed
by aerosols during the period 13:00–21:00 LT. It is clear that
the aerosol affects the convective precipitation much more
strongly than the stratiform precipitation over the NCP and
YRD, while the aerosol shows different impacts on convec-
tive and stratiform precipitation over the PRD. Due to the
high proportion of the stratiform precipitation over the PRD,
the start and peak times of total precipitation events are de-
layed, as shown in Fig. 6.

The above findings have suggested that the aerosol can
affect convection, and we next try to confirm this hypothe-
sis. If the aerosol could affect precipitation and convection,
the temperature and vertical velocity would show strong re-
sponses to the changes of aerosol over the plain regions.
We here investigate how the temperature and vertical veloc-
ity change with aerosol concentration and types at different
pressure levels. The differences of temperature between pol-
luted and clean conditions are shown in Fig. 9a–c. As shown,
the aerosol causes significant changes of atmospheric tem-
perature by radiative effect in the low troposphere (1000–
900 hPa). As the altitude increases, the aerosol radiative ef-
fect decreases gradually, which results in smaller tempera-
ture differences. The strongest influence of aerosol on tem-
perature is shown in the NCP, and the weakest is in the PRD,
which is likely related to their difference in aerosol amount.
It is also clear that the aerosol heats the atmosphere all day
in the NCP.
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Figure 8. Same as Fig. 7, but for (a)–(c) convective precipitation peak time and (d)–(f) stratiform precipitation peak time (LT).

Figure 9. The differences in (a)–(c) temperature (K) and (d)–(f) vertical velocity (Pa s−1) between polluted and clean conditions in the
NCP, YRD, and PRD at different pressure levels. The positive (negative) values represent heating (cooling) of the atmosphere in (a)–(c).
The positive (negative) values represent downward (upward) airflow in (d)–(f). The black lines represent the means of the differences in
temperature (vertical velocity) from 1000 to 850 hPa for several given hour periods, including 07:00–10:00, 11:00–14:00, 15:00–18:00,
19:00–22:00, 23:00–02:00 (the next day), and 03:00–06:00 LT.
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As shown in Fig. 9a, the radiative effect of aerosol is
strengthened gradually after sunrise, with the largest impact
on atmospheric temperature at 19:00–22:00 LT, and is weak-
ened from midnight to before sunrise the next day in the NCP,
which implies that the precipitation is also affected by the
aerosol radiative effect at night. The atmosphere is heated by
aerosols over the YRD for almost all times except the period
03:00–06:00 LT. The radiative effect of aerosol increases af-
ter sunrise and decreases after sunset, with the largest impact
on atmospheric temperature at 15:00–18:00 LT in the YRD.
The obvious cooling effect of aerosol is shown in the PRD
for almost all times except for a weak heating effect in the
morning. After sunrise, the cooling effect increases gradu-
ally in the PRD. The above phenomena could help explain
why the aerosol shows a different influence on the precipita-
tion start and peak time over the three study regions. Over
the NCP, the impacts of aerosol radiative effect on atmo-
spheric temperature at 1000–950 hPa is weaker than that at
925–875 hPa, implying that the potential convective energy
needs time to accumulate. Correspondingly, the convection is
strengthened weakly in the morning even though the aerosol
can heat the atmosphere due to the high aerosol concentra-
tion. Accompanied by the accumulation of aerosol heating
effect with time, the aerosols favour the convection strongly
and then advance the precipitation start time over the NCP.
Differently, the aerosols paly a cooling effect over the PRD,
and accompanied by the accumulated aerosol cooling effect
with time, the precipitation start time is delayed.

Figure 9d–f show the differences in vertical velocity be-
tween polluted and clean conditions, which further confirms
the above results. The positive vertical velocity (downward
movement) suppresses the convection, and negative verti-
cal velocity (upward movement) strengthens the convection.
In general, when the aerosol heats (cools) the atmosphere,
the airflow is upward (downward). However, we should note
when the radiative effect of aerosol is weak (at night and in
the early morning), the increasing temperature does not mean
that the airflow must be upward.

3.3 Sensitivities of aerosol impacts on precipitation to
meteorological factors

In addition to aerosols, meteorological variables can also af-
fect the precipitation. We here investigate the potential im-
pacts from the meteorological variables, and we further in-
vestigate the aerosol impacts on precipitation by limiting the
influence from those meteorological variables. This study se-
lects three crucial factors for the precipitation formation and
development, including moisture, wind shear, and low tro-
posphere stability (Fan et al., 2009; Guo et al., 2016; Klein,
1997; Slingo, 1987; Zhou et al., 2020).

Figures S1–S3 in the Supplement show the influence of
moisture, WS, and LTS on precipitation. Sufficient moisture
is beneficial to precipitation generation and advances precip-
itation. The differences in precipitation frequency between

crest and valley under high-humidity conditions are less than
that under low-humidity conditions, which means that high
moisture increases the precipitation frequency for all corre-
sponding time instead of making precipitation gathered at a
particular time range. As a result, the high humidity weak-
ens the diurnal variations in precipitation frequency. The LTS
changes the diurnal characteristics of the precipitation start
time. The precipitation is more frequent in the daytime, with
peak occurrence frequency in the afternoon under low-LTS
conditions, while the precipitation is more frequent in the
nighttime with valley occurrence frequency in the afternoon
under high-LTS conditions. The high WS delays the precip-
itation start time by 3 h in the NCP, delays the precipitation
start time by 1 h in the YRD, and advances the precipitation
start time by 2 h in the PRD, which is opposite to the in-
fluence of aerosol on precipitation start time. Therefore, the
high WS inhibits the aerosol effects on precipitation, which
is in good agreement with the findings by Fan et al. (2009)
that increasing aerosol concentrations can enhance convec-
tion under weak wind shear conditions.

Using a similar method to classify meteorological condi-
tions as aerosols, this study next investigates the differences
of crest or valley of precipitation frequency between polluted
and clean conditions to verify the aerosol effects by limiting
the meteorological conditions. Under high-humidity condi-
tions, the diurnal variations in precipitation frequency are
more complicated under polluted conditions over the NCP
and YRD, making it challenging to judge the corresponding
crest and valley time. Moreover, the aerosol radiative effect
is weak under high-humidity conditions, which could also
make the impacts of aerosols on precipitation hard to iden-
tify. Under low-humidity conditions, the aerosols advance
the precipitation start time by 3 h in the NCP (Fig. 10a)
and by 1 h in the YRD (Fig. 10e). The aerosols delay the
precipitation start time by 2 h both under low- and high-
humidity conditions in the PRD (Fig. 10i–j). However, the
differences of PDFs between polluted and clean conditions
under low-humidity conditions are more distinct than under
high-humidity conditions over the PRD, which indicates that
the aerosol effects on precipitation are more significant un-
der low-humidity conditions. All above results suggest that
the humidity can affect the strength of aerosol impacts on
precipitation. The aerosol impacts on precipitation are more
obvious under low-humidity conditions and are somehow
weakened under high-humidity conditions. The response of
aerosol impacts on precipitation peak time to humidity is ba-
sically consistent with that of the aerosol impacts on pre-
cipitation start time but shows weakened aerosol impacts
under high-humidity conditions more clearly, especially in
PRD. Under low-humidity conditions, the crest of precipita-
tion peak time is at 14:00 LT under clean conditions and at
16:00 LT under polluted conditions, suggesting that the pre-
cipitation peak time is delayed 2 h by aerosols in the PRD
(Fig. 10k). Differently, under high-humidity conditions, the
crests of precipitation peak time are both at 15:00 LT under
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both polluted and clean conditions (Fig. 10l), which suggests
that the aerosols have no obvious influence on precipitation
peak time under high-humidity conditions in the PRD.

Figure 11 shows that the aerosol effects on precipitation
are distinct under low-LTS conditions but are almost negli-
gible under high-LTS conditions. The aerosols advance the
precipitation start time in the NCP (Fig. 11a) and YRD
(Fig. 11e) by 1 h under low-LTS conditions. During the fre-
quent period of precipitation, the frequency of precipitation
under polluted conditions is higher than that under clean con-
ditions, which means that the aerosol microphysical effect is
prominent in addition to the aerosol radiative effect. The pre-
cipitation start time is delayed 2 h (polluted: 16:00 LT, clean:
14:00 LT) by aerosol in the PRD (Fig. 11i) under low-LTS
conditions. The responses of precipitation peak time to the
aerosols are generally consistent with that of precipitation
start time under different LTS conditions. The aerosol im-
pacts on precipitation are distinct under high- and low-WS
conditions while they are more obvious under low-WS condi-
tions. In the NCP, the aerosols advance the precipitation start
time under both low- and high-WS conditions (Fig. 12a–b),
which suggests that the aerosol radiative effect plays a signif-
icant role. However, under low-WS conditions, the crest fre-
quency of precipitation under polluted conditions is higher
than that under clean conditions in the NCP, while a contrary
phenomenon is found under high-WS conditions, which sug-
gests that the high WS suppresses the aerosol microphysical
effects. The aerosols make the precipitation start time 1 h ear-
lier under low-WS conditions in the YRD (Fig. 12e) while
the aerosol effects on precipitation start time are not obvious
under high-WS conditions (Fig. 12f). The aerosols delay the
precipitation start time under both low- and high-WS condi-
tions in the PRD. The responses of precipitation peak time to
aerosols are also found to be generally consistent with that of
precipitation start time under different WS conditions.

4 Summary and discussion

4.1 Summary

This study investigates the influence of aerosol on the pre-
cipitation start and peak times over three different megacity
regions using the high-resolution precipitation, aerosol, and
meteorological data in summer (June–August) during the pe-
riod from 2015 to 2020. We first examine the changes of pre-
cipitation start and peak times with aerosols over the North
China Plain (NCP), Yangtze River Delta (YRD), and Pearl
River Delta (PRD) regions. Then we classify the precipita-
tion types into convective and stratiform precipitation, and
we examine their different responses in start and peak times
to aerosols. Finally, considering that meteorological vari-
ables, particularly three key meteorological variables of hu-
midity, low tropospheric stability, and wind shear, also play
important roles in precipitation development, we further clas-

sify the meteorological conditions using the same method as
aerosols and examine the aerosol impacts on precipitation
start and peak times under different meteorological condi-
tions. New findings have been provided with the following
several key points.

1. The frequent period of precipitation start time is delayed
and prolonged by high aerosol concentrations and a rel-
atively high proportion of absorbing aerosol in the NCP,
so the initial time of the frequent period in the NCP
(14:00 LT) is later than that in the YRD (11:00 LT) and
PRD (11:00 LT), while the durations of frequent peri-
ods are similar among the three study regions. The dif-
ferent aerosol concentrations and aerosol types (absorb-
ing versus scattering) contribute to the different aerosol
impacts on the precipitation start (peak) time over the
NCP, YRD, and PRD. The precipitation start time is
advanced 3 h in the NCP but delayed 2 h in the PRD
by aerosols during the frequent period, and the precip-
itation start time in YRD shows negligible response to
aerosol. The most likely reason is that the aerosols heat
the atmosphere strongly in the NCP, associated with the
high aerosol concentration and the relatively larger pro-
portion of absorbing aerosol over the NCP. The aerosol
concentration and aerosol type in the PRD is opposite to
that in the NCP. The aerosol concentration and aerosol
type in the YRD are both between that in the NCP and
PRD, and the aerosol impacts on the precipitation start
(peak) time in the YRD are also between that in the
NCP and PRD, which is relatively weakly affected by
aerosol. The influences of aerosol radiative effect on
precipitation start (peak) time are also found to be dif-
ferent during the different periods of the day.

2. The frequency of stratiform precipitation is higher than
that of convective precipitation, but the convective pre-
cipitation is more sensitive to aerosol than stratiform
precipitation. The responses of the convective precipi-
tation start and peak times to aerosol are similar to each
other, with the results as shown above in point (1), ex-
cept that the start time is delayed 1 h in the YRD, but
the peak time is advanced 1 h in the PRD.

3. Humidity is beneficial to precipitation, which can ad-
vance the precipitation start (peak) time, but the influ-
ence of aerosol on precipitation is weakened when the
humidity is high. The low tropospheric stability (LTS)
can modify the diurnal variation characteristics of pre-
cipitation start (peak) time. The influences of aerosol on
precipitation start time are more significant under low
LTS. Vertical wind shear (WS) inhibits the aerosol ef-
fects on precipitation, since the influences of WS on
the precipitation start (peak) time are opposite to that of
aerosols. WS delays the precipitation start (peak) time
by 3 h in the NCP and by 1 h in the YRD, while it ad-
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Figure 10. Normalised PDFs of precipitation start time under (a, e, i) low-humidity conditions and (b, f, j) high-humidity conditions and the
precipitation peak time under (c, g, k) low-humidity conditions and (d, h, l) high-humidity conditions in June–August from 2015 to 2020
over the NCP, YRD, and PRD, respectively. The blue (red) numbers are the average (the first column) and standard deviation (the second
column) of the PM2.5 mass concentration (µgm−3) under clean (polluted) conditions. RH represents the relative humidity.

Figure 11. Same as Fig. 10, but under low-LTS conditions and high-LTS conditions. LTS represents low troposphere stability.
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Figure 12. Same as Fig. 10, but under low-WS conditions and high-WS conditions. WS represents vertical wind shear between heights of
5500 and 1500 m.

vances the precipitation start (peak) time by 2 h in the
PRD.

4.2 Discussion

Aerosol–precipitation interaction is a hot topic in atmo-
spheric science and has many challenges due to its com-
plexity. Previous studies have focused on the influence of
aerosols on the precipitation intensity at inter-decadal or
daily timescales, but few studies have examined the impacts
of aerosols on the precipitation time for a large number of
precipitation events. This study investigates the impacts of
aerosols on the precipitation start and peak times for both
stratiform and convective precipitation by limiting the im-
pacts of meteorological variables, which are essential to im-
prove our understanding of aerosol–precipitation interaction.
However, there are still some problems in the current study,
with at least the following several points.

First, the temporal resolution of observations is still too
coarse for the current study. For example, the temporal reso-
lution of the precipitation product is 1 h in this study, which
makes it difficult for us to more accurately quantify the im-
pacts of aerosols on precipitation time: precipitation time
changes with values less than 1 h are not able to be iden-
tified. Second, the complicated mechanisms and processes
of aerosol effect on precipitation could introduce extra un-
certainties to our findings. Currently, we only examine the
sensitives of aerosol effects on precipitation under differ-
ent humidity, LTS, and WS conditions, which might not

be sufficient. Also, this study focuses on summer precipi-
tation, but the influence of summer monsoon has not been
considered and definitely needs to be further investigated in
the future. Finally, we would like to mention that we focus
on the aerosol radiative effects on precipitation time, while
the aerosol microphysical effect is less discussed. It is hard
to distinguish radiative effect and microphysical effect us-
ing observation study alone, so numerical model simulations
should be further applied in the future. Moreover, the influ-
ence of aerosol on precipitation intensity and duration also
needs to be investigated further over different regions.

Data availability. Surface elevation data from the Shuttle
Radar Topography Mission (SRTM) were downloaded from
https://srtm.csi.cgiar.org (last access: 1 November 2021)
(Jarvis et al., 2008). ERA-5 Reanalysis data were provided
by the European Centre for Medium Weather Forecasts,
(https://doi.org/10.24381/cds.bd0915c6, Hersbach et al., 2018).
The details of the hourly precipitation data from the China Merged
Precipitation Analysis Version 1.0 product can be looked up
from http://data.cma.cn/ (last access: 4 November 2021, Shen
et al., 2014). The hourly PM2.5 mass concentration is provided
by the China Environmental Monitoring Station of the national
air quality real-time release platform with data quality assurance
(http://beijingair.sinaapp.com, last access: 4 November 2021,
Sun et al., 2019). The DPR Level-2A product from the Global
Precipitation Measurement (GPM) mission can be downloaded
from https://doi.org/10.5067/GPM/DPR/GPM/2A/06 (Iguchi and
Meneghini, 2017).
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