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Abstract. Our previous study found that the observed rainfall

diurnal variation over Beijing–Tianjin–Hebei shows the dis-

tinct signature of the effects of pollutants. Here we used the

hourly rainfall data together with satellite-based daily infor-

mation of aerosols and clouds to further investigate changes

in heavy rainfall and clouds associated with aerosol changes.

Because of the strong coupling effects, we also examined the

sensitivity of these changes to moisture (specific humidity)

variations. For heavy rainfall, three distinguished character-

istics are identified: earlier start time, earlier peak time, and

longer duration; and the signals are robust using aerosol indi-

cators based on both aerosol optical depth and cloud droplet

number concentration. In-depth analysis reveals that the first

two characteristics occur in the presence of (absorbing) black

carbon aerosols and that the third is related to more (scat-

tering) sulfate aerosols and is sensitive to moisture abun-

dance. Cloud changes are also evident, showing increases in

cloud fraction, cloud top pressure, the liquid/ice cloud optical

thickness and cloud water path and a decrease in ice cloud ef-

fective radius; and these changes are insensitive to moisture.

Finally, the mechanisms for heavy rainfall characteristics are

discussed and hypothesized.

1 Introduction

Aerosols modify the hydrologic cycle through direct radia-

tive and indirect cloud adjustment effects (IPCC, 2013). The

direct effect, by absorbing and scattering solar radiation,

leads to heating in the atmosphere (e.g., Jacobson, 2001;

Lau et al., 2006) and cooling on the surface (Lelieveld and

Heintzenberg, 1992; Guo et al., 2013; Yang et al., 2018),

causing changes in atmospheric vertical static stability and

subsequently modulation of rainfall (e.g., Rosenfeld et al.,

2008). On the other hand, water-soluble aerosols serving

as cloud condensation nuclei (CCN) affect the warm-rain

and cold-rain processes by influencing the cloud droplet

size distributions, cloud top heights and other cloud prop-

erties (Jiang et al., 2002; Givati and Rosenfeld, 2004; Chen

et al., 2011; Lim and Hong, 2012; Tao et al., 2012). For

Beijing–Tianjin–Hebei (BTH) the significant increase in pol-

lution in recent decades has raised issues concerning aerosol–

radiation–cloud–precipitation interactions. While the impact

of aerosols on light rainfall or warm-rain processes is in gen-

eral agreement among studies for this region (e.g., Qian et

al., 2009), the uncertainties of the effects on heavy convective

rainfall are still large (Guo et al., 2014; Wang et al., 2016).

The clouds that can generate heavy convective rainfall in

the BTH region usually contain warm clouds, cold clouds

and mixed-phase clouds (e.g., Guo et al., 2015). Because the

aerosol–cloud interactions in different types of clouds are

distinct (Gryspeerdt et al., 2014b), the aerosol indirect ef-

fect during heavy rainfall is more complicated than its di-

rect effect (Sassen et al., 1995; Sherwood, 2002; Jiang et

al., 2008; Tao et al., 2012). For warm clouds, by serving

as CCN that nucleate more cloud droplets, aerosols can in-

crease cloud albedo, the so-called albedo effect or Twomey

effect (Twomey, 1977), lengthen the cloud lifetime, the so-

called lifetime effect (Albrecht, 1989), and enhance thin

cloud thermal emissivity, the so-called thermal emissivity ef-
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fect (Garrett and Zhao, 2006). The above effects tend to in-

crease the cloud microphysical stability and suppress warm-

rain processes (Albrecht, 1989; Rosenfeld et al., 2014). For

cold clouds and mixed-phase clouds, many studies reported

that the cloud liquid accumulated by aerosols is converted

to ice hydrometeors above the freezing level, which invigo-

rates deep convective clouds and intensifies heavy precipita-

tion, the so-called invigoration effect (Rosenfeld and Wood-

ley, 2000; Rosenfeld et al., 2008; Lee et al., 2009; Guo et

al., 2014). The Twomey effect infers that aerosols serving

as CCN that increase the cloud droplets could reduce cloud

droplet size within a constant liquid water path (Twomey,

1977). However, the opposite results of the relationship be-

tween aerosols and cloud droplet effective radius were re-

ported in observations (Yuan et al., 2008; Panicker et al.,

2010; Jung et al., 2013; Harikishan et al., 2016; Qiu et al.,

2017), which might be related to the moisture supply near

the cloud base (Yuan et al., 2008; Qiu et al., 2017). Besides,

the influence of aerosols on ice clouds also depends upon the

amount of moisture supply (Jiang et al., 2008). Therefore,

how the aerosols modify the heavy convective rainfall and

associated cloud changes has not been agreed upon, particu-

larly when considering the different moisture conditions.

Heavy convective rainfall over the BTH region usually oc-

curs within a few hours; thus, studying the relationship be-

tween aerosols and rainfall diurnal variation could deepen

our understanding of aerosol effects on heavy rainfall. Sev-

eral previous studies have found that aerosols are related to

the changes in the rainfall diurnal variation in other regions

(Kim et al., 2010; Gryspeerdt et al., 2014b; Fan et al., 2015;

Guo et al., 2016; Lee et al., 2016). However, the above stud-

ies do not address the change in cloud properties and its sen-

sitivity to different conditions of moisture supply. Although

our recent work over the BTH region (Zhou et al., 2018) at-

tempted to remove the meteorological effect including circu-

lation and moisture and found that the peak of heavy rainfall

shifts earlier on the polluted condition, it only excluded the

extreme moisture conditions and focused on the aerosol ra-

diative effect on the rainfall diurnal variation. Therefore, this

study aims to deepen the previous study (Zhou et al., 2018)

by investigating the following questions: (1) how do aerosols

modify the behaviors of the heavy rainfall diurnal variation,

including the start time, peak time, duration and intensity?

And what are the roles of absorbing aerosols and scatter-

ing aerosols in them with inclusion of moisture? (2) How

do aerosols influence the associated cloud properties with in-

clusion of moisture? To solve the above questions, we used

aerosol optical depth (AOD) as a macro indicator of aerosol

pollution and cloud droplet number concentration (CDNC)

as a micro indicator of CCN served by aerosols, respectively,

to compare the characteristics of heavy rainfall diurnal vari-

ation and associated cloud properties between clean and pol-

luted conditions. We also applied the aerosol index (AI) to

distinguish the different effects of absorbing aerosols and

scattering aerosols. In addition, we used the specific humid-

Figure 1. Selected rainfall stations (blue dots) and topography

(shading, units: m) in the BTH region (red box, 36–41◦ N, 114–

119◦ E).

ity (SH) at 850 hPa as an indicator of the moisture condition

to investigate the possible role of moisture in the relation-

ship between aerosols and rainfall/clouds. The paper is orga-

nized as follows. The data and methodology are introduced in

Sect. 2. Section 3 addresses the relationship between aerosol

pollution and diurnal variation of heavy rainfall, covering the

distinct characteristics of heavy rainfall diurnal variation on

the clean/polluted condition, the different behaviors of heavy

rainfall along with different types of aerosols, and the influ-

ence of moisture on the relationship between aerosols and

heavy rainfall. Section 4 describes the concurrent changes

in cloud properties associated with aerosols and compares

the possible influences of CCN (represented by CDNC) and

moisture (represented by SH) on the cloud properties. Sec-

tion 5 gives the hypothesis about the mechanisms of aerosol

effects on the heavy rainfall. Discussion and conclusions will

be given in Sect. 6.

2 Approach

2.1 Data

Four types of datasets from the years 2002 to 2012 (11 years)

are used in this study, which include (1) precipitation,

(2) aerosols, (3) clouds, and (4) other meteorological fields.

2.1.1 Precipitation

To study the diurnal variation of heavy rainfall, the gauge-

based hourly precipitation datasets are used, which were ob-

tained from the National Meteorological Information Center

(NMIC) of the China Meteorological Administration (CMA)

(Yu et al., 2007) at 2420 stations in China from 1951 to 2012.
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The quality control made by CMA/NMIC includes the check

for extreme values (the value exceeding the monthly max-

imum in daily precipitation was rejected), the internal con-

sistency check (wiping off the erroneous records caused by

incorrect units, reading, or coding) and spatial consistency

check (comparing the time series of hourly precipitation with

nearby stations) (Shen et al., 2010). Here we chose 176 sta-

tions in the plain area of the BTH region that are below the

topography of 100 m above sea level as shown in Fig. 1, be-

cause we purposely removed the probable orographic influ-

ence on the rainfall diurnal variation, which is consistent with

our previous work (Zhou et al., 2018). The record analyzed

here is the period of 2002 to 2012. We selected heavy rain-

fall days when the hourly precipitation amount is more than

8.0 mm h−1 (defined by Atmospheric Sciences Thesaurus,

1994). Here “a day” is counted from 8 local solar time (LST)

to 08:00 LST next day (00:00 to 24:00 UTC).

2.1.2 Aerosols

In this study, we used two satellite data and one reanalysis

datum to investigate the aerosol optical amount and distin-

guish the different aerosol types.

AOD is a proxy for the optical amount of aerosol particles

in a column of the atmosphere and serves as the macro in-

dicator for the division of the aerosol pollution condition in

this study, which was obtained from the MODIS (Moderate

Resolution Imaging Spectroradiometer) Collection 6 Level-

3 aerosol product with a horizontal resolution of 1◦
× 1◦ on-

board the Terra satellite (Tao et al., 2015). The quality assur-

ance of marginal or higher confidence is used in this study.

The reported uncertainty in MODIS AOD data is on the or-

der of (−0.02–10 %) and (+0.04+10 %) (Levy et al., 2013).

The Terra satellite overpass time at the Equator is around

10:30 LST in the daytime, and the satellite data are almost

missing when it is rainy during the overpass time. As shown

in Fig. 3, the occurrence of selected heavy rainfall events

in this study is mainly later than the satellite overpass time.

Therefore, the AOD used here represents the situation of the

air quality in advance of heavy rainfall appearance. Many

studies have indicated that the value of AOD is influenced by

the moisture condition, which is the aerosol humidification

effect (Twohy et al., 2009; Altaratz et al., 2013). Hence, we

comprehensively analyzed the moisture effect on the rainfall

and tried to remove the moisture effect from the relationship

between aerosols and rainfall/clouds.

The ultraviolet AI from the Ozone Monitoring Instrument

(OMI) onboard the Aura satellite, which was launched in

July 2004, is used for detecting the different types of aerosols

in this study. The OMI ultraviolet AI is a method of detecting

absorbing aerosols from satellite measurements in the near-

ultraviolet wavelength region (Torres et al., 1998). The pos-

itive values of ultraviolet AI are attributed to the absorbing

aerosols, such as smoke and dust, while the negative val-

ues of AI stand for the non-absorbing aerosols (scattering

aerosols) such as sulfate and sea salt (Tariq and Ali, 2015).

The near-zero values of AI occur when clouds and Rayleigh

scattering dominate (Hammer et al., 2018). Considering the

near-zero values have more uncertainties, we only compare

the extreme circumstances of absorbing aerosols and scat-

tering aerosols in this study. The horizontal resolution of AI

data is 1◦
× 1◦, and they cover the period of 2005 to 2012.

MACC-II (Monitoring Atmospheric Composition and

Climate Interim Implementation) reanalysis products pro-

duced by the ECMWF (European Centre for Medium-Range

Weather Forecasts) provided the AOD datasets for different

kinds of aerosols (BC, sulfate, organic matter, mineral dust

and sea salt). MACC-II reanalysis products are observation-

ally based within a model framework, which can offer a more

complete temporal and spatial coverage than observation and

reduce the shortcomings of simulation that fail in simulating

the complexity of real aerosol distributions (Benedetti et al.,

2009). The horizontal resolution of MACC-II is also 1◦
×1◦,

with the time interval of 6 h covering the period of 2003 to

2012, and the daily mean values are used in this study in or-

der to be consistent with other datasets.

2.1.3 Clouds

Daily cloud variables, including cloud fraction (CF), cloud

top pressure (CTP), cloud optical thickness (COT, liquid and

ice), cloud water path (CWP, liquid and ice) and cloud ef-

fective radius (CER, liquid and ice), were obtained from

the MODIS Collection 6 Level-3 cloud product onboard the

Terra satellite. The MODIS cloud product combines infrared

emission and solar reflectance techniques to determine both

physical and radiative cloud properties (Platnick et al., 2017).

The validation of cloud top properties in this product has

been conducted through comparisons with CALIOP (Cloud-

Aerosol Lidar with Orthogonal Polarization) data and other

lidar observations (Holz et al., 2008; Menzel et al., 2008),

and the validation and quality control of cloud optical prod-

ucts are performed primarily using in situ measurements ob-

tained during field campaigns as well as the MODIS Air-

borne Simulator instrument (https://modis-atmos.gsfc.nasa.

gov/products/cloud, last access: 24 April 2020). Consistent

with AOD, the measurement of above-cloud variables is be-

fore the occurrence of heavy rainfall.

In addition to the variables in the MODIS cloud product,

we also calculated CDNC using the joint histogram of liquid

COT and liquid CER from the MODIS Collection 6 Level-3

cloud product. CDNC is retrieved as the proxy for CCN and

also the micro indicator for separating different aerosol con-

ditions in this study. Currently, most derivations of CDNC

assume that the clouds are adiabatic and horizontally homo-

geneous; CDNC is constant throughout the cloud’s vertical

extent, and cloud liquid water content varies linearly with al-

titude adiabatically (Min et al., 2012; Bennartz and Rausch,

2017). According to Boers et al. (2006) and Bennartz (2007),

www.atmos-chem-phys.net/20/5211/2020/ Atmos. Chem. Phys., 20, 5211–5229, 2020
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we calculated CDNC (unit: cm−3) through

CDNC =
C

1/2
w

k

101/2

4πρ
1/2
w

τ 1/2

R
5/2
e

, (1)

where Cw is the moist adiabatic condensate coefficient, and

its value depends slightly on the temperature of the cloud

layer, ranging from 1 to 2.5 × 10−3 g m−4 for a temperature

between 0 and 40◦ (Brenguier, 1991). In this study, we cal-

culated the Cw through the function of the temperature (see

Fig. 1 in Zhu et al., 2018) at a given pressure that is 850 hPa.

And we have tested the sensitivity of CDNC to the amount of

Cw and found it almost stays the same when the Cw changes

from 1 to 2.5 × 10−3 g m−4. The coefficient k is the ratio be-

tween the volume mean radius and the effective radius and

varies between 0.5 and 1 (Brenguier et al., 2000). Here we

used k = 1 because we cannot get the accurate value of k and

the value of k does not influence the rank of CDNC for the

division of the aerosol condition in this study. ρw is the cloud

water density. τ and Re are the liquid COT and CER with 12

and 9 bins, respectively, in the joint histogram, and we cal-

culated the CDNC of each bin and get the grid mean CDNC

based on the probability distribution of the bin counts from

the joint histogram. To reduce the uncertainty of CDNC re-

trieval caused by the heterogeneity effect from thin clouds

(Nakajima and King, 1990; Quaas et al., 2008; Grandey and

Stier, 2010; Grosvenor et al., 2018), we selected the CF of

more than 80 %, the liquid COT of more than 4 and the liquid

CER of more than 4 µm when calculating the CDNC (Quaas

et al., 2008).

2.1.4 Other meteorological data

In this study, wind, temperature, pressure and SH data were

obtained from the ERA-Interim reanalysis datasets with 1◦
×

1◦ horizontal resolution and 37 vertical levels at 6 h inter-

vals. The daily mean values of these variables are used in the

study. ERA-Interim is a global atmospheric reanalysis pro-

duced by ECMWF, which covers the period from 1979 to

near-real time (Dee et al., 2011).

2.2 Methodology

We used both station data of gauge-based precipitation and

gridded data of aerosols, clouds and other meteorological

variables. Gridded datasets in this study were downloaded

with the horizontal resolution of 1◦
× 1◦, which is consistent

with the resolution of MODIS Level-3 products. To unify

the datasets, we interpolated all the gridded datasets onto

the selected 176 rainfall stations using the average value in a

1◦
×1◦ grid as the background condition of each rainfall sta-

tion; i.e., the stations in the same 1◦
× 1◦ grid have the same

aerosol, cloud and meteorological conditions.

2.2.1 Selection of sub-season and circulation

Consistent with our previous work, we focused on the early

summer period (1 June to 20 July), which is before the large-

scale rainy season start, in order to remove the influence of

large-scale circulation and identify the effect of aerosols on

local convective precipitation because BTH rainfall during

this period is mostly convective rainfall (Yu et al., 2007) with

heavy pollution (Zhou et al., 2018). And to unify the back-

ground atmospheric circulation, we only selected the rainfall

days with southwesterly flow, which is the dominant circula-

tion accounting for 40 % of total circulation patterns over the

BTH region during early summer (Zhou et al., 2018).

2.2.2 Classification of clean/polluted cases and

moisture conditions

With the circulation of southwesterly flow, we used two indi-

cators to distinguish the clean and polluted conditions from

macro and micro perspectives, which are AOD and CDNC.

The 25th and 75th percentiles of AOD / CDNC during the

whole rainfall days are used as the thresholds of clean and

polluted conditions, and the values are shown in Table 1.

There are 514 cases of heavy rainfall on the polluted days

and 406 cases of that on the clean days when using AOD,

and 805/812 cases on the polluted/clean condition when us-

ing CDNC (Fig. 3).

The absorbing aerosols are detected using the positive val-

ues of the AI that is named the absorbing aerosol index (AAI)

here, and we can retrieve the scattering aerosol index (SAI)

using the negative values of AI. AAI and SAI are also di-

vided into two groups using the threshold of the 25th/75th

percentile as shown in Table 1. We used AAI/SAI more than

the 75th percentile as the extreme circumstances of absorb-

ing/scattering aerosols to compare their impacts on the heavy

rainfall. The sample numbers are 375 and 550, respectively,

for the extreme AAI and SAI cases. Using the same method,

we chose cases with more BC/sulfate when the AOD of

BC/sulfate is larger than the 75th percentile of itself during

all rainy days and cases with less BC/sulfate when that is

less than the 25th percentile of itself in the same situation.

Accordingly, we selected 459 heavy rainfall cases with more

BC and 274 cases with less BC. Similarly, 361 cases with

more sulfate and 419 cases with less sulfate were selected

(Fig. 6).

The SH at 850 hPa is used as the indicator of moisture con-

dition under the cloud base. We chose wet cases when the SH

on that day is larger than the 75th percentile of it and chose

dry cases when the SH on that day is less than the 25th per-

centile of it during the whole rainy days (the thresholds are

shown in Table 1).
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Table 1. The indicators of aerosols and moisture used in the study and their sources, begin times and the thresholds (25th and 75th percentiles).

The end time of all data is to 2012.

Indicator Source Begin time
Thresholds

25th percentile 75th percentile

AOD MODIS 2002 0.98 2.00

CDNC (cm−3) MODIS 2002 80.70 199.08

AAI OMI 2005 0.13 0.52

SAI OMI 2005 −0.13 −0.35

AOD of BC MACC 2003 0.04 0.06

AOD of sulfate MACC 2003 0.46 0.87

SH at 850 hPa (g kg−1) ERA-Interim 2002 9.96 12.95

2.2.3 Statistical analysis

We adopted the probability distribution function (PDF) to

compare the features of heavy rainfall and cloud variables on

different conditions of aerosols, through which we can un-

derstand the changes in rainfall/cloud properties more com-

prehensively. The numbers of bins we selected in the study

have all been tested to better represent the PDF distribution.

A Student’s t test is used to examine the statistical signif-

icance level of the differences or correlations between the

different groups of variables.

3 Changes in heavy rainfall

In this study, we applied two indicators (AOD and CDNC) to

identify the aerosol pollution. AOD is usually used as the

macro indicator of aerosol pollution, which represents the

optical feature of aerosol particles rather than the micro CCN

(Shinozuka et al., 2015). To better identify the aerosol–cloud

interaction, we intentionally applied the CDNC as the indi-

cator of CCN (Zeng et al., 2014; Zhu et al., 2018).

We first investigated the value distribution of AOD and

CDNC over the BTH region. Figure 2a and b show the

PDFs of AOD and CDNC on the non-rainfall days, rainfall

days and heavy rainfall days, respectively. We found that the

ranges of AOD values under the above three conditions are

almost similar, that is, between 0 and 5, and their probability

peaks all occur at around 1.2 (Fig. 2a). In contrast, CDNC

shows different ranges among the three conditions, which

ranges from around 30 to 600 cm−3 on the rainfall days and

heavy rainfall days and from around 50 to 800 cm−3 on the

non-rainfall days. Besides, the proportion of low CDNC is

relatively high on the non-rainfall days (Fig. 2b). Accord-

ingly, the range of AOD remains similar, while the range of

CDNC is shortened on the rainfall days, probably because the

cloud droplets become larger on rainfall days, which could

cause the reduction of number concentration. Therefore, to

obtain comparable samples, we use the percentile method to

select respective clean and polluted cases based on the above

two indicators in order to better compare the characteristics

of heavy rainfall. Hence the heavier pollution corresponds to

a larger optical amount of aerosols measured by AOD and

more aerosols that could serve as CCN measured by CDNC.

3.1 Characteristics

Our previous study (Zhou et al., 2018) reported the distinct

peak shift of heavy rainfall diurnal variation between clean

and polluted days using the indicator of AOD over the BTH

region during early summer. Similarly to our previous study,

the PDF of the heavy rainfall peak time shows that the max-

imum of the rainfall peak is about 2 h earlier on the polluted

days (20:00 LST) than that on the clean days (22:00 LST)

(Fig. 3a). To comprehensively recognize the changes in rain-

fall diurnal variation associated with air qualities, here we

examined the PDF of the start time, the duration and the in-

tensity besides the peak time of heavy rainfall.

As shown in Fig. 3a, the start time of heavy rainfall ex-

hibits a significant advance on the polluted days. The sec-

ondary peak on the early morning is ignored here because the

early-morning rainfall is usually associated with the moun-

tain winds (Wolyn et al., 1994; Li et al., 2016) and the night-

time low-level jet (Higgins et al., 1997; Liu et al., 2012) that

is beyond the scope of this study. The time for the maximum

frequency of heavy rainfall initiation is around 6 h earlier

on the polluted days, shifting from around 00:00 LST on the

clean days to 18:00 LST (Fig. 3a). Regarding the rainfall du-

rations, the average persistence of heavy rainfall on polluted

days is 0.8 h longer than that on clean days (Table 2). Accord-

ing to the PDF shown as in Fig. 3a, the occurrence of short-

term precipitation (≤ 6 h, Yuan et al., 2010) decreases, while

that of long-term precipitation (> 6 h, Yuan et al., 2010) in-

creases. The intensity of hourly rainfall exhibits a insignifi-

cant increase on the polluted days.

The distinct behaviors of heavy rainfall diurnal variation

between clean and polluted days have been well demon-

strated using the indicator of AOD. Using CDNC as the in-

dicator of CCN, the above-mentioned results are also signif-

icant, as shown in Fig. 3b. The start time and peak time of

heavy rainfall on the polluted condition also show significant

advances compared with that on the clean condition, with the

www.atmos-chem-phys.net/20/5211/2020/ Atmos. Chem. Phys., 20, 5211–5229, 2020



5216 S. Zhou et al.: Effects of aerosols on diurnal variation

Figure 2. PDFs of (a) AOD and (b) CDNC (cm−3) (data from MODIS) on non-rainfall days (black lines), rainfall days (blue lines) and

heavy rainfall days (red lines) in southwesterly circulation during early summers from 2002 to 2012. Numbers in the legends denote the

sample number.

Figure 3. PDFs of start time (units: LST), peak time (units: LST), duration (units: hours) and intensity (units: 0.1 mm h−1) of heavy rainfall

(data from CMA) on selected clean (blue lines) and polluted (red lines) conditions, respectively, using indicators of (a) AOD and (b) CDNC

(cm−3), during early summers from 2002 to 2012.

average advances of 2.2 and 2.6 h, respectively (Table 2). The

duration of heavy rainfall on the polluted condition is also

prolonged, which is 0.5 h longer on average (Table 2). Sim-

ilarly to the results based on AOD, the difference of rainfall

intensity between clean and polluted conditions using CDNC

does not pass the 95 % statistical confidence level either.

Hence, the results using either AOD or CDNC show that

the start and peak times of heavy rainfall occur earlier and

that the duration becomes longer under pollution. We found

that the AOD and CDNC only have an insignificant positive

correlation, which denotes that the selected cases could be

different between using AOD and CDNC. The differences

between the two indicators might be attributed to the non-

linear relationship between CCN and aerosol pollution (e.g.,

Jiang et al., 2016), the misdetection of AOD when the hu-

midity is high (Boucher and Quaas, 2012), the calculation

uncertainty of CDNC, and the sampling differences between

AOD and CDNC. Since the two indicators represent aerosols

Atmos. Chem. Phys., 20, 5211–5229, 2020 www.atmos-chem-phys.net/20/5211/2020/
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Table 2. The mean values of start time (units: LST), peak time (units: LST), duration (units: hours) and intensity (units: 0.1 mm h−1) of heavy

rainfall, respectively, on the clean and polluted conditions using two indicators of AOD and CDNC, and their differences (polluted minus

clean) and significances. The numbers in the brackets stand for the standard deviations on the means. “P < 0.05” stands for the difference

that has passed the significance test of 95 %, and “P > 0.1” stands for the difference that did not pass the significance test of 90 %.

Characteristics Clean Polluted Difference Significance

of heavy rainfall AOD CDNC AOD CDNC AOD CDNC AOD CDNC

Start time 24.2 22.4 23.5 20.2 −0.7 −2.2 P < 0.05 P < 0.05

(3.9) (4.3) (4.8) (4.1)

Peak time 23.0 22.2 22.0 19.6 −1.0 −2.6 P < 0.05 P < 0.05

(4.0) (5.7) (4.8) (5.4)

Duration 4.0 5.9 4.8 6.4 0.8 0.5 P < 0.05 P < 0.05

(2.1) (3.7) (2.8) (3.9)

Intensity 164.9 166.4 169.6 163.2 4.7 −3.2 P > 0.1 P > 0.1

(98.4) (92.4) (94.3) (90.0)

Figure 4. PDFs of (a) start time (units: LST), (b) peak time (units: LST), and (c) duration (units: hours) of heavy rainfall on the days with

SAI more than the 75th percentile (blue lines, data from OMI) and days with AAI more than the 75th percentile (red lines, data from OMI),

during early summers from 2005 to 2012.

from the different perspectives, we cannot identify which one

is more reliable. Because the change in rainfall intensity is

not significant based on either AOD or CDNC, the following

analysis only focuses on studying the changes in start time,

peak time and duration of heavy rainfall along with aerosol

pollution.

3.2 Sensitivities to aerosol types

Using the indicator of AI, we further investigated the dis-

tinct behaviors of heavy rainfall diurnal variation related to

absorbing aerosols and scattering aerosols, respectively. The

PDFs of start time, peak time and duration of heavy rainfall

under the extreme circumstances of absorbing aerosols and

scattering aerosols are compared in Fig. 4. Here, we briefly

named the days with extremely large amounts of absorbing

aerosols as absorbing aerosol days and with more scattering

aerosols as scattering aerosol days. The start time of heavy

rainfall on absorbing aerosol days shows a significance ear-

lier compared with that on scattering aerosol days (Fig. 4a),

with a 0.7 h advance on average (Table 3). Similarly, the rain-

fall peak time also shows earlier on absorbing aerosol days

(Fig. 4b), with an average advance of 1.6 h (Table 3). The

rainfall duration on scattering aerosol days is longer than that

on absorbing aerosol days, which are 6.0 and 5.0 h, respec-

tively, on average (Table 3). All the above-mentioned differ-

ences between the two groups have passed the 95 % statis-

tical confidence level. The results indicate that the absorb-

ing aerosols and scattering aerosols may have different or

inverse effects on the heavy rainfall that absorbing aerosols

may generate the heavy rainfall in advance, while the scatter-

ing aerosols may delay and prolong the heavy rainfall.

To further verify the different behaviors of heavy rain-

fall diurnal variation associated with two different types of

aerosols, we purposely re-examine the above-mentioned phe-

nomena using BC/sulfate that can represent typical absorb-

ing/scattering aerosols over the BTH region. BC has its max-

imum center over the BTH region (Fig. 5a) and our previ-

ous study has indicated that the radiative effect of BC low-
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Table 3. The mean values of start time (units: LST), peak time (units: LST) and duration (units: hours) of heavy rainfall, respectively, on the

conditions with more absorbing aerosols (AAI more than the 75th percentile, from OMI), more scattering aerosols (SAI more than the 75th

percentile, from OMI), less or more BC (AOD of BC less than the 25th or more than the 75th percentile, from MACC), less or more sulfate

(AOD of sulfate less than the 25th or more than the 75th percentile, from MACC), and their differences. Numbers in the brackets stand for

the standard deviations on the means. All differences have passed the significance test of 95 %.

Characteristics Difference Less More Difference Less More Difference

of heavy rainfall AAI SAI (AAI−SAI) BC BC (more–less) sulfate sulfate (more–less)

Start time 23.4 24.1 −0.7 24.2 23.9 −0.3 24.0 24.5 0.5

(4.8) (4.4) (4.8) (4.4) (4.3) (4.4)

Peak time 21.0 22.6 −1.6 23.4 22.3 −1.1 23.2 22.9 −0.3

(5.3) (5.1) (5.3) (4.0) (4.5) (4.8)

Duration 5.0 6.0 −1.0 4.8 4.6 −0.2 4.0 5.5 1.5

(3.1) (3.8) (2.6) (2.7) (2.1) (3.0)

Figure 5. Percentages of AOD for (a) BC and (b) sulfate from MACC reanalysis data in summers (June–August) during 2002 to 2012.

level warming may facilitate the convective rainfall gener-

ation (Zhou et al., 2018). The percentage of sulfate is also

large over the BTH region (Fig. 5b) and sulfate is one of the

most effective CCN that influence the precipitation in this

region (Gunthe et al., 2011). Accordingly, we selected the

cases with different AOD of BC and sulfate to compare their

roles in the diurnal variation of heavy rainfall. The methods

have been described in Sect. 2.2.2. The PDFs of the start

time, peak time and duration of heavy rainfall in the cases

with more/less BC are shown in Fig. 6a, respectively. The

most striking result is that the maximum frequency of rain-

fall start time in the more BC cases evidently shifts earlier

(Fig. 6a). Meanwhile, the mean peak time in the more BC

cases shows 1.1 h earlier than that in the less BC cases (Ta-

ble 3). And the duration of heavy rainfall is slightly shortened

by the averaged 0.2 h in the more BC cases. The features in

the more BC cases are consistent with the above results of

absorbing aerosols. In contrast, when the sulfate has a larger

amount, the mean start time of rainfall is delayed by 0.5 h,

while the duration shows a significant increase by 1.5 h on

average (Table 3). The behaviors in the more sulfate cases are

also similar to the above results of scattering aerosols, except

for the peak time that shows later in the scattering aerosol

cases but a little earlier in the more sulfate cases (Table 3).

3.3 Influence of moisture

Moisture supply is an indispensable factor for the precipita-

tion formation, and it also has an important impact on AOD

(Boucher and Quaas, 2012). Since the southwesterly circu-

lation can transport not only pollutants, but also plenty of

moisture to the BTH region (Wu et al., 2017), more pollu-

tion usually corresponds to more moisture for the BTH re-

gion (Sun et al., 2015), so that it is hard to completely re-

move the moisture effect on the above results in a pure ob-

servational study. Here we attempt to recognize the moisture

effect on the heavy rainfall to further understand the above

aerosol-associated changes. Because the moisture supply for

BTH is mainly transported via low-level southwesterly circu-

lation, we purposely used the SH at 850 hPa as the indicator

of moisture condition.

Using the similar percentile method, we compared the

heavy rainfall characteristics in the relatively wet (SH more

than the 75th percentile) and relatively dry (SH less than the

25th percentile) environments regardless of the aerosol con-

dition, as shown in Fig. 7a. The results show that the start

time of heavy rainfall is delayed by 0.9 h, the peak time is

0.6 h earlier and the duration is prolonged by 2.0 h on average

in the wet environment, which is similar to the results of the
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Figure 6. PDFs of start time (units: LST), peak time (units: LST) and duration (units: hours) of heavy rainfall on the different conditions of

(a) BC and (b) sulfate. Blue/red lines stand for the condition of less/more BC or sulfate (AOD of BC or sulfate less than the 25th/more than

the 75th percentile, data from MACC) during early summers from 2003 to 2012.

more sulfate cases. Besides, the same results are obtained us-

ing a different moisture indicator, e.g., the 850 hPa absolute

humidity. These results indicate that the advance of a heavy

rainfall start time on the polluted days is not caused by more

moisture supply, while the longer duration and earlier peak

in the more sulfate cases might be related to the increased

moisture. To further identify the role of sulfate, we examined

the sensitivities of the results associated with sulfate under a

different moisture condition. In the dry (SH less than the 25th

percentile) and intermediate cases (SH between the 25th and

75th percentiles), the heavy rainfall still shows a later start

time, earlier peak and longer duration with the increase in

sulfate, while the change in peak time is not significant in the

dry cases; in the high-moisture cases (SH more than the 75th

percentile), it shows an earlier peak and shorter duration in

the more sulfate cases. Therefore, we suppose that the impact

of sulfate aerosols on the heavy rainfall is sensitive to mois-

ture, and notably the sulfate could contribute to the longer

duration in the polluted cases when it is relatively dry.

We also investigate the distributions of moisture and rain-

fall behaviors in the clean and polluted cases, respectively,

using AOD and CDNC (Fig. 7b, c). The results show that

the relationship between moisture and rainfall start time/peak

time/duration is not linear. The distribution of SH exhibits a

slight increase with pollution in the AOD cases, indicating

that the polluted cases selected by AOD are accompanied by

more moisture than the clean cases. However, when fixing

the moisture at a certain range, especially at the relatively dry

condition (for example, the SH between 8 and 12 g kg−1),

we can detect the similar phenomena of earlier start/peak

time and longer duration in the polluted cases based on ei-

ther AOD or CDNC. To further clarify the characteristics

of heavy rainfall associated with pollution, we removed the

samples with high SH (SH more than the 75th percentile)

and found that the results in Sect. 3.1 remain; that is, the

start/peak time of heavy rainfall is in advance and the dura-

tion is prolonged with the increase in AOD / CDNC when SH

is less than 12.95 g kg−1 (75th percentile) (Fig. 8).

The above results indicate that the advance of heavy rain-

fall start in the polluted cases is independent of moisture con-

dition, while the advance of peak time and longer duration

could be influenced by the moisture effect. For the earlier

peak time of heavy rainfall, we suppose the role of BC (ab-

sorbing aerosols) might be dominant because the change in

peak time in the former analysis is more significant (Table 3),

although the sulfate and moisture also have a positive contri-

bution. The increased sulfate (scattering aerosols) contributes

to the longer duration of heavy rainfall (Fig. 6b), but the role

of sulfate is somewhat sensitive to the moisture condition.

With the increase in sulfate, the duration is longer when the

moisture condition is relatively dry, while it becomes shorter

when it is extremely wet. Overall, when removing the ex-

tremely high moisture cases, the earlier start/peak time and

longer duration of heavy rainfall associated with aerosol pol-

lution are significant.
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Figure 7. (a) PDFs of start time (units: LST), peak time (units:

LST), and duration (units: hours) of heavy rainfall with less mois-

ture (blue lines, SH at 850 hPa less than the 25th percentile, data

form ERA-Interim) and more moisture (red lines, SH at 850 hPa

more than the 75th percentile, data from ERA-Interim). (b) and (c)

are scatter distributions of SH start time/peak time/duration for

clean cases (blue points) and polluted cases (red points), respec-

tively, using AOD and CDNC. Green lines stand for the start/peak

time at 08:00 LST or the duration is 0 h. Positive (negative) values

stand for the hours away from 08:00 LST or 0 h in clean (polluted)

cases. Blue (red) lines stand for the mean values of rainfall charac-

teristics at each integer of SH in clean (polluted) cases.

4 Changes in clouds

To understand the cloud effect of aerosols during heavy rain-

fall, we need to recognize the associated cloud characteristics

on the clean and polluted conditions. The cloud properties we

used were obtained from the satellite product that was mea-

sured at the same time with aerosols before the occurrence

of heavy rainfall. The differences of cloud features were ex-

amined in both macroscopic (including CF, CTP, COT and

CWP) and microscopic properties (including CER) on the

clean and polluted conditions based on AOD and CDNC, re-

spectively.

4.1 Characteristics

Using AOD as the macro aerosol indicator, as shown in

Fig. 9, the PDF distribution shows that the CF on the pol-

Figure 8. PDFs of start time (units: LST), peak time (units: LST),

and duration (units: hours) of heavy rainfall on selected clean (blue

lines) and polluted (red lines) conditions with SH at 850 hPa (from

ERA-Interim) less than the 75th percentile, respectively, using in-

dicators of (a) AOD and (b) CDNC (cm−3), during early summers

from 2002 to 2012.

luted condition is evidently larger than that on the clean con-

dition. The average CF is 62.8 % on the clean condition and

89.3 % on the polluted condition (Table 4). The average CTP

on the polluted condition is 487.3 hPa, which is larger than

442.3 hPa on the clean condition, indicating that the cloud

top height is lower on the polluted days. The COT, CWP and

CER were further analyzed for the liquid and ice portions

of clouds as shown in Fig. 9. Both liquid and ice COT on

the polluted condition exhibit significant increases compared

with that on the clean condition. The mean amount of liquid

COT is increased by 3.1, and ice COT increases by 6.2 (Ta-

ble 4). Similarly to COT, the amounts of liquid and ice CWP

also increase under pollution, which increase by 33.6 and

88.2 g m−2, respectively. In addition, the liquid CER is in-

creased by 0.8 µm and the ice CER is decreased by 2.8 µm on

the polluted days. The differences of the above-cloud prop-

erties between clean and polluted cases have all passed the

95 % statistical confidence level.

Using CDNC as the micro aerosol indicator, the above-

mentioned changes in cloud properties are consistent with

that using AOD, except for liquid CER (Fig. 9). Since the

calculation method of CDNC is not independent of the liq-

uid COT and liquid CER, we would not directly compare

the results of liquid COT and CER based on CDNC with

those based on AOD here. But according to other variables

that are independent of the CDNC calculation, we found that

the cases with more CDNC are accompanied by the increase

in CTP, ice COT and liquid and ice CWP, which increase

by 90.2 hPa, 24.4, 112.4 and 224.1 g m−2, respectively (Ta-

ble 4), all of which are consistent with the results based on

AOD. The CER of ice clouds also shows a consistent de-
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Table 4. The mean values of CF (units: %), CTP (units: hPa), COT (liquid and ice, units: none), CWP (liquid and ice, units: g m−2) and CER

(liquid and ice, units: µm) from the MODIS C6 cloud product on the clean condition (less than the 25th percentile) and polluted condition

(more than the 75th percentile) using two indicators of AOD and CDNC. Numbers in the brackets stand for the standard deviations on the

means. The differences between clean and polluted conditions have all passed the significance test of 95 %.

Clean/polluted CF CTP COT CWP CER

liquid ice liquid ice liquid ice

AOD Clean 62.8 442.3 6.9 6.7 62.8 123.1 16.7 32.0

(17.6) (149.6) (4.5) (8.5) (36.6) (168.9) (4.4) (8.7)

Polluted 89.3 487.3 10.0 12.9 96.4 211.3 17.5 29.2

(12.9) (145.7) (5.8) (17.0) (52.5) (279.3) (3.5) (9.0)

CDNC Clean 95.4 369.9 11.7 8.7 153.2 238.0 20.0 34.1

(5.7) (110.0) (12.9) (13.6) (159.0) (281.9) (2.8) (5.5)

Polluted 96.9 460.1 28.4 33.1 265.6 462.1 12.5 24.6

(4.7) (145.6) (22.3) (22.6) (210.4) (443.5) (2.0) (8.9)

Figure 9. PDFs of CF (units: %), CTP (units: hPa), COT (liquid and ice, units: none), CWP (liquid and ice, units: g m−2) and CER (liquid

and ice, units: µm) on selected clean (blue dash lines: AOD < 25th percentile; blue solid lines: CDNC < 25th percentile) and polluted (red

dash lines: AOD > 75th percentile; red solid lines: CDNC > 75th percentile) heavy rainfall days. All cloud variables are obtained from the

MODIS C6 cloud product.

crease by 9.5 µm on the polluted condition based on CDNC.

We noticed that the changes in COT/CWP/CER for both liq-

uid and ice based on CDNC are much larger than that based

on AOD, which indicates that these cloud properties might be

more sensitive to the indicator of CDNC rather than AOD.

According to the above comparison, the concurrent

changes in cloud properties along with heavy rainfall show

consistent results using the two aerosol indicators (AOD and

CDNC). The pollution corresponds to the increase in CF, ice

COT, liquid and ice CWP but the decrease in cloud top height

(the increase in CTP corresponds to the decrease in cloud

top height) and ice CER. The liquid COT and liquid CER are

also increased with the enhanced pollution in the AOD analy-

sis. Besides, the above-mentioned results exhibit significance

when we limited the moisture to the drier condition (SH less

than the 25th percentile) or intermediate condition (SH be-

tween the 25th and 75th percentiles). When the moisture is

higher (SH more than the 75th percentile), the change in CTP

becomes insignificant based on CDNC.

According to these results, we made the following specu-

lation: first, the CF, liquid and ice COT and CWP increase

with pollution, because the aerosols serving as CCN can nu-

cleate a larger number of cloud droplets which in a moisture-

sufficient environment can hold more liquid water in the

cloud. Second, the CTP increases (the cloud top height de-

creases) under pollution, because the earlier start of the pre-
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Table 5. The mean values of CF (units: %), CTP (units: hPa), COT (liquid and ice, units: none), CWP (liquid and ice, units: g m−2) and CER

(liquid and ice, units: µm) in four groups. Numbers in the brackets stand for the standard deviations on the means. Italic numbers represent

that the differences are not significant, in which “P > 0.05” stands for the difference that did not pass the significance test of 95 %.

Group CF CTP COT CWP CER

(case number) liquid ice liquid ice liquid ice

1. Clean, dry 91.7 413.5 9.9 7.9 119.9 163.2 19.9 35.7

(123) (6.8) (129.4) (9.0) (8.9) (122.7) (180.9) (2.8) (6.2)

2. Polluted, dry 96.0 493.6 39.2 37.3 311.0 683.5 12.5 28.3

(140) (4.9) (140.1) (24.6) (22.4) (233.3) (458.0) (2.1) (8.2)

3. Clean, wet 95.6 464.3 19.2 18.0 219.4 354.9 19.2 (2.7) 32.7

(178) (6.0) (131.1) (17.9) (17.9) (216.5) (364.3) p1,3 > 0.05 (4.3)

4. Polluted, wet 97.5 462.7 (156.4) 32.2 24.6 259.0 393.3 12.8 24.0

(195) (4.7) p3,4 > 0.05 (22.0) (21.4) (219.1) (418.3) (2.1) (8.2)

cipitation process (Fig. 3) inhibits the vertical growth of

clouds. Third, the ice CER decreases under pollution using

either AOD or CDNC, because the increased cloud droplet

number leads to more cloud droplets transforming into ice

crystals and causes the decrease in ice CER (Chylek et al.,

2006; Zhao et al., 2018; Gryspeerdt et al., 2018). However,

the results of liquid CER might have uncertainties. The liq-

uid CER is increased when AOD increases (Fig. 9), which

might be related to the aerosol humidification effect, the mis-

detection of AOD and cloud water, and the earlier formation

of the clouds and precipitation on the polluted days. Since

we cannot distinguish the liquid part of mixed-phase clouds

from liquid (warm) clouds in the observation, the above-

mentioned change in liquid cloud properties might come

from that of both the liquid (warm) clouds and the liquid

part of mixed-phase clouds. Likewise, the above-mentioned

change in ice cloud properties might come from that of both

ice (cold) clouds and the ice part of mixed-phase clouds. Cur-

rently the physical processes of cold clouds and mixed-phase

clouds have not been clarified yet, including the diffusional

growth, accretion, riming and melting process of ice precip-

itation (Cheng et al., 2007, 2010), which needs numerical

model simulations to be further explored.

4.2 Sensitivities to CCN (represented by CDNC) and

moisture

Section 3.3 has shown that the diurnal variation of heavy

rainfall with more moisture supply is similar to the changes

in heavy rainfall with more sulfate aerosols. We assume that

the moisture under the cloud base and the sulfate serving as

CCN both influence the cloud properties (Yuan et al., 2008;

Jiang et al., 2008; Jung et al., 2013; Qiu et al., 2017). To iden-

tify the effect of CCN on clouds and its sensitivity to mois-

ture, using CDNC to represent CCN, we purposely investi-

gated the changes in above-cloud properties on the different

conditions of the CDNC and the low-level moisture (SH at

850 hPa), respectively.

We categorized all cases of heavy rainfall into four groups,

which are (1) clean and dry, (2) polluted and dry, (3) clean

and wet, and (4) polluted and wet, and checked the changes

in the above-cloud properties, as shown in Table 5. To re-

trieve the comparable samples, here “clean/polluted” refers

to the CDNC on that day less/more than the 25th/75th per-

centile of the CDNC among the heavy rainfall days, and sim-

ilarly, “dry/wet” refers to the SH on that day less/more than

the 25th/75th percentile of itself among the heavy rainfall

days. The average CDNC is 125.54 cm−3 on the dry condi-

tion and 120.71 cm−3 on the wet condition, and the average

SH is 11.62 and 11.73 g kg−1 on the clean and polluted con-

ditions, respectively; thus, we consider the CDNC or SH to

remain almost the same when the other condition changes.

We tested the significance of differences between groups 1

and 2, groups 1 and 3, groups 2 and 4, and groups 3 and

4. Because the CF is fixed above 80 % when calculating the

CDNC (see in Sect. 2.1.3), here the selected groups all be-

long to the condition of higher CF.

Comparing the results of groups 1 and 2, which are both

on the dry condition, we can identify the influence of CDNC

on the cloud properties, which represents the effect of CCN.

The changes in these cloud variables are the same as that in

Sect. 4.1, that the CF, ice COT and liquid and ice CWP are in-

creased on the polluted condition while the cloud top height

and ice CER are decreased based on CDNC. Among these

variables, the ice COT and liquid and ice CWP are especially

larger on the polluted condition, which are 3–5 times larger

than that on the clean condition (Table 5). On the wet con-

dition, comparing groups 3 and 4, the changes are similar in

that the CF, ice COT and liquid and ice CWP are increased

and the ice CER is decreased, but the change in CTP be-

comes insignificant. However, the changes in these variables

on the dry condition are evidently greater than that on the wet

condition, which indicates that these cloud properties might
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be more sensitive to CDNC on the dry condition. The above

comparisons indicate that with the increase in CDNC (CCN),

the CF, ice COT and liquid and ice CWP are increased, while

the ice CER is decreased regardless of the moisture amount.

Comparing the results of groups 1 and 3, we can get the

changes in cloud properties related only to moisture on the

same clean condition. A common feature is that CF, CTP,

COT and CWP both for liquid and ice exhibit increases along

with the increase in moisture. Compared with the CTP on

the clean and dry condition, it increases on both polluted and

dry condition (group 2) and clean and wet condition (group

3), but on the former condition its increase is larger, which

indicates that the influence of moisture on CTP might be

secondary compared to the CDNC (CCN) effect. Similarly,

comparing the COT/CWP in groups 2 and 3 to that in group

1, the increases in COT and CWP both for liquid and ice

in group 2 are much larger than that in group 3, which in-

dicates that the influences of moisture on COT and CWP

may not overcome the influence of CCN. With the increase

in moisture, the change in liquid CER is not significant on

the same clean condition, but the ice CER is significantly

decreased. On the polluted condition, comparing groups 2

and 4, we found the COT and CWP both for liquid and ice

on the wet condition are evidently smaller than that on the

dry condition, which indicates that increasing the moisture

might partly compensate for the influence of CDNC (CCN)

on COT/CWP. Besides, the liquid CER exhibits a slight in-

crease with increased moisture in the same polluted environ-

ment, which may further support the idea that the increased

CCN could nucleate more cloud water with increased mois-

ture.

The results above indicate that both CDNC (CCN) and

moisture have impacts on cloud properties. They both con-

tribute to the increases in CF, CTP, COT and CWP, in which

the influences of CDNC (CCN) on COT and CWP are signifi-

cantly larger than moisture. The increases in both CDNC and

moisture correspond to the significant decrease in ice CER,

while only the increase in CDNC corresponds to the decrease

in liquid CER, and that might be ascribed to the calcula-

tion method of CDNC. To reduce the uncertainties, we have

tested the SH at different levels (e.g., 700 and 800 hPa) and

different moisture indicators (e.g., absolute humidity) to ver-

ify these results and found that most cloud variables show

similar changes, except for the CTP and the liquid CER,

which indicates that the changes in CTP and liquid CER are

more sensitive and have larger uncertainties. Since the be-

haviors of cloud changes are similar along with the increase

in either CDNC (CCN) or moisture but more sensitive to the

former, the results in Sect. 4.1 might actually reflect the com-

bined effect of CCN and moisture, and the aerosol (CCN)

effect on these cloud properties might be dominant on the

polluted days.

Therefore, considering the results from this subsection and

Sect. 3.3 that with the increase in aerosols, the changes in

cloud features become smaller in the higher moisture envi-

ronment than that in the drier environment and the duration

of heavy rainfall is relatively shortened when it is extremely

wet (Sect. 3.3), we speculate that the sulfate (CCN) effect

might be suppressed in a relatively wet environment. Due to

the limitations of observational study, we currently cannot

figure out the respective roles of aerosols and moisture.

5 Hypothesis

According to all the above results, we have made hypothe-

ses about the aerosol effects on the heavy rainfall over the

BTH region. In Sect. 3.1 we found that the heavy rainfall has

earlier start and peak times and a longer duration on the pol-

luted condition. And afterwards, the earlier start of rainfall

under pollution was found to be related to absorbing aerosols

mainly referring to BC (Figs. 4a and 6a). We also compared

the effect of BC on the associated clouds. Figure 10a shows

that the CF larger than 90 % rarely occurs in the more BC

environment, which might be associated with the semi-direct

effect of BC (Ackerman, 2000) or the fact that estimated in-

version strength and BC co-vary. This result indicates that

the influence of BC on the heavy rainfall in Fig. 6a is mainly

due to the radiative effect rather than the cloud effect. The

mechanism of the BC effect on the heavy rainfall can be in-

terpreted by our previous study (Zhou et al., 2018) as BC ab-

sorbs shortwave radiation during the daytime and warms the

lower troposphere at around 850 hPa and then increases the

instability of the lower to middle atmosphere (850–500 hPa),

so that it enhances the local upward motion and moisture

convergence. As a result, the BC-induced thermodynamic in-

stability of the atmosphere triggers the occurrence of heavy

rainfall in advance. Thus, the low-level heating effect of BC

might play a dominant role in the beginning of rainfall, espe-

cially before the formation of clouds during the daytime.

The delayed start of heavy rainfall with scattering aerosols

in Fig. 4a and more sulfate in Fig. 6b is consistent with

many studies that both the radiative effect and cloud ef-

fect of sulfate-like aerosols could delay or suppress the oc-

currence of rainfall (Guo et al., 2013; Wang et al., 2016;

Rosenfeld et al., 2014). Sulfate-like aerosols as scattering

aerosols could prevent the shortwave radiation from arriv-

ing at the surface, thus cooling the surface and stabilizing

the atmosphere, which suppresses the formation of rainfall

(Guo et al., 2013; Wang et al., 2016). Sulfate-like aerosols

serving as CCN can also suppress the rainfall by cloud ef-

fects by reducing the cloud droplet size and thus suppress-

ing the collision–coalescence process of cloud droplets (Al-

brecht, 1989; Rosenfeld et al., 2014). Figure 10b shows that

in contrast with BC, the CF larger than 90 % is significantly

increased in the more sulfate environment, which indicates

that the sulfate-like aerosols might have more evident influ-

ence on the clouds and that subsequently the rainfall changes

associated with sulfate are probably due to the cloud effects.

Another significant feature is the longer duration of heavy
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Figure 10. PDFs of CF (units: %, data from MODIS), respec-

tively, for the conditions of less BC/sulfate (blue lines, AOD of

BC/sulfate less than the 25th percentile, data from MACC) and

more BC/sulfate (red lines, AOD of BC/sulfate more than the 75th

percentile, data from MACC) cases with heavy rainfall during 10

early summers (2003–2012).

rainfall in the scattering aerosol cases, more sulfate cases

and high moisture cases (Figs. 4c, 6b and 7a). We speculate

that the longer duration is caused by both the cloud effect

of sulfate-like aerosols and the increased moisture supply,

because increasing either CCN or the moisture can increase

cloud water (Sect. 4.2), which could lead to the longer rain-

fall duration. To further investigate the mechanism of longer

duration, we need the assistance of numerical model simula-

tions in future work.

Accordingly, we speculate that the earlier start time of

heavy rainfall related to absorbing aerosols (BC) is due to

the radiative heating of absorbing aerosols, while the longer

rainfall duration is probably caused by both the cloud effect

of sulfate-like aerosols and the increased moisture supply. As

a summary we use a schematic diagram (Fig. 11) to illustrate

how aerosols modify the heavy rainfall in the meteorologi-

cal background of southwesterly flow over the BTH region.

On the one hand, BC heats the lower troposphere, chang-

ing the thermodynamic condition of the atmosphere, which

increases the upward motion and accelerates the formation

of clouds and rainfall. On the other hand, the increased up-

ward motion transports more sulfate-like particles and mois-

ture into the clouds, so that the increased aerosols serving

as CCN could nucleate more cloud water, thus prolonging

the duration of rainfall. As a result, the earlier start and peak

times and longer duration of heavy rainfall over the BTH re-

gion might be due to the combined effect of the aerosol ra-

diative effect and aerosol cloud effect. To further verify the

individual effect, we need to conduct numerical model simu-

lations in our future study.

6 Discussion and conclusions

6.1 Discussion

In this study we used two aerosol indicators, AOD and

CDNC, which discriminate the pollution levels for different

purposes. AOD is a good proxy for the large-scale pollution

level, but it stands for the optical feature of aerosols and can-

not well represent CCN when we focused on the aerosol–

cloud interaction (Shinozuka et al., 2015). CDNC is a better

proxy for CCN compared with AOD, which facilitates the

study on the cloud changes associated with aerosol pollu-

tion. But the retrieved CDNC has larger uncertainties. First,

the assumptions in the calculation of CDNC are idealized

that CDNC is constant with height in a cloud and cloud liq-

uid water increases monotonically in an adiabatic environ-

ment (Grosvenor et al., 2018), but the target of this study is

the convective clouds with rainfall that may be not consis-

tent with the adiabatic assumption. Second, as indicated by

Grosvenor et al. (2018), the uncertainties in the pixel-level

retrievals of CDNC from MODIS with 1◦
× 1◦ spatial reso-

lution can be above 54 %, which come from the uncertainties

of parameters and the original COT and CER data used in

the calculation, and also the influence of the heterogeneity

effect from thin clouds. To reduce the influence of the het-

erogeneity effect as much as possible, we have attempted to

limit the conditions of CF, liquid COT and CER when cal-

culating CDNC in the study. Besides, this study primarily

focuses on the relative changes in CDNC, which may also be

influenced by the potential systematic biases in the CDNC

calculation, but actually reduced the uncertainties of absolute

values. Another problem with CDNC in this study is that the

CDNC could be influenced by updraft velocity because both

increased CCN and updraft velocity could enhance aerosol

activation and increase CDNC (Reutter et al., 2009). Since

we cannot get any in-cloud long-term updraft data, we used

the vertical velocity at 850 hPa obtained from ERA-Interim

reanalysis data to roughly represent the cloud base updraft

and investigated the possible relationship between CDNC

and updraft. The results show that there is no significant cor-

relation between CDNC and vertical velocity, although the

updraft is relatively intensified in the polluted cases. We also

examined the change in rainfall based on CDNC under three

certain ranges of vertical velocity (less than the 25th per-

centile, between the 25th and 75th percentiles and more than

the 75th percentile) and found that the primary results are

similar.

In addition to AOD and CDNC, we also applied ultravio-

let AI and AOD of BC/sulfate to identify different types of

aerosols. We found that the AI has a weak positive correla-

tion with AOD from MODIS, which indicates the results on

absorbing aerosol days might represent the results on pol-

luted days if identified by AOD. To avoid the uncertainty, we

re-examined the results using AI when removing the polluted

cases identified by AOD and found that the major results re-
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Figure 11. A schematic diagram for aerosol impacts on heavy rainfall over the Beijing–Tianjin–Hebei region.

main. The comparisons of BC/sulfate AOD cases also have

uncertainties because they are retrieved from MACC reanal-

ysis data. Although the above four indicators have their own

uncertainties, currently we cannot find more reliable datasets

in a long-term observational record. The major findings using

these four indices could well identify the changes in rainfall

and clouds accompanied by aerosols, but are insufficient to

clarify the aerosol effect on clouds and precipitation.

This study has clearly identified the relationship of the

aerosol pollution and the diurnal changes in heavy rainfall

and associated clouds over the BTH region. However, al-

though this work has attempted to exclude the impacts from

the meteorological background, particularly circulation and

moisture, the observation study still has its limitations on

studying aerosol effects on rainfall and clouds: first, the ob-

servational datasets have their noise and uncertainty, includ-

ing the misdetection of CF in the satellite product when AOD

is large (Brennan et al., 2005; Levy et al., 2013) and the mu-

tual interference between liquid and ice clouds (Holz et al.,

2008; Platnick et al., 2017); second, the meteorological co-

variations cannot be completely removed, thus bringing un-

certainties of the results: e.g., the meteorology might affect

the relationship between AOD and CF (Quaas et al., 2010;

Grandey et al., 2013) and the relationship between AOD and

CTP (Gryspeerdt et al., 2014a); third, the different types of

aerosols cannot be completely well separated, although we

used the AI index and AOD of BC/sulfate to identify the re-

spective effects of absorbing aerosols and scattering aerosols.

In addition, we selected the extreme ranges of AOD / CDNC

to compare the characteristics of heavy rainfall and associ-

ated clouds, which could bring such uncertainties that these

extreme conditions might be related to distinct microphys-

ical processes or meteorological backgrounds. We further

examined the results using the middle range of AOD and

CDNC such as 25th–50th percentile versus 50th–75th per-

centile. The results are basically the same except that the

peak time change is not significant based on AOD. Numeri-

cal model simulations are necessarily applied to further study

on the specific impact of aerosols on the heavy rainfall. And

the detailed processes of aerosol effect on the precipitation

formation of mixed-phase and cold clouds also needs further

exploration in our future study.

6.2 Conclusions

Using the gauge-based hourly rainfall records, aerosol and

cloud satellite products and high temporal resolution re-

analysis datasets during 2002–2012, this study investigated

the different characteristics of heavy rainfall on the diur-

nal timescale on the clean and polluted conditions, respec-

tively. Based on the macro and micro aerosol indicators, in-

cluding AOD from the MODIS aerosol product and calcu-

lated CDNC from the MODIS cloud product, three signifi-

cant features of heavy rainfall diurnal change associated with

aerosols are found; that is, the rainfall start and peak times

occur earlier and the duration becomes longer under pollu-

tion.

The different relationships of absorbing/scattering

aerosols and the heavy rainfall diurnal changes were dis-

tinguishable using ultraviolet AI from OMI and reanalysis

AOD of two aerosol types (BC and sulfate). The absorbing

aerosols (BC) correspond to the earlier start and peak times

of heavy rainfall, while the scattering aerosols (sulfate)

correspond to the delayed start time and the longer duration.

Considering the plausible effect of moisture, further analysis

indicates that the duration of heavy rainfall in the presence

of more sulfate is prolonged on the relatively dry condition,

but is shortened on the extremely wet condition.

By comparing the characteristics of cloud macrophysics

and microphysics variables, using both AOD and CDNC we

found that the CF, ice COT, and liquid and ice CWP are in-

creased on the polluted condition but that the cloud top height
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and the ice CER are reduced. Liquid COT and liquid CER

are also increased in the AOD analysis. Comparing the influ-

ences of CDNC, which represents CCN, and SH at 850 hPa,

which represents moisture, respectively, on these cloud vari-

ables, the cloud properties show consistent changes with the

increase in CDNC and moisture, but are more sensitive to the

CDNC (CCN).

According to these results, we speculate that both aerosol

radiative effect and cloud effect have impacts on the diurnal

variation of heavy rainfall over the BTH region. The heat-

ing effect of absorbing aerosols, especially BC, increases the

instability of the lower to middle atmosphere so that it gen-

erates the heavy rainfall occurrence in advance. And with the

sufficient moisture supply, the increased aerosols could nu-

cleate more liquid water in the cloud, leading to the longer

duration of heavy rainfall.
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