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Abstract Aerosol-cloud-precipitation interactions represent one of the most significant uncertainties in
climate simulation and projection. In particular, the impact of aerosols on precipitation is highly uncertain

due to limited and conflicting observational evidence. A major challenge is to distinguish the effects of
different types of aerosols on precipitation associated with deep convective clouds, which produces most of the
precipitation in East Asia. Here, we use 9-yr observations from multiple satellite-borne sensors and find that
the occurrent frequency of heavy rain increases while that of light rain decreases with the increase of aerosol
optical depth (AOD) for dust and polluted continental aerosol types. For average hourly precipitation amount,
elevated smoke tends to suppress deep convective precipitation, while dust and polluted continental aerosols
enhance precipitation mainly through the invigoration of deep convection. The invigoration effect is more
significant for clouds with higher cloud base temperature (CBT), while no significant invigoration is observed
when CBT is <12°C. A great contrast is found for the response of average hourly precipitation amount to
aerosols over ocean and land. While the prevailing continental aerosol types other than smoke increase
precipitation, the marine aerosols first enhance and then inhibit precipitation with the increase of AOD.
Moreover, our analysis indicates that the above-mentioned enhancement and inhibition effects on precipitation
are mainly caused by aerosols themselves, rather than by the covariation of meteorological factors. These
observed relationships between different aerosol types and precipitation frequency and amount provide valuable
constraints on the model forecasting of precipitation.

1. Introduction

The water circulation among atmosphere, land, surface, and ground water, that is, hydrological cycle, is crucial
for life on Earth (Gleick, 1989; Levin & Cotton, 2009). Precipitation is one of the most important links in the
hydrologic cycle, which determines the global water balance and the total amount of water resources in a re-
gion (Betts, 2007; Loaiciga et al., 1996; Morrissey & Graham, 1996). Given the manifested role of rainfall in
the hydrologic cycle, the spatiotemporal redistribution of surface precipitation caused by the small changes in
precipitating-related processes in clouds may largely affect climate and human society (Dolinar et al., 2016; Li
et al., 2019; Pincus et al., 2008; Stephens & Kummerow, 2007; Wakimoto & Srivastava, 2017).

There is growing evidence that aerosols can alter total and extreme precipitation, which has been one of hot topics
discussed in recent literature (Rosenfeld et al., 2014; Zhai et al., 2005). Among different types of clouds, deep
convective clouds (DCCs) are found to be most abundant (Jiang et al., 2016), especially in East Asia. Therefore,
understanding the response of precipitation associated with DCCs to aerosol effects is crucial for the weather
forecast and climate projection.

Increasing aerosol concentrations can either inhibit or enhance the DCCs development, leading to various,
even opposite effects on the precipitation occurrences or intensities (Fan et al., 2018; Khain et al., 2008; Koren
etal., 2005; Lin et al., 2006; Niu & Li, 2011; Rosenfeld et al., 2005; Rosenreid, 1999; Zhang et al., 2007). For ex-
ample, Teller and Levin (2006) and Jiang et al. (2008) found that the precipitation rate (PR) associated with con-
vective clouds decreases as aerosol loading increases, while others concluded that the PR tends to be enhanced
by aerosol effect (Lin et al., 2006; Martins et al., 2009). A few studies did not find a consistent precipitation
response to aerosol loading (Jones & Christopher, 2010). Many factors, for example, the analyzing location, time
period, and their scales, as well as data source and techniques used, can influence aerosol effect evaluation, likely
leading to the conflicting conclusions in previous studies (Koren et al., 2012). The underlying mechanism may be
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linked to the aerosol effect on the microphysics and dynamics of DCCs. At present, the most popular hypothesis
is the aerosol invigoration effect proposed by Rosenfeld et al. (2008), suggesting that aerosol particles acting as
cloud condensation nuclei (CCN) can reduce collision-coalescence efficiency and thereby delay precipitation by
forming small droplets, induce more condensation and freezing as the large amount of droplets are transported
aloft, and eventually intensify cloud convection due to additional latent heat release. Many observational findings
have support this viewpoint. Li et al. (2011) observed increased cloud top height (CTH) and cloud depth for
warm-based DCCs with the increase of aerosols. Cold pool effect is also suggested to have considerable inter-
fere the interaction between aerosol and DCCs associated with precipitation (Ackerman et al., 2004; Devara &
Manoj, 2013; Grant & Heever, 2014; Jiang et al., 2016; Lebo & Morrison, 2014; Pincus & Baker, 1994; Sarangi
et al., 2018; Storer & Heever, 2013; Tao et al., 2007). Recent observational evidence shows that precipitation
changes as a typical boomerang shape when aerosol increases linearly (Guo et al., 2019; Koren et al., 2014),
suggesting that aerosol net effect on precipitation tends to be saturated under polluted condition, which likely
explains the “conflicting conclusions” found in previous studies and summarized above.

In addition, quantifying aerosol impacts on DCC properties by disentangling them from other environmental
factors has been particularly challenging (Fan et al., 2016). Fan et al. (2009) found that aerosols can either sup-
press or intensify convection, depending on the intensity of vertical wind shear. Tao et al. (2007), on the other
side, suggested that the response of rainfall from mature DCCs to aerosol loading varying with the environmental
moisture and stability. For example, in humid environment the precipitation tends to be enhanced as aerosol load-
ing increases, while it tends to decrease when the atmosphere is dry and unstable. The real problem may be that
the main contributors to the discrepancy are not clear enough to predict exactly what the effect will be under what
circumstances. Thus, the aerosol effects on precipitation should be understood under various thermodynamic and
dynamic conditions, particularly for different humidity, wind shear, and atmospheric instability, as highlighted
by previous studies.

As many factors can have impact on the relationship between aerosol and DCC precipitation, identifying major
control variables is crucial for a quantitative evaluation of the net aerosol effect on DCC precipitation. Recently,
some studies proposed that aerosol types have significant impact on cloud development. Zhao, Gu, et al. (2018)
argued that the changes of ice cloud properties in response to different aerosol types are substantially different
based on satellite data analysis. Jiang et al. (2018) also found aerosols could inhibit or invigorate development
of DCC, depending on aerosol type. Because clouds are a prerequisite for precipitation formation, some research
further investigated whether specific aerosol types have important effect on DCC precipitation. Based on analysis
of multi-year satellite measurements, Huang et al. (2009) found that the decrease in precipitation in the West
African Monsoon region can be attributed to aerosol emissions with various sources, including desert dust and
biomass-burning smoke. Using satellite observations and reanalysis datasets Liu et al. (2019) found that the
enhancement of the downstream precipitation over the Tibetan Plateau is because the cloud development over
plateau is invigorated by the indirect effect of dust aerosols. The analysis on hourly precipitation observations
combined with satellite measurements of aerosol and cloud properties by Zhou et al. (2020) revealed the role of
aerosol types in changing heavy precipitation over the Beijing-Tianjin-Hebei region. Specifically, they found that
absorbing aerosols like black carbon (BC) are responsible for the earlier times of start and peak of heavy precipi-
tation, in contrast, scattering aerosols like sulfate can delay the start and make the precipitation event last longer.

However, as far as we know, previous studies have not systematically investigated the effects of different aerosol
types on DCC precipitation from observational perspective. Studies regarding the aerosol effects on DCC precip-
itation over East Asia are especially limited and often show conflicting results (Fan et al., 2012; Li et al., 2019;
Zhou et al., 2016), partly because the various aerosol types were seldom considered. In this study, we use 9-yr,
multiple satellite measurements to explore the impacts of different aerosol types on precipitation frequency and
average hourly precipitation amount. East Asia (i.e., 70°-135°E, 15°-55°N, see Figure S1), consistent with Zhao,
Gu, et al. (2018), is selected as the studying area due to its vast territory and complex terrain, intensive anthro-
pogenic emissions, and diverse aerosol types (Wang et al., 2014, 2017; Zhao et al., 2019; Zhao, Gu, et al., 2018;
Zhao, Liou, et al., 2018).
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2. Data and Methodology
2.1. Sources and Collocation of Satellite Retrievals

In our study, the collocated satellite retrievals of aerosol and cloud properties, and precipitation are mainly from
“A-Train” series satellites (or satellite-borne sensors) including CALIOP (Cloud-Aerosol Lidar with Orthogonal
Polarization) aboard Cloud-Aerosol Lidar and infrared Pathfinder Satellite Observations (CALIPSO), MODIS
(Moderate Resolution Imaging Spectroradiometer) aboard Aqua, CloudSat, and from the Tropical Rainfall Meas-
uring Mission (TRMM) for 2007-2015, as summarized in Table S1. Among these satellite retrievals, aerosol
optical depth (AOD) comes from the MYDATM (Level 2, Collection 6.1) product, which is the MODIS/Aqua
Joint Atmosphere product, a subset of datasets provided by the MODIS atmosphere team at a 10 km resolution
for aerosols and 5 km resolution for clouds (either native 5 km cloud properties or a 5 X 5 pixel sample of the
1 km cloud datasets). Column AOD is used as a proxy in this study for loadings of aerosols that interact with
DCC. We use the 3-hr Realtime TRMM multi-satellite precipitation analysis dataset (3B42 RT) in our study with
0.25° x 0.25° and 3-hr resolutions. To better elaborate how and why aerosol related with precipitation associated
with DCC, we further extracted the cloud top and base height from the 2B-CLDCLASS-LIDAR, version P1_R05
product, a combined CloudSat-CALIOP product that has the detailed cloud three-dimensional structure informa-
tion. Because cloud-base temperature is an important parameter in the activation of cloud drops (Johnson, 1980),
we derive the cloud-base temperature corresponding to the cloud base height in 2B-CLDCLASS-LIDAR using
the ERAS reanalysis products (see below for a detailed introduction to ERAS).

In this study, we collocated the above satellite retrievals including aerosol and cloud properties, and precipitation
measurements. First, we chose the profiles of CloudSat-CALIOP combined product (2B-CLDCLASS-LIDAR)
at 1.7-km along track resolution as baselines, for its higher spatial resolution and more dedicated information on
cloud vertical structure. Then, we matched aerosol, cloud and precipitation measurements from all sensors to the
baselines. Given that AOD must be sampled from the area around centering the cloud but MODIS AOD is usually
not available under cloudy condition, we searched AOD pixels from the 10 km X 10 km MYDATM product (level
2) within a 50 km radius from the CloudSat-CALIOP profiles to obtain sufficient AOD sample for average. Ac-
cording to Anderson et al. (2003), the spatial variation of lower-tropospheric aerosol extinction usually occurs on
mesoscale (specifically, 40—400 km in horizontal ranges). In other words, the spatial variation of AOD below this
scale is usually negligible (Anderson et al., 2003; Omar et al., 2013). This means that our spatially averaged AOD
can represent the AOD at the location of the CloudSat-CALIOP profiles. We chose a single-layer cloud using the
variable “cloud layer” information from 2B-CLDCLASS-LIDAR which has a 1.7 km along-track resolution and
filtered the samples with valid quality assurance flags. The CALIOP data are matched to the CloudSat-CALIOP
profiles to determine the aerosol types for each profile based on a method detailed in Section 2.2. Finally, the pre-
cipitation data were matched to the CloudSat-CALIOP profiles by selecting the closest time (within 3 hr) in the
3B42 RT/TRMM product and the corresponding 0.25° X 0.25° grid along with the CloudSat-CALIOP profiles.

To disentangle the meteorological influence from the observed relationship of aerosol and precipitation, a set
of meteorological fields (Table S1) are extracted from the fifth generation European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalysis of the global climate (ERAS). In our study, ERAS datasets
are collocated to corresponding CloudSat-CALIOP profiles by determining the nearest time in ERAS according
to the satellite overpassing time at the nearest ERAS 0.25° x 0.25° grids.

2.2. Determination of Could Types and Aerosol Types

In this study, we primarily used the 2B-CLDCLASS-LIDAR product to determine cloud types. The 2B-CLD-
CLASS-LIDAR combines CloudSat Cloud Profiling Radar (CPR) and CALIOP lidar measurements to catego-
rize clouds into stratus, stratocumulus, cumulus (including cumulus congestus), nimbostratus, altocumulus, alto-
stratus, deep convective (cumulonimbus), or high (cirrus and cirrostratus) clouds. By digesting the information of
the full cloud vertical structure measured by lidar and radar, 2B-CLDCLASS-LIDAR can not only achieve overall
cloud detection but also improve the accuracy of cloud classification. The combined measurements of CPR and
CALIOP lidar can provide more reliable cloud phase identification as well (Deng et al., 2010) because CPR can
better detect ice particles in mixed-phase clouds while lidar measurements are more sensitive in detecting liquid
droplets. Moreover, the cloud phase in 2B-CLDCLASS-LIDAR is determined for each cloud layer, providing
essential information for more accurate cloud type classification (Sassen et al., 2009; Sassen & Wang, 2008).
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Aerosol type information is determined from the CALIOP aerosol data products, 05kmMLay (Level 2, version
4.1), released in November 2016, possessing substantial improved algorithms in classifying aerosol subtypes and
selecting lidar ratio (Kim et al., 2018). The types of aerosols identified include dust, polluted dust, clean marine,
clean continental aerosols, polluted continental aerosols, elevated smoke, and dusty marine aerosols in individual
vertical layer. To our knowledge, the elevated smoke in China mainly comes from biomass burning, such as field
burning of crop residues, as well as grassland and forest fires, with BC and organic compounds being the dom-
inant compositions (Huang et al., 2016; Sun et al., 2016; Zhang et al., 2010). Before using the CALIOP aerosol
types data, a rigorous assessment of CALIOP aerosol types is warranted by making use of ground-based aerosol
property measurements from AERONET in the region. Therefore, we have evaluated the CALIOP aerosol clas-
sification over East Asia in Section S6 of the Supporting Information S1. The results show that CALIOP aerosol
types are sufficiently reliable to support the statistical analyses in this study. It is worth noting that if the aerosol
types are same for those layers identified as aerosol in all CALIOP profiles contained in a distance of 50-km from
each CloudSat-CALIOP profile, the aerosol environment is assigned with that specific type to guarantee that the
cases with mixing different types of aerosols are eliminated to the largest extent possible in the retrieval analysis
(Zhao et al., 2019). The cases with different aerosol types for different CALIOP profiles or layers within a 50-km
radius are grouped into “mixture of different types.”

3. Results and Discussion
3.1. Overall Response of Precipitation Frequency to Different Types of Aerosols

Precipitation frequency, as referred to in this article, is defined as the number of samples with measurable precip-
itation over the total number of samples in each AOD bin. The measurable precipitation here means the rainfall
measured by Precipitation Radar (PR) carried on the TRMM satellite. The minimum measurable PR detected by
PR is 0.7 mm/hr with a range resolution and horizontal resolution of 250 m and 4 km, respectively (Fisher, 2004).
Figure 1 shows the overall responses of precipitation frequencies of different intensity to different types of aer-
osols with the increase of AOD. According to the precipitation intensity classification standard from China Me-
teorological Administration (CMA), we use PR to classify precipitation into light rain (0 < PR < 1.5 mm hr™'),
moderate rain (1.5 < PR < 7 mm hr™!), and heavy rain (PR > 7 mm hr™'). PR is zero, which means that there is
no precipitation. When all aerosol types are aggregated together (“all aerosols™), the total precipitation frequency
for DCC system increases from 70% to 80% when AOD increases from 0.2 to 1.0. It also presents a significant
trend that heavy rain occurs more frequent while the occurrence of light rain becomes less as AOD increases.
This phenomenon is also obvious for the dust and polluted continental aerosol types. It is likely that these types
of aerosols have the ability to invigorate DCCs (Koren et al., 2005) and furthermore enhance the occurrences of
heavy precipitation. For other types of aerosols, the above trend is less significant.

For the elevated smoke aerosol, with the increase of AOD, the overall precipitation frequency increases (from
40% to 78%) while no heavy rain occurs when AOD >0.6. It shows that the smoke aerosol may promote the
occurrence of precipitation mainly by increasing the frequency of light and medium rain. Cloud microphysical
processes and properties like the size distribution of droplet, warm and cold rain process, as well as CTH can
vary with the changes in aerosol loading. It may be explained that when AOD is small, the aerosol invigoration
effect is relatively obvious, while when AOD is large, the radiative effect is dominant and acts to inhibit the deep
convection and heavy precipitation (Koren et al., 2008; Wang et al., 2018). For aerosols of clean and dusty ma-
rine, as well as a mixture of different types identified by CALIOP, there are no obvious signals for the responses
of frequency to increasing aerosol loadings. These phenomena may be related to the limitation of sample number
or the competition of the aerosol radiative effects and aerosol-cloud microphysical processes (Tao et al., 2012;
Zamora & Kahn, 2020).

3.2. Overall Response of Precipitation Intensity to Different Types of Aerosols

Figure 2 shows the relationships between MODIS AOD and TRMM average hourly precipitation amount and
PR for different aerosol types. The average hourly precipitation amount is calculated as the average of precip-
itation amount within an hour for all valid samples (including samples with no precipitation) over the satellite
transit time and the PR is the average of the samples with precipitation greater than zero. AOD is binned into
three groups from low to high values. For AOD over land, it is divided into AOD < 0.2, 0.2 < AOD < 0.6, and
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Figure 1. Responses of deep convective cloud (DCC) precipitation frequency to AOD for different aerosol types from 2007 to 2015. The precipitation intensity is
divided according to the China Meteorological Administration precipitation intensity standard (GB/T 28592-2012) into four levels: no precipitation (PR = 0 mm hr™!),
light rain (0 mm hr~! <PR < 1.5 mm hr~!), moderate rain (1.5 mm hr~! < PR < 7 mm hr™!), and heavy rain (PR > 7 mm hr~'). The total sample numbers of DCC are
5.4 x 10%, among them, 4.0 X 10? for clean marine, 1.4 x 10 for dust, 3.2 x 102 for polluted continental, 1.1 x 103 for polluted dust, 2.6 x 10? for elevated smoke,

1.3 x 10? for dusty marine, and 1.7 X 10° for mixture of different types of aerosols.
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Figure 2. Response of DCC average hourly precipitation amount (a) and precipitation rate (b) to AOD for different aerosol
types from 2007 to 2015. AOD is divided into 3 bins with increasing AOD values. For AOD over land, it is divided into

AOD < 0.2,0.2 < AOD < 0.6, and AOD > 0.6. The average values of AOD and precipitation of each bin are calculated. The
vertical lines denote the standard errors (o / \/ N), where N is the sample number and ¢ is the standard deviation. The sample
sizes of different types of aerosols are the same as these in Figure 1. The correlation coefficients of precipitation and AOD for
different types of aerosol are calculated and presented in the legend. All the statistical results are tested by the Student's 7-test
and the value of correlation coefficient in the parentheses marked with * is statistically significant (p < 0.01).
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AOD > 0.6. Then, the average values of AOD and average hourly precipitation amount and PR of each bin are
calculated.

When all aerosol types are aggregated together, the overall response of hourly precipitation amount to aerosol
loadings is a positive correlation in East Asia (shown by black dashed line in Figure 2a). With the increase of
AQD, the hourly precipitation amount keeps increasing, from 1.4 to 2.6 mm hr~'; the correlation coefficient is
0.11, which is statistically significant as the Student's #-test shows p < 0.01. This phenomenon is likely to be ex-
plained by the abovementioned aerosol invigoration effect (Andreae et al., 2004; Rosenfeld et al., 2008). The re-
sponses of hourly precipitation amount to aerosol loadings from different types of aerosols have distinct features.
It is obvious that in dust environment, the change of hourly precipitation amount with aerosol loadings presents
the most significant positive trend. The total hourly precipitation amount increases from 1 to 3.5 mm hr~! when
AOD increases from 0.2 to 1.1. For AOD < 0.5, the hourly precipitation amount has the largest increasing rate.
The correlation coefficient of dust AOD loadings and hourly precipitation amount is 0.20, which is statistically
significant. This is consistent with the result shown in Section 3.1 that the precipitation frequency increases with
the increase of dust aerosol. These results together indicate that the increase of dust aerosol in East Asia may
largely contribute to the rainfall enhancement in terms of both precipitation frequency and hourly precipitation
amount. The response of hourly precipitation amount to the polluted dust aerosol is also a positive signal, but
not as strong as dust type, showing a correlation coefficient of 0.08 and a p-value less than 0.01. For polluted
continental aerosol, the response of hourly precipitation amount to AOD is generally positive but not statistically
significant, with a correlation coefficient of 0.06. It is worth mentioning that the anthropogenic pollution sources
are mainly in the areas with high humidity while the dust is mainly in dry areas with less rainfall, so once it rains
in dry area, the magnitude of rainfall is likely to be more susceptible to aerosols. As for elevated smoke aerosol,
on the contrary, it shows a first increasing (AOD < 0.5) and then decreasing (AOD > 0.5) trend of hourly pre-
cipitation amount with increasing AOD. The overall correlation coefficient between hourly precipitation amount
and AOD is —0.09. This may be because the smoke aerosol is mainly an absorbing aerosol. When AOD is small,
the smoke aerosol, like other types of aerosols, has the capability of serving as CCN to form clouds and further
enhancing the precipitation due to the aerosol invigoration effect. However, when AOD is large, the atmospheric
temperature profiles can be largely modulated by the atmospheric heating caused by absorbing aerosols like
smoke and the resultant surface cooling. Also, semi-direct effect, that is, “burn out” of droplet, could be one
possible cause. As mentioned in Section3.1, this increases atmospheric stability and reduces moisture content
because of evaporation, inhibiting the convection and precipitation (Ackerman et al., 2000; Koren et al., 2008).

The response of PR (shown in Figure 2b) to various aerosol types pretty much resembles that of average hourly
precipitation amount (Figure 2a). For polluted continental aerosol, while the correlation coefficients are similar,
the detailed patterns of the response differ to some extent. This may be related to a larger statistical error of this
aerosol type due to a relatively small sample size. In general, the responses of DCC precipitation to different types
of aerosols are reinforced by the similar pattern of hourly precipitation amount and PR.

The rainfall in East Asia mainly occurs in the wet season (between May and September). We show that, with the
increase of AOD, the precipitation of different types of aerosols in wet season has the similar variations as those
for the entire years, except that the hourly precipitation amount in wet season is larger than the yearly average
value (Figure S2).

3.3. Responses Under Different Cloud Base Temperature (CBT)

According to the invigoration theory of Rosenfeld et al. (2008), invigoration occurs chiefly in warm-base con-
vective clouds, because more latent heat can be generated in the warm-base convective clouds, which promotes
the vertical development of cloud to a higher height. Many observational findings support this theory (Fan
et al., 2009; Li et al., 2011; Niu & Li, 2011; Rosenfeld et al., 2008, 2014). Thus, CBT is a crucial controlling
parameter for the aerosol invigoration effect. Therefore, we investigate the relationships between precipitation
and AOD under different CBT conditions, as shown in Figures 3a and 3b). When the CBT is less than 12°C, the
hourly precipitation amount and PR present no significant change with increasing AOD. However, when the CBT
is greater than or equal to 12°C, both the hourly precipitation amount and PR gradually increase with the increase
of AOD; the higher the CBT is, the more precipitation is promoted. There is also another possible reason that
the clouds with warm CBT are lower than those with cold CBT and are thus more easily influenced by aerosols
from surface.

HAN ET AL.

60f 13



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD036127

Precipitation amount

Precipitation rate

3.5 T 4.5 T . B
—-cBT<12 (a) --CBT<12 (b)
—-12<=CBT<20 al —-12<=CBT<20 ]

3r 22<=CBT<25 1 22<=CBT<25
—-CBT>=25 —-cBT>=25
= -F Al 3.5 ~F Al :
=25} 1z
I £
IS
= E 3f f
C
L 4 [0]
g’ :
< e 251 1
c ©
F15¢ | &
4 ol ]
g 1 15} .
05 : : : : : 1 : : : : : :
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
AOD AOD
4 Precipitation amount under CBT>12°C 9 Precipitation rate under CBT>12°C
(c) —-Dust (0.14%) (@
sl —-Polluted continental aerosol (0.05)
351 1 Polluted dust (0.14%)
—J-Elevated smoke (-0.24*)
= gl I -F Al (0.09%
< Py
€ <
£ EGF 1
5251 1 E
c
3 Ls5p ]
E | | 2
< .E 4
= L )
3 Iy 4
X415t |
~FDust (0.20%) 3l ]
—I-Polluted continental aerosol (0.09)
1t Polluted dust (0.05) . ol ]
—-Elevated smoke (-0.12)

e I R ICALD) . . . ; . ‘ . . . .

o 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
AOD AOD

Figure 3. Response of (a) hourly precipitation amount and (b) precipitation rate to AOD under the condition of different
CBT levels. (c¢) and (d) are the same as Figure 2, but for different aerosol types on the condition of CBT greater than 12°C.

To better explain the impacts of different aerosol types on the DCC precipitation system, we further explore
whether precipitation has more significant variations with AOD loadings for clouds with warm bases. Figures 3¢
and 3d) shows the response of DCC hourly precipitation amount and PR to AOD for different aerosol types on
the condition of a warm base, that is CBT greater than 12°C. Compared with the results with all CBTs included
(shown in Figure 2), the correlation of precipitation and AOD is more significant for polluted continental aerosol
and elevated smoke aerosol, as indicated by larger correlation coefficients for these types of aerosols. Except for
the smoke aerosol, all types of aerosols are positively correlated with PR.

3.4. Exclusion of Meteorological Factors

In studying the relationship between aerosol and precipitation, meteorological condition is still one possible
cause that may lead to collaborative changes between the two. Some related studies have proved that meteor-
ological conditions play a crucial rule in DCC precipitation. Tao et al. (2007) indicated the increase/decrease
of precipitation with aerosols under wet/dry environment. Recently, Xiao et al. (2021) found that the impact of
urbanization on precipitation, including anthropogenic aerosol effect, varies with different climate regions which
are associated with distinct conditions of convective available potential energy (CAPE) and humidity. In order
to test this possibility, we further analyze the relationship of hourly precipitation amount and aerosols under
different meteorological parameters by using Pearson partial correlation analysis method. Partial correlation can
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Figure 4. Pearson’s total and partial correlations between AOD and hourly precipitation amount for all samples (a), only samples in wet season (b), and only samples
with CBT > 12°C (c). The leftmost and rightmost columns denote the total correlation and partial correlations with the influence of all the 14 meteorological
parameters simultaneously removed, respectively. The remaining columns denote partial correlations with the meteorological effect removed individually. The
correlations that are statistically significant at the 0.01 level on the basis of the Student 7-test are marked with * symbol and those with statistical significance at the 0.05

level are marked with o symbol.

be used to measure the correlation between two variables (hourly precipitation amount and AOD) without the in-
terference of other possible influential variables (e.g., meteorological factors in this study; Zhao, Gu et al., 2018).
The latest reanalysis data, ERAS, is used to statistically analyze the impact of meteorological fields, including
relative humidity, wind speed, CAPE, and convective inhibition, on the relationship between AOD and precipi-
tation. Figure 4 shows the total correlations and the partial correlations between AOD of different aerosol types
and hourly precipitation amount with the influence of 14 meteorological parameters removed either individually
or simultaneously. Here, because the effect of elevated smoke on the correlation of precipitation and aerosol is
not monotonous, it is not appropriate to employ the Pearson partial correlation analysis. Figures 4a—4c show the
results for all samples for 2007-2015, samples in wet season (May—September) only, and samples with CBT
greater than 12°C only, respectively. It can be seen that for each type of aerosol, the sign of all the partial cor-
relations without the effects of any or all meteorological parameters is consistent with the counterparts of total
correlation, and the relative difference from total to all partial correlations is less than 40%, suggesting that the
most of the correlations (>60%) are due to aerosols themselves. As the meteorological factors have limited effect
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3.5. CTH for Different Types of Aerosols
T 1 In the previous sections we proposed that the observed aerosol effect on pre-
105 . . . . . . cipitation is probably attributed to the invigoration (for most aerosol types)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 or inhibition (for a high loading of smoke aerosol) of convection. In order
AOD to verify this hypothesis, one direct way is to examine the changes in CTH,

which is an indicator of convective strength.

Figure 5. Changes in CTH with the increase in AOD of different aerosol
types over land. The correlation coefficient of CTH and AOD for different In this study, we use the CTH derived from 2B-CLDCLASS-LIDAR of

types of aerosol is calculated and presented in the legend. All the statistical
results are tested by the Student’s #-test and the value of correlation coefficient
marked with * is statistically significant (p < 0.01). The error bars are derived

in the same way as in Figure 2.

CloudSat-CALIOP products to characterize the changes of cloud top char-
acteristics (Figure 5) and find that the changes of CTH with AOD of dif-
ferent aerosol types show great differences. For dust aerosol on land, the
CTH increases significantly with the increase of AOD. Compared with other
types of aerosols, invigoration is the most obvious under dust environment.
For polluted continental aerosol and polluted dust aerosol, the CTH also shows a positive correlation with the
increase AOD, but not as significant as that for the dust aerosol. This result confirms the invigoration effect of
these types of aerosols and therefore the positive trend of precipitation with the increasing AOD presented earlier
is well explained. This means that, dust, polluted continental and polluted dust aerosols indeed have the potential
to enhance the DCCs precipitation through the processes of aerosol invigoration effect. For smoke aerosol, the
CTH generally decreases with the increase of AOD, different from the results for other aerosol types. This is most
likely due to a strong absorption characteristic of the smoke aerosol, which makes the cloud droplets evaporate,
changes the cloud temperature profile, inhibits the development of convection (Ackerman et al., 2000; Koren
et al., 2008). This result well explains the phenomenon that the precipitation is suppressed in the case of high
smoke.

3.6. Comparison With Responses of Precipitation Over Ocean

Figure 6 shows the responses of hourly precipitation amount and PR to AOD of different aerosol types over
ocean. There is a big difference in aerosol impact on the precipitation of DCCs between over land (Figure 2) and
over ocean. Our observations show that terrestrial aerosols except for the smoke aerosol contribute to the increase
of hourly precipitation amount and PR. However, response of precipitation to aerosols over ocean presents first
an increasing and then a decreasing trend. Marine aerosols are further subdivided into the clean marine aerosol
and the dusty marine aerosol. The response of precipitation to aerosol loadings for the clean marine aerosol is
consistent with the overall marine aerosol, with the first increasing and then decreasing trend. When the AOD is
low (AOD < 0.25), the effect of the dusty marine aerosol on hourly precipitation amount and PR is similar to that
of the clean marine aerosol, while after AOD > 0.25, the increasing trend in hourly precipitation amount and PR
retains for dusty marine aerosol, different from the clean marine aerosol. This may be due to that dust dominates
the dusty marine aerosol when AOD > 0.25, and dusty marine aerosol largely manifests the dust characteristics
of enhancing precipitation.

Regarding the precipitation mechanism on ocean and land, Rosenfeld et al. (2008) suggested that the invigorat-
ing effect of aerosol on DCCs is different between land and ocean. With the increase of CCN, more buoyancy
is needed to promote the development of cloud. When the energy is not enough to support the development of
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Figure 6. The same as Figure 2, but for the ocean.

convective cloud, it will settle down to form rainfall. In other words, aerosol first enhances and then inhibits
deep convective precipitation with the increase of aerosol loading. Marine clouds with low CCN concentration
rain quickly and reach the tipping point earlier, while more polluted terrestrial clouds are still in the invigoration
stage. Rosenfeld et al. (2005) and Khain et al. (2005) also investigated the mechanisms of the aerosol impact on
the dynamics and microphysics of DCCs using a 2D cloud model. They found that raindrops form efficiently as
they fall through updrafts in cloud when maritime aerosols are present. However, continental-type aerosols lead
to clouds developed with larger vertical velocities and at higher levels, accompanying with heavy precipitation.

4. Conclusions and Implications

In this study, we analyze the impacts of different aerosol types on the precipitation frequency, hourly precipitation
amount, and PR associated with DCCs by using multi-source satellite observation data. The results show that
heavy rain becomes more frequent while light rain occurs less as AOD increases for dust and polluted continental
aerosol types. At the same time, with the increase of AOD, dust aerosol and polluted continental aerosol, polluted
dust aerosol can enhance hourly precipitation amount and PR, mainly due to the aerosol invigoration effect. How-
ever, for elevated smoke aerosol, increasing AOD enhances precipitation at small-to-moderate aerosol loadings
(AOD < 0.5) but inhibits precipitation at larger aerosol loadings, which may be related to the aerosol radiative
effect. Moreover, terrestrial and marine aerosols have different effects on hourly precipitation amount and PR,
which may be due to different precipitation mechanisms on the ocean and land.

Reducing the uncertainties in aerosol-cloud-precipitation interaction is a tough task and how to isolate the aerosol
effects on precipitation is challenging. One major challenge is to disentangle the effects of different aerosol types
on different types of clouds (Jiang et al., 2018). Also, most previous studies about the impact of aerosol on precip-
itation are based on limited local or cases analysis (Fan et al., 2012; Li et al., 2019; Zhou et al., 2016), from which
a long-term data analysis is lacking and the results remain controversial. In this study, we evaluate the influence
of different types of aerosols on DCC precipitation, and the changes caused by atmospheric dynamics and/or
thermodynamics are effectively minimized through the application of long-term satellite observations. The large
samples are helpful to reveal a relative general phenomenon of the influence of aerosol types on DCCs precipi-
tation over the region of interest. Also, it should be mentioned that the approach of using satellite data analysis
proposed in this study could also be applied to other regions as well. More importantly, we provide comprehen-
sive, solid observation-based evidence elaborating that the responses of DCC precipitation to aerosol loadings
differ significantly in both sign and magnitude among different aerosol types. Although different responses have
been reported in other studies for different types of aerosols, our study is concerned with more types than other
individual studies. The results are helpful for the model evaluation of aerosol-cloud interaction and can be used
as informative constraints on the future precipitation modeling.
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Although this study proposes the probable mechanisms for the impact of different aerosol types on precipitation
based on satellite-observed changes in CTH, in-depth modeling work is still needed to quantify the relative con-
tributions of different mechanisms. Which physical processes are more significant or dominant for aerosol-in-
duced changes in precipitation, for example, the radiative effects or the microphysical effects? The combination
of observations and modeling will improve our understanding of the mechanism underlying the responses of
clouds and precipitation to different aerosol types and their interplays.
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