Response to Reviewer #1:

We appreciate the reviewer who reviewed the manuscript and revision carefully and provided
insightful follow-up comments. We have tried our best to address all concerns and revised the
manuscript accordingly. The comments are in normal font. A point-by-point response is listed

as below in bold italics.

This the third around review. The authors did not take good use of the chances to address the
concerns | raised. Besides they still missed some points (examples below), they even did not
try to make effort to organize the paper and present the most important points. The paper gets
so lengthy and appears lack of organization (see the comment #1 below for an example below).
They now got 20 formal figures and 15 supplemental figures. It appears they added lengthy
text and figures to address comments but did not think of how to better organize and only
present the most important points. Another evidence showing the lack of effort in presenting
the study is that the figures are out of orders, for example, it is jumped from Figure S2 to Figure
S6 in referencing figures. The first appearance of Figure S3 and S4 is after Figure S7. The first
appearance of Figure S5 is after Figure S7 but before the first appearance of Figures S3 and

S4. The first reference to Figure 1 is also after Figure 2.

Response: Per your suggestions, the main text has been restructured and the order of the
figures in both the main text and supplement has been corrected accordingly.

I did not have time to read the whole paper but only read their response and changes and the

following corrections and clarifications are needed:

1. To address my first comment of the second round review, the authors conveniently only
added a few figures to the end of the supplemental materials and discussed it in the Summary
and Discussion section, which does not address the point. | emphasized before that the point is
to explain the opposite precipitation response at the different sectors of the system. So, to
address this point well, it is equally important to describe both the increase of the precipitation

at the convergence zone and warm sector and the decrease of the precipitation in the cold sector.



Then explain the reasons causing the increase and the decrease, respectively. Therefore, the

changes should be started from the first paragraph in P8 where Figure 3 is discussed.

Response: Thanks for your suggestions. In the latest version, we mention the cold front
system firstly. The responses of rainfall amount to increased aerosols are described at the
beginning of the result part, with increase in the warm sector and decrease in the cold sector.
Given the details discussed with enough text length, it would be tedious if we equally explain
the mechanism of both precipitation increase and decrease. It may be more appropriate to
focus on the aggravated side with precipitation enhancement where also covers most
developed cities over southern China. However, the discussion about the mechanism of the
precipitation decrease in the cold sector is revised per your suggestions in comment #4.

2. Also, the authors argued “There are lots of ice crystals with cloud ice extending up to 16 km,
indicating strong deep convection”. At the cold sector of a frontal system, generally there is no
mechanism to form deep convective clouds. It should be deep stratiform clouds, not strong
convective clouds. If this case is different from the general understanding, then needs to present
evidence such as large CAPE or large low-level upward motion to support the argument of
deep convective clouds.

Response: Figure R 1 shows the spatial distribution of CAPE on December 15 in 2013.
There is a salient gradient between the northwest and southeast of the domain 2 which is
consistent with the surface temperature gradient (Figure S3). We agree that the relatively
low CAPE over the northwest of the domain 2 suggests the stable situation there. It is more
likely to form stratiform clouds. The corresponding description has been revised in the main

text.



CAPE in 2013-12-15

24°N

23°N

22°N

21°N

20°N

110°E 112°E 114°E 116°E

[ I
200 400 600 800 1000 1200 1400 1600 1800 2000

Figure R 1. Spatial distribution of CAPE (unit: J kg) on December 15 in 2013 in the CTL run.

3. “The reduction of rain water and ice crystals (particularly in graupel) suggest that both the
warm rain and cold rain are suppressed” - wrong statement. As | emphasized previously, ice
crystals are non-precipitating particles which does not suggest precipitation information, but
graupel is precipitating particle but it is not ice crystal, it is just one type of ice particles. They
made such mistakes in terminology in many places throughout the paper. When talking about
specific hydrometeors types, you may use ice crystal (or cloud ice), snow, graupel. When you
want to take about ice particle in general covering different types, use “ice particle” not “ice

crystal”. This need to be changed throughout the paper.

Response: Thanks for your explanation and clarification. In this sentence, the ice crystals
referred to snow and graupel. The misuse of hydrometeor terminology has also been

corrected in the main text.

4. The suppressed precipitation for cold-based clouds should be mainly because the reduced
warm rain formation at the early times and reduced graupel formation at the later time period
based on Figure S12. This is a typical response of deep stratiform clouds to CCN since the
most dominant changes by aerosols for this type of clouds are collision processes including

autoconversion and riming, which are less efficient due to smaller droplet size. This should be



the major argument for the suppressed precipitation. The three reasons listed by authors are

mainly for deep convective clouds.

Response: Per your suggestions. There is a strong surface temperature gradient between the
southeast and northwest of the domain 2, indicating a front system. In the cold sector, the
clouds tends to be stratiform clouds, which is most winter precipitation falls from. We remove
the mechanism for convective clouds and revised it for stratiform clouds as you suggested.

5. The sentence in the abstract that | pointed out previously still did not make sense. As | asked
previously, how can the changes of precipitation between a polluted and clean condition

resemble that from control run since the changes mean the differences?

Response: Per you Suggestions. This sentence has been revised as “In response to 10x
aerosol emissions, the pattern of precipitation and cloud property changes resembled the
differences between CTL and CLEAN, but with a much greater magnitude.”

6. In response of #7 comments in the last round, | read their changes and still have the following
problems,

(1) “The warm rain is still suppressed before 15Z on December 15 (Figure 6¢) even though
with strong latent heat release through cloud water formation”: Warm rain will be always
suppressed with the two-moment bulk scheme with the parameterization of autoconversion.
This is very different from the treatment of in bin microphysics used in Fan et al. 2018. This
needs to be clarified. Also, warm rain means the rain formed from autoconversion. Rain mass
below O C level can be contributed by the melted particles. You only can discuss the warm rain
at the times when there are no ice particles at all above 0 C level in Figure 6c.

Response: Thanks for pointing this out. We agree that the warm rain is always suppressed
as the number of converted droplets into rain drops is inversely proportional to cloud droplet
numbers (Khairoutdinov and Kogan, 2000). This is also clarified in the main text. Per your

suggestions, the description of warm rain has been removed.

(2) “To further analyze the source of this latent heat release, following Fan et al. (2018), the



latent heat released from condensation, deposition, and freezing during cold and warm cloud
processes are diagnosed”, I do not think you can say “following Fan et al. (2018)”. The author’s
response did not give a clear description about how the latent heat is calculated. They should
not have sent a bunch of codes, instead, it should be easily described with words about how the
latent heat is calculated for each process. I think the latent heat calculation should be the part
of Morrison scheme since this is the feedback to temperature that a full coupled model should
consider. The authors should not need to add additional code for such calculation (probably
only need to find the right variable name to output it). Because the authors had wrong
statements about latent heat and also said they diagnosed it in the code before, | asked these
details to check if this important part was done and interpreted correctly. | did not get the

answer from their response.

Response: Yes, the latent heat is calculated in the Morrison scheme. However, in the
calculation, the latent heat is only derived for warm cloud and cold cloud rather than
attributed to different microphysical processes. The latent heat of each process is not
calculated based on the mass. To avoid the confusion, we revise the description as follows:

The latent heat for each process is calculated as the product of mass conversion between

different phases and its associate latent heat release rate in the model.

The Appendix A part is removed per your suggestion.

(3) P10 Line 5-28, the lengthy statements they added need to revised due to misunderstandings.
First, it is the basic cloud microphysics that latent heat from freezing is not a major component
deep clouds as | explained last round. Condensation and deposition are always the very
important condensate forming process in deep convective clouds. Second, in those past studies
that the author mentioned, when they discussed the effect from freezing changed by aerosols,
it is not just about the latent heat from freezing only, instead about the latent heat changes from
all the processes due to the change of freezing induced by aerosols. For example, when there

are more freezing, more ice crystals form, then riming and deposition will change as well.

Response: Thanks for pointing this out. Yes, latent heat release is dominated by
condensation and deposition. Sorry for the misunderstanding, we revise the description of

the marginal role of freezing by attribution to amount of latent heat. In the mentioned



literature, the effect of freezing is indeed not only due to its latent heat release. The statement
has been shortened and modified as follows:

“The latent heat released for each process, which is calculated as the product of mass
conversion between different phases and its associate latent heat release rate in the model,
is further analyzed for both cold and warm clouds (Figure 7). The salient latent heat changes
mentioned above in Figure 5g is caused by deposition in cold cloud (Figure 7e). Figure S9
shows the time-height distribution of mass and number concentrations for different
hydrometers in control run. Note the magnitude of snow and graupel mass is ten times of
that of rain water. There are affluent snow and graupel before 15Z on 15 December located
where the distinct changes in depositional heat appears. With aerosols, the snow and graupel
grows at the expenses of ice crystals and rain water via aggregation and riming, respectively
(Figure 6¢—). The former refers to the collision and coalescence of ice crystals to form snow
while the latter represents the accretion of cloud drops and rain drops by snow and graupel
to form larger graupels. These are the main processes of converting liquid mass to solid
phase, contributing to additional precipitating particles. However, the latent heat due to
riming is relatively small (Figure 7f) because the latent heat release per unit for freezing
(334 kJ kg-1) is only 1/8 of that for deposition (2256 kJ kg—1). The latent heat release due
to deposition in cold cloud is stronger than that due to condensation in warm cloud even
though the latter is also important (Figure 7a and 7e). In deep convection, the strong updraft
usually makes the atmospheric condition saturated for water which is supersaturated with
respect to ice. With the presence of snow and graupel (Figure S9), the formation of ice
particles is enhanced accompanied by additional latent heat release due to deposition
(Figure 6 and Figure 7). After 15Z on December 15, most of the snow and graupel
sedimentate. Compared with depositional heating, the condensational heating plays a
dominant role in intensifying convective strength. The rain water increases through
accretion of added cloud droplets, leading to precipitation increases. These findings
highlight two different processes and mechanisms in the precipitation increase before and
after 15Z on December 15. The dominant source for latent heat release is depositional
heating in the former case (cold rain enhancement) while condensational heating in the
latter (warm rain enhancement). Due to latent heat release with aerosols, the vertical motion
is boosted (Figure 5g) which further enhance the supersaturation and associated with latent
heat release. Via microphysics—dynamics feedback, the convection is intensified, and
precipitation increased. This feedback has been widely discussed in ACI effects on deep
convection (Fan et al., 2018; Koren et al., 2015; Tao et al., 2012).”



With through rounds of review, | have tried hard to correct many basic knowledges and results
about cloud microphysics and aerosol-cloud interaction processes to improve the quality of this
paper. | urge the authors to take the opportunity to do a careful job in writing and organizing

the results so that the paper can reach a certain level of qualify for publication.

Response: We appreciate your great effort in improving this study significantly. We have

tried our best to write precisely and organise the structure smoothly.
Reference:

Khairoutdinov, M. and Kogan, Y.: A New Cloud Physics Parameterization in a Large-Eddy
Simulation Model of Marine Stratocumulus, Mon. Weather Rev., doi:10.1175/1520-
0493(2000)128<0229:ancppi>2.0.co;2, 2000.
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Contribution of local and remote anthropogenic aerosols to
intensification—ef—a record-breaking torrential rainfall event in
Guangdong Pgrovince, China
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Abstract. A torrential rainfall case, which happened in Guangdong Province during December 14-16, 2013, broke the
historical rainfall record in the province in terms of duration, affected area, and accumulative precipitation. The influence of
anthropogenic aerosols on this extreme rainfall event examined using a coupled meteorology-—chemistry-aerosol model.
Enhancement of precipitation in the estuary and near the coast up to 33.7 mm mainly attributed to aerosol-—cloud

interaction , Whereas aerosol-radiation interactions partially 14% of the precipitation increase.

FOurFfurther analysis onby-varying changes in hydrometeors and latent heat sources suggests that the ACI effects

on intensifi precipitation can be divided into two stages: cold rain enhancement in the former stage
warm rain in the latter-stage. Responses of precipitation to changes in anthropogenic

aerosols concentration s-from local (i.e., Guangdong Pprovince) and remote (i.e., outside Guangdong Pprovince) sources
also investigated through simulations with reduced aerosol emissions from either local or remote sources. Accumulated
aerosol concentration from local sources mainly near the surface and quickly
after the precipitation initiated. By contrast, the aerosol from remote emissions up to 8 km and
much longer before decreasing until peak rainfall begizns, because aerosol continuously transported by
the strong northerly . Altheugh-Tthe patterns of precipitation response to remote and local aerosolss concentrationss

resemblec each other.; However, compared with local aerosolss through warm rain enhancement, remote aerosol

more than twice the precipitation increase via intensifying both cold and warm rain-eempared-with-lecal-aeresels,
occupying a predominant role. en-—-time emission sensitivity test about ten times of -PMys

concentration compared with the control run. Cold (w\/arm) rain is drastically enhanced (suppressed) in 10x run. In response

to 10x aerosol emissions, the pattern of Cempared-with-CLEAN-experimenttThe-patterns-of-precipitation and cloud property
changes-in-10x—+un-alse resemblese that-in-the differences between CTLeentrolrun and CLEAN, but with a much greater
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magnitude. sTFhe average-precipitation average overin Guangdong »; decreaseds by 1.0 mm in 10x run but
by 1.4 mm in the control run by comparing with the CLEAN run. We noted that the reinforced-precipitation increase

concentrated within a more narrowed downstream region of aerosol source, whereas the precipitation decrease
more dispersed across the upstream region. This indicates that the excessive aerosolss not only suppress rainfall but also change
the spatial distribution of precipitation, increasing the rainfall range, thereby potentially exacerbating flood and drought
elsewhere. This study highlights the importance of considering aerosolss in meteorology to improve extreme weather
forecasting. Furthermore, aerosolss from remote emissions may outweigh those from local emissions in the convectiveleud

invigoration effect.

1 Introduction

Synoptic weather is a key factor driving air pollution events through photochemical, turbulence, wet deposition, and transport

processes (Ding et al., 2009; Guo et al., 2017; Liu et al., 2001; b: Madronich, 1987). Numerous studies have
predicted air quality either numerically or statistically based on weather conditions (Dutot et al., 2007; Otte et al., 2005). In
recent _years, efforts have been made to identify the influence of air pollution (e.qg.

aerosolss)aeresels on synoptic weather (Ding et al., 2013; Grell et al., 2011), particularlyespeeialty on different types ofin

extreme weather, such as tropical cyclone (Wang et al., 2014; Zhao et al., 2018), hail storm (llotoviz et al., 2016), and extreme

rainfall-eases (Fan et al., 2015; Zhong et al., 2015)-Hewever-the-climate-effects-of acrosols-have long-been-analyzed

T v &l v 7

For decades, China has been affected by severe pollution induced by rapid urbanization and economic development (He et al.,
2002). The Pearl River Delta (PRD) region, situated on the south coast of China, is one of the most developed and also the
most polluted regions. The aerosol optical depth retrieved from the Moderate Resolution Imaging Spectroradiometer is
typically higher than 0.6 in Guangzhou, a megacity in the PRD region (Wu et al., 2005).

In addition to reducing visibility and inducing respiratory diseases (Cohen et al., 2015; Gu and Yim, 2016; Chen et al., 2017),
high aerosol concentrations can also affect weather and climate through interactions with radiation and clouds (Bollasina et
al., 2011; Lau and Kim, 2006; Liu et al., 2019c; Wang et al., 2011). Aerosolss absorb and scatter solar radiation and serve as

cloud condensation nuclei and ice nuclei, which are referred to as aerosol-—radiation interactions (ARI) and aerosol-—cloud
interactions (ACI), respectively (IPCC, 2013). Both ARI and ACI influence deep convection and hence precipitation (Fan et
al., 2008, 2013; Koren et al., 2004; Liu et al., 2018; Rosenfeld et al., 2008; Fan et al., 2018). Liu et al. (2018) found that ARI
suppressed deep convection by reducing the relative humidity in the middle-—upper troposphere and weakening the upward
motion. Fan et al. (2015) revealed that ARI weakened-convergence-enhanced-atmospheriestability;and-suppressed convection
in the basin during the daytime but-—Exeess-meist-static-energy-was-transported-te-mountains,thus enhancedgenerating-heawy
rainfall at night on mountains. i essi is—e i i i i i
{Zhengetal-2017)-Compared with the effects of ARI, those of ACI on deep convection and precipitation have received more
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attention and are more controversial in both observational and modeling studies. Increased aerosolss can suppress or enhance
precipitation depending on environmental conditions such as humidity, cloud type, cloud phase, and vertical wind shear (Khain,
2009; Lee et al., 2008; Tao et al., 2012 a). Khain (2009) and Fan et al. (2007) have reported that increases in
humidity generate more condensate than loset, resulting in more precipitation from deep convective clouds;-especiaty-in-a
polluted-environment. Studies have reported that aerosolss inhibit precipitation from shallow clouds (Andreae et al., 2004;
Chen et al., 2016; Rosenfeld, 2000), whereas they invigorate deep convection with warm (>15°C) cloud bases (Bell et al.,
2008; Koren et al., 2010, 2014). By contrast, smaller cloud droplets induced by aerosolss could remain liquid the-slowing
autoconversionrate-induced-by-aerosolsforms-airberne—cloud-droplets-inclouds-with-bases-below rear-er-above-0°C when
lacking ice nuclei, inhibiting precipitation (Cui et al., 2006; Rosenfeld and Woodley, 2000). Fan et al. (2009, 2012) have

suggested that increased aerosolss enhanced convection under weak wind shear and-whereas suppressed convection under

strong wind shear by increasing evaporative cooling for an isolated storm. Hewever,—the-evaporative-cooling-induced-by

2007)-Recently, Fan et al. (2018) found that the latent heat release could be mainly attributed to condensational heating rather

than ice-related processes at upper levels, differing from cold convective-eloud invigoration (Rosenfeld et al., 2008).

Few-studies-have-diseussed-Tthe competition betweenrelative-impertanee-of the effects of -ARI and ACI- has been discussed
on both cloud-resolving scale (Lin et al., 2017; Wang et al., 2018) as-well-asand regional scale (Wang et al., 2016)en-deep
eonvection-and-precipitation. Fan et al. (2008) suggested that the suppressive effects of ARI can outweigh the invigorative
effects of ACI on deep convection and precipitation as the absorption of aereselsacrosols enhances. Koren et al. (2008) showed
thatthe net effect of two opposite influences ;-these-of ARFand-ACk-on clouds over the Amazon which depends on the initial
cloud fraction. Large cloud cover fractions were mostly invigorated by ACI, whereas small cloud cover fractions were

suppressed by ARI. Different aerosol types can also be a critical factor to radiative or microphysical properties

, thus determining the invigoration or suppression effect of aereselsaerosols_on deep convection (Jiang et al., 2018).

{Fan—et-al;—2015:Zhong-et-al—2015)—Most of theBeth studies have focused on summer season exireme—rainfall-cases

whenbeeause most extreme rainfall events occur in-summer-over China (Fu et al., 2013).

We selected a torrential rainfall case in winter, which broke breaks the record of Guangdong Province since 1951 in terms of
duration, affected area, and cumulative rainfall (Deng et al., 2015)-everthe-PRB-regien, to further understand the combined
effects and relative importance of ARl and ACI on precipitation. Before this heavy rainfall, the PRD region was-is affected by

a strong haze with PMa s concentrations approaching-reaching to 174 pug m. The significant transboundary nature of air
pollution in China has been well recognized (e.g., Gu and Yim, 2016). Effects of local and remote aerosol emissions on
monsoons and associated precipitation—particularly—the—tndian—summer—mensesn; have been examined in recent years

(Bollasina et al., 2014; Cowan and Cai, 2011; Guo et al., 2016b; Jin et al., 2016), which was-were comprehensively reviewed

3
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by Li et al. (2016). The effects of local and remote aerosol emissions on extreme rainfall events remain mostly unexplored.
Given the strong monsoonal flow and severe air pollution over the northeast of China (Figure 1b), the aerosol concentrations

could be either from local emissions or transport by prevailing northeasterly winds. A critical question, therefore, is whether

the aerosols-concentrationss that affected this extreme rainfall case wasis originated from local or remote aerosol emission
sources. The remainder of this study proceeds as follows: Section 2 describes the regional model associated with the
experimental design as well as the observation datasets of this study. Main findings on the effects of acroselsaerosols on the
extreme rainfall event are discussed in section 3. The main conclusions are summarized and discussed in section 4.
ACtstrongly-depend-on-cloudregimes

2 Model configurations and observational datasets

The principal tool for this work iswas the Weather Research and Forecasting (WRF) model coupled with Chemistry (WRF-
Chem) v3.5.1 (Grell et al., 2005), with some recent improvement by the University of Science and Technology of China (Zhao
etal., 2013z, 2014, 2016; Hu et al., 2016). The details of the WRF-Chem configuration are documented-insection2-1provided
in Supporting Information (S1)..-fellewed-by The model experiment design is described in section 2.12.. The observational

datasets used for validating the simulated precipitation performance, along with hourly in situ PM2 s observations are described

in section 2.23.
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2.12 Experiment design

WRF-Chem simulations awere conducted to investigate the effect of on the extreme rainfall event of
December 14-16, 2013;at. Unless etherwise-specified, all time points in this study refer to local standard time (LST), which
is equal to UTC+8. Two nested grids (run simultaneously with one-way nesting) covered most of China (87.47°-131.67° E,
11.42°-41.22° N) and Guangdong Pgrovince (109.59°-117.32° E, 20.07°-25.62° N) with a horizontal resolution of 20 km and

4 km, respectively (Figure S1a). The cumulus scheme iwas turned off in the inner domain. Both nested grids used 41 vertical

levels extending from the surface to 100 hPa. The meteorological initial and boundary conditions (ICs and BCs) awere derived
from 6-hourly National Center for Environmental Prediction global final analysis data with a horizontal resolution of 1° x 1°.
The 6-hourly chemical ICs and BCs awere generated from the Model for Ozone and Related Chemical Tracer version 4
(MOZART-4), which is an offline global chemical transport model suited for tropospheric studies, at a horizontal resolution
of 1.9° x 2.5° with 56 vertical levels (Emmons et al., 2010). Anthropogenic emissions awere obtained from the Emissions
Database for Global Atmospheric Research Hemispheric Transport of Air Pollution v2 inventory (Janssens-Maenhout et al.,

2015) for the year 2010 with a resolution of 0.1° x 0.1° (http://edgar.jrc.ec.europa.eu/htap_v2/). Biomass burning emission

data awere extracted from FINN 1.5 (Wiedinmyer et al., 2010). Dust and sea salt emission schemes awere updated following
Zhao et al. (2010) and Zhao et al. (2013z), respectively. The results showed marginal differences between simulations with
and without dust and sea salt emissions (figure not shown) in our study case; possible reasons for this are discussed in section
4.

Six sets of experiments awere performed in total ( ). To isolate robust signals from the model’s natural

variations, five ensemble members with perturbed ICs at 3-h intervals awere conducted for each experiment. The simulations
started from 08Z to 20Z on December 13 with 3-h intervals, and all ended at 02Z on December 17. The simulation before
December 14 iwas for model spin up, and the following analysis focuses on the results of frem-December 14-16. In the first
experiment (CTL), current emissions awere used in the simulation with both ARI and ACI effects included ( | Fable
). Following Fan et al. (2015), we scaled the anthropogenic and fire emissions by a factor of 0.1 and performed the
CLEAN simulation. We adjust the factor to 0.1 from 0.3 in Fan et al. (2015) to represent the background aerosol concentration
as the emissions in 2010 is much higher than that in 2006 (Chang et al., 2018). It is used to mimic the situation in which the
background of aerosol concentrations serves as cloud condensation nuclei before the economic development in China. The
differences between CTL and CLEAN denote the total effects of aerosols including both ARI and ACI effects-on-this-extreme
rainfatl-case. To examine the role and relative importance of ARI and ACI, the ARIoff run iwas conducted based on CTL run

5
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by excluding the ARI effect. Thus, the differences between CTL and ARIoff(ETFLminus-ARIeffand ARloff-minus- CLEAN)
represent ARI effects and-ACHeffects;,+espeetively-(Zhong et al., 2015). The ACI effects are approximated by looking at
differences between CTL — CLEAN and CTL — ARIoff. To distinguish and isolate the effects induced by local (i.e., domain

2, Guangdong Pprovince) emissions and remote (i.e., domain 1, outside Guangdong Pgrovince) emissions, two other

experiments awere designed. In D1 (Table 1) experiment, the ICs, BCs, and emissions are kept as same with control run for

domain 1. Meanwhile, the ICs and emissions are scaled by a factor of 0.1 for domain 2. Similarly, in D2 experiment, the ICs,

BCs, and emissions are scaled by a factor of 0.1 for domain 1. The ICs and emissions are kept as same with control run for
domain 2. -thataw -
in-domain 21-(hereafter Dl runTable 1yand domain12-(hereafter D2-run)-Note that the offline chemical BCs extracted from

MOZART awere only applicable to domain 1. Along with CTL run, these experiments allowee us to interpret and ascertain

aerosol-related changes that would have occurred with either local or remote aerosol emissions by observing differences
between CTL — minus-CLEAN and either D2 — minus-CLEAN or D1 — minus-CLEAN. To test the sensitivity of precipitation
to aerosol concentrations, one more experiment for extreme polluted case iwas conducted. In parallel to that in CLEAN run,
w/ee scale the emissions and chemical ICs and BCs in control run by a factor of 10 (10x)-in-paratielto-that in-CLEAN-run.

2.32 Observational datasets

The model-simulated precipitation performance iwas evaluated with satellite-based precipitation products and in situ rainfall
observations.

_Climate Prediction Center morphing technique (CMORPH) data is produced by the National Oceanic and Atmospheric
Administration covering the period from December 2002 to present-awere-used. In this technique, infrared geostationary
satellites observe the motion vectors of precipitation patterns to generate half-hourly precipitation estimates by using passive
microwave (PMW) sensors. Time-weighted linear interpolation is exploited to morph the shape and intensity of precipitation
features when and where PMW data are unavailable. This provides data for global (60° S—60° N) precipitation analysis with a
horizontal resolution of 0.07277° (approximately 8 km at the equator) and temporal resolution of 30 minutes. More details of
CMORPH products are documented by Joyce et al. (2004).

The in situ hourly precipitation dataset iwas developed at the National Meteorological Information Center of the China
Meteorological Administration (source: http://data.cma.cn). A total of 115 stations awere within domain 2. Their locations are
represented as colored circles in Figure 2 igure 2Figure-2a.

global atmospheric reanalysis data :, since 1979, provided by the European Centre for
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Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011), The data is available at a horizontal resolution of

approximately 0.25° which is comparable to the resolution of domain 1,
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The hourly PM, s concentration in situ dataset iwas obtained from the website of the Ministry of Environmental Protection
(source: http://106.37.208.233:20035) (Zhang and Cao, 2015). In total, 58 stations awere within domain 2. Their locations are
denoted as colored circles in Figure 1Figure 1rigure-Lc.

3 Results

During December 14-16, 2013, there iwas a rare continuous rainstorm over mostatt of Guangdong Province. The 3-day
accumulated rainfall at most stations exceedsed 100 mm (Figure 2Figure 2Figure-2a), which may benefit winter and spring

water usage, promote air cleaning, and reduce forest fire risk. %wa&th&mes%n&pmew{aﬂenﬁ;eﬂ%mm&mew;ee

provincesetin1951{Dengetal2015)-The mid-tropospheric flow pattern, with a ridge to the northeast of the Tibet Plateau
and a trough over the west of the Indo-China Peninsula, facilitatesis-faverable-for cold and dry air to moveing southward,

whereas moist and warm air to from-the Bay-of Bengal-and-the Seuth-China-Sea-move northward (see-Figure S2a-of Beng-et
al—2045). At the surface, prevailing northeasterlies blow over East China (Figure 1b), indicating a strong monsoonal flow

(Chang et al., 2006). The passage of a cold front results in sharp temperature gradient with northwest-southeast tilt (Figure S3).

Deep stratiform and convective clouds form at the cold and warm side, respectively, as shown Fhe-persistent-meeting-of these

convection-indicated by bright-whitecolor-in the natural-color satellite image captured by NASA’s Terra (Figure la)thus
produces-torrential-rainfall. The simulated cloud top temperature average-over Guangdong Province the-land-in-demain-2-is
lower than —15 °C almest-everywhere-with the minimum reaching to about —35 °C (Figure S1b). Before the study case

occursred, Guangdong province iwas affected by severe pollution on December 13. The hourly-averaged PMs concentrations

exceedsed 100 pg m= M@n the delta regionﬂaeakmﬁa%%sﬁgﬁé (Figure 1Fiqweél;igwe40). iheeaﬂtenlewer,—the

underthis-extremehaze-{as-seen-inthe photo-in-Figure 1h)-Thearea Tto1The north of Guangdong prevince, thearea including
Zhejiang, Jiangsu, and Anhui Pprovinces, iwas blanketed in grey haze m%heﬂaw%akeelepsateun&mageeapmfed-by—NASA—s
Ferra-(Figure 1Figure 1rigure-1a). N

clouds-The column-integrated PM, s concentrations in-these-areas reachesed up to 2000 ug m 2 during December 14-16, 2013,
in CTL the-simulated-controlrun_(Figure 1Figure 1Figure-1b). S%reﬂg—p%hﬂgﬂeﬁheaste#%@me&b}—mnds&em

pattern configurationss of circulation and pollutantf)attems awere favorable for aerosol transport to the south of China.- In the

analysis! abeve, we firstly examined in-section-3.2-the total effects
and relative importance of ARI and ACI on this extreme rainfall event in section 3.2. The contribution of We-alse-distinguish
and-iselate-the-respense-te-local and remote aerosol emissions to their total impact is disentangled in section 3.3. In section
3.4, the sensitivity of precipitation to aerosol emissions is explored.
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3.1 ModelRainfalt evaluation compared with observational datasets

inever Guangdong Province. The spatial distribution of PM,z_s concentration is qenerally reproduced with high eoneentration

over mega cities and low over the surrounding areas (Figure S46). The failure to capture the hot spot near the estuary may be

related to the coarse grid resolution or uncertainty of emissions. In the time series, both the simulation and observation show

adramatically decreasing trend of PM,sconcentrations aftergnee the rainfall initiated (Figure S57), The model-eeuld generally

(
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egllca es, the spatial distribution and time evolution of PM,s concentrations with some underestimation during the first two

as-shown-in Figure 2Figure2-The precipitation from model output and satellite retrievals awisere interpolated to the locations
of in situ observation through bilinear interpolation (flgure ZPmure%Hgams{la—Zc) Approximately 100 mm of precipitation

(
(
(
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(

vinee-The However-CMORPH satellite
data, which isare often used to evaluate model rainfall performance, underestimatesed the -amountprecipitation, particularly

near the coast. Previous studies have reported that this GMORPH-products substantially underestimatesed heavy rainfall (Jiang
et al., 2018; Qin et al., 2014) and cold season rainfall (Xie et al., 2017). By contrast, the control simulation yields a higher

pattern correlation of 0.50-0.55 and a lower bias of 5%-20% (Figure 2Figure-2f). The time series of the average rain rate over
Guangdong Province revealsed a remarkable extreme-rainfall-event-with-a-lasting rain rate of 2.5 mm h* on the second and
third days when; satelliteEMORPH data distinctly underestimatese rainfall-for-these-days-(Figure 2Figure 2Figure-2d). The

T

model reproducesd a comparablesiilar magnitude to the observations with an earlier peak in-the-earhy-morming-near 08Z28:00
a-m- on December 15. The initial time and physics schemes including microphysics, land surface, and PBL are tuned but only
tuned-to-check-whetherthe peak-time-will-be-different—Heowever-the rainfall amplitude changes are-mesthy-happened-in
amplitude-rather than the peak time.; M&hus—we—eenelede—that—the bias may be induced by the meteorology boundary
conditions from global model.

Fhe TRMM data-is-also-tsed-to-evaluate this-extreme case-in-Figure-S5d--Precipitation in TRMM data jis also underestimated
along the coast as well as that in CMORPH data (Figure S6d). Overall, the model replicatese the spatial distribution, time

Al

evolution, and the intensity of this extreme rainfall event. Note that all the analyses in the following sections are based on

simulation results from domain 2.
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3.2 Effects of ARI versus those of ACI

attempted-to-isolate-the total effects of ARl and ACI as well as and-thus-investigate-their roles-and-relative importance in this
extreme rainfall event are investigated. Figure 3Figure 3Figure-3 shows the spatial distribution of the daily accumulated

rainfallprecipitation changes éifferences-for December 14 and 15 between the-different scenarios. Because the results on the
third-day,-December 16; illustrate a similar mechanism to those on December 15, our analysis focuscsed on December 15. The

rainfall differences differences-between-seenarios-on December 16 are put in thesupplementary-materialsforreference-(Figure

S732). Distinct effects of aerosols appeared onduring the second day when the rainfall peaksed (Figure SFrqwe%nge%d)
although aerosol concentration peaks occur
on the first day (Figure 4Figure 5a)bu

Tthis suggests that the a—timelag—effects—of-aerosol_impact s—en—precipitation—isare modulated by other factors (e.g.
meteorological conditions). On December 15, the domain-averaged precipitation increasese by 1.4 mm. Interestingly, a dipole

pattern is manifested by a/ reduction ef-up to 19.4 mm over appearsed-in-northern Guangdong Pprovince and,-whereas an
increase of-up to 33.7 mm over eceursred-in-southern Guangdong Pgrovince; (particularly ia-the-region-near the Pearl River
estuary-)and-tand-alengthe-coast. This means thedifferent responses of precipitation in the warm and cold sectors (Figure S3),
whieh-indicatinges that the impact of aerosols on deep convective and stratiform clouds differs in this extreme rainfall case.
To address this issue, two regions, R1 (22°-24° N and 112°-115° E) and R2 (24°-25° N and 110°-112° E ), are selected for

the following analysis which are denoted by red and green boxes, respectively (Figure 3). The average precipitation Fheregion

e*mbﬁsﬁemmem—mm«fau- ncreases by 16. 7°/d+ﬁerenees—@=7—8—mm} (+7.8 mm) over R1 while er-average-and-covers-seme
—decreases by 10.2 % (4.4 mm)
in R2. The contribution from ee#espendmgﬁreetpﬂaﬂeﬂéﬂerenee&méueedWARl and ACI over R1 (R2) aiswere =1-3-mm
1.3 mm (=0.7 mm)2:8%;} and +9-3-mm-+{+9.3 mm (-3.7 mm)19.9%j, respectively. Positive (negative) indicates an increase;
and-negative-indicates (a decrease). It is evident that from-the-pattern-of precipitation-changes-that-the net aerosol effects awere
dominated by ACI during-this-eventfor both convective and stratiform cloud regimes. The subsequent analysis of this study is

focused on precipitation enhancement in the warm sector wherewhich covers most advanced city clusters including Hong

Kong, Shenzhen, and Guangzhou. The responses of stratiform clouds to increased aerosols in cold sector are discussed in

section 4.

amount-comparable-to-the-ebservation(Figure-S43)-Compared with the CTL and ARIoff runs, the CLEAN run yieldsed an
analogous time evolution, with less rainfall during the peak time from_06Z-8:66-a-m- on December 15 to 10Z:86-a-- on

December 16 (Figure S8). The next question that arose iwas how ACI can increase -the rainfall amount- in the warm sideever

the region.
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[Floure 4Figure 4Figure-4a shows the time—height cross section of cloud fraction (shading) and PM. s concentration (contour)

in the CTL run. The cloud fraction is calculated as sum of cloud water, cloud ice, and snow following Hong et al. (1998). Most

cloud fraction concentrates below 8 km in the first day, associating with small amount of rainfall. Deep convection, with a
cloud base at approximately 500 m and cloud top extending to-approximately 164 km, appearsed during December 15-16
when peak rainfall occursred. The PM2s concentrations in Figure 4Figure 4Figure 4a portrays a sharp contrast before and after
the rainfall peak. After the rainfall peaksed at near 07Z in Figure S83, aerosols awere washed out dramatically-by-precipitation.
However, before the peak, PM,s concentrations decreasese gradually from 40 ug m™ near the surface to 5 ug m™ near 7 km

above the ground. With aerosols acting as cloud condensation nuclei, more cloud droplets are formed with smaller radius;

ybefore the rainfal peak when aeroselconcentrationis high (Figure 5a). Smaller cloud droplets evaporate associated

with a reduction of cloud water (Figure 6a), resulting in cooling effect and weaker updraft (Figure 5Figure SFigures 5g-and
5i). Thus, the cloud fraction decreases before the peak, particularlyespecialty below 2 km. By contrast,—Fhese-aerosols-acted |

prominent cloud fraction band appears inerease-near 4 km throughout the peak period- (Figure 4b)with-aeresels. The increase

of cloud fraction extendsed to the upper troposphere, near 14 km, corresponding to the increase of ice cloud shown in Figure

-The similarity of cloud fraction changes between
Figure 4Figure 4Figure-4b and Figure 4Figure 4Figure 4c suggests that ACI dominated the total aerosol effect in this event,
which is consistent with the previous discussion.

[Flgure SFigure 5Figures Sa-5¢ present the aerosol effects on cloud droplet number concentration (CDNC; shading) and cloud |

effective radius (contour). With aerosols, CDNC increasese-craratically by 5.5 times accompanied by reduced cloud effective
radius near 2 km from 00Z on December 14 to 00Z on December 15, which reduces the efficiency of collision-coalescence

between cloud droplets into raindrops (Rosenfeld, 2000; Twomey, 1977). This is characterized by less rain water formed in

[Floure 6¢, indicating suppression_of the warm rain. Figure 6a shows more cloud water formed at 2-6 km due to higher

o T el e S

nucleateion due to activating enormous aerosols, there are abundant latent heat release by enhanced condensation below the

0°C isotherm line. This is also reported in Fan et al. (2018) in which the mechanism responsible for eorvection-intensification

is-latent heat release is from cloud water formation with ultrafine aerosols. This is called “warm-phase invigoration™ in their
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study which is different from “cold-phase invigoration” via suppressing the warm rain. taterestinghy-Usnlike their work, the

warm rain is-stit suppressed before 15Z on December 15 (Figure 6¢) even though with strong latent heat release through cloud

water formation. This is because the conversion of cloud droplets into rain drops is inversely proportional to cloud droplet

numbers with two-moment bulk scheme using autoconversion parameterization (Khairoutdinov and Kogan, 2000). Thus, Fhe
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at-the precipitation increase is because of

enhancement of cold rain. Both cloud ice number concentration and its effective radius increaseare significantly inereased

between 6Z and 15Z on 15 December. Moreover, the mass and number of ice particleserystals including cloud ice, snow, and

graupel increase drastically during this period-J\

A distinct latent heat release center appears above 0°C isotherm line, which is even stronger than the condensational heat

below. These two peaks in aerosols_induced diabatic heating are also discussed in Wang et al. (2014) for oceanic deep
convection. However, the peaks at-3-km-and-7km-are much higher at 3 km and 7 km—Fhis-may-be because the convection

occurs over the land. The latent heat from these two peaks thus will intensify convective strength. These findings suggest that
the cold-cloud process plays a dominant role in the precipitation increase before 15Z on 15 December. Fo-furtheranalyze the
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source-of thislatent-heatreleasefollowing Fan-etal{2018)-Tthe latent heat released forfrem each process, which is calculated /
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heating plays a dominant role in intensifying convective strength. The rain water increases through accretion of added cloud
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droplets, leading to precipitation increases. These findings highlight two different processes and mechanisms in the

)
|
)
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precipitation increase before and after 15Z on December 15. The dominant source for latent heat release is depositional heating
in the former case (cold rain enhancement) while condensational heating in the latter (warm rain enhancement). Due to latent

heat release with aerosols, the vertical motion is boosted (Figure 5g) which further enhances the supersaturation and asseciated \ Formatted: Font: 10 pt, (Asian) Chinese (PRC)

with-latent heat release. Via microphysics-—dynamics feedback, the convection is intensified, and precipitation increasese.

This feedback has been widely discussed in ACI effects on deep convection (Fan et al., 2018; Koren et al., 2015; Tao et al.
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To further delineate the mechanism of this microphysics-—dynamics feedback, the moisture budget tool iwas implemented

based on the hourly model output. The atmospheric moisture balance is expressed as follows:

% _p_prumrc
Frin (€Y

where Q is the column-integrated water vapor in the atmosphere, t is time, E is evaporation, P is precipitation, and MFC is the
vertically integrated moisture flux convergence.

Evaporation is small in areas of intense precipitation and saturation (Banacos and Schultz, 2005). The column-integrated water
vapor changes are small (figure not shown), thus precipitation is balanced by MFC the-meisture-flux-convergenee-as follows:
P~ MFC (2)

MFC can be further divided into two terms as
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where the first term on the right side is the horizontal moisture convergence (hereafter CON); the second term is the horizontal

advection of water vapor (hereafter ADV). Thus, the precipitation is balanced by the sum of CON and ADV as
P~ MFC = CON + ADV (4)

IS
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The spatial distributions of column-integrated MFC (shading) and moisture flux (vector) between CTL and CLEAN on
December 15 are displayed in Figure 7fFigure 7ZFigure 8Figure 8Figure 6a. The MFC pattern iwas in good agreement with [ Formatted: Font: 10 pt, (Asian) Chinese (PRC)
precipitation differences in Figure 3Figure 3Fiaure 3Figure-3d, suggesting the validity of the derivation of Equation (2). The [Formatted: Font: 10 pt, (Asian) Chinese (PRC)
average MFC change averaged over R1 the analysis regien iwas +8.1 mm, which is comparable to +7.8 mm in precipitation | { Formatted: Font: 10 pt, (Asian) Chinese (PRC)
difference. The verti  intearated_moisture hanaes_in_Fiaure 83 followed-the wind_pattern hown_in_Fiaure 20 {Formatted:Font: 10 pt, (Asian) Chinese (PRC)
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SFigure-15Figure-13d— The moisture flux is enhanced over R1 the-analysis-region-driven by strong convergence—which-is \‘ Pt ( ) (PRO)
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ea. These flows converged in the estuary and near the coast
with a magnitude of approximately 25 kg m™ s™X. The overall pattern of CON is broadly consistent with that of MFC, which

These findings reveal the prominent effects of aerosols on rainfall amount over the estuary and near the coast in this extreme
rainfall event. The pattern of precipitation and associated cloud-related variables in CFL-minus CLEAN{total effects) bearsere
a resemblance to that in ARleff-minus- CLEAN-(ACI effects), which allowsed us to ascertain that ACI dominatesd-the-total
effects. By applying the moisture budget tool, we confirmed the microphysical--dynamic feedback of ACI effects on

invigoratingconvection. eueHHHgeration ne-consequence-of-the-folowing-chath-of-processes: arger-conecentration
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explored—ln-thissectionw\\/e disentangle examine-the roles and relative importance of local (i.c., domain 2, which denotes

Guangdong Province) and remote (i.e., domain 1, which denotes outside Guangdong Province) aerosolss in the precipitation
increase in the estuary during this extreme rainfall event.
Figure 8Figure 8Figure 9a and 89b show tFhe differences in time—height cross section of cloud fraction (shading) and PM2;

concentration (contour) induced by the effects of local and remote emissions-are-shewn-in-Figure 9Figure10a Figuresfa-and

\ Formatted: Font: 10 pt

Formatted: Font: 10 pt

91067b, respectively. With local emissions, the aerosol concentrations mainly increasese within the PBL below 2 km before

initiated. By contrast, with remote emissions, a-higher aerosol concentration extendsee to approximately 8 km after 03Z on
December 14 (Figure 8F i

on December 14, respectively, indicating a strong transportation of aerosols. The earlier peak, near 5 km, iwas caused by

a). Two peaks near 0.5 km and 5 km above ground awere centered near 10Z and 18Z

stronger wind speed in the free atmosphere compared with that within the PBL. Moreover, the aerosol concentrations lasts
fored longer before decreasing dramatically until the peak rainfall startsed at 07Z on December 15, because aerosols awere
transported continuously from the- northremete-area. The cloud fraction reduction iwas coherent with aerosol concentration

peaks, indicating that increased aerosols lead small cloud droplets to evaporate. Moreover, more deep cloud formation

consuming moisture and energy. The similar Comparingpatterns-of-cloud fraction changes between Figure 8Figure 10-Figures

fa and-107b-and Figure 4Figure 4Figure4b indicates the dominant effects of aerosols from remote areas. The CDNC (shading)
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increasesd in both D1 and D2 runs compared with the CLEAN run before the rainfall peak (Figure S12Figure 11a Figures-8a k

and S1218b). However, the discernible cloud effective radius (contours) decrease appearsed only in the D1 run and iwas
attributed to a stronger CDNC increase. Correspondingly, the CINC and ice cloud effective radius showed more remarkable
increases in the D1 run during the rainfall peak time (Figure S12Figure-11Figures-8c and S1218d). The associated latent heat
and vertical velocity awere much stronger in the D1 run compared with that in the D2 run (Figure S12FigureLiFigure
IiFigures-8e and S1248f). Interestingly, most of latent heat release with local emissions are-occurshappened below the 0°C
isotherm line. Figure 9Figure 9Figure 12 shows the changes in mass and number of different hydrometeors with remote

aerosols emissions. There are plenty of snow and graupel formations at the expense of rain water when precipitation increases

before 15Z on 15 December, indicating an intensified cold rain process. The corresponding latent heat release is dominated by

deposition in cold cloud (Figure S13). By contrast, after 15Z on-15 December 15, rain water increases significantly during

precipitation enhancement, representing stronger warm rain process. The associated latent heat release is due to condensational

heating in warm cloud concentrated below the 0°C isotherm line. The patterns of changes in hydrometeors and latent heat in
D1 assembles that in CTL run, which-further confirming the driving factor deminant+ele-of remote aerosols emissions. The
distribution of time-height changes in hydrometeors and latent heat between D2 and CLEAN runs are shown in Figure S149

and Figure S158, respectively. As aerosols from local emissions are concentrated near the surface and are washed out
dramatically once the rain initiated, much less cloud water formed than that in D1 run. Fhusthe supersaturationislowered-as
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stronghy-as-that-in-D1 simulation—More rain water is formed by accretion of cloud droplets which indicates that intensified
warm rain is the only reason for the precipitation increase with local aerosol emissions. As a result, the average precipitation

increase over R1 the-analysisregien-on December 15 iwas 7.3 mm with remote aerosol emissions, much greater than that with

local aerosol emissions (3.1 mm, Figure 10Figure 10Figure 14c aFigures-9e-and 1049d). These findings suggest that both the

effects of local and, to a much greater extent, remote aerosol emissions contribute to precipitation increases-ever-the-anabysis

region.

3.4 Tenfold anthropogenic emissions and chemical 1Cs and BCs

The PM_s concentrations (contours) in the tenfold aerosol emission simulation (10x)10x increasesd significantly to

approximately ten times that in CTL, indicating a linear relationship from emissions to aerosol concentration (Figure S16Figure
consistent-with-theresult-in-Figure 4Figure-4b—The change-patterns changes in cloud fraction and aerosol concentration in

Figure S16 Figure-15-DFigure-10-are similar to that in Figure 4Figure-4Figure4b, but with Figure15-Figure-10-shows-a

much greater magnitude. The CDNC (shading) increase and cloud effective radius (contours) reduction in Figure S17Figure
16Figure-tta are also more pronounced than those in Figure SFigure SFigure 5a. CDNC noticeably decreasese below 1.5 km

but increasesé substantially from 1.5 km to 4 km before 04Z4:00-a-m- on December 14, associating with smaller radius. Smaller
cloud droplet tends to evaporate. In addition, more cloud droplets are produced due to higher supersaturation upward. The
consumption of water and energy leads to a further reduction efin low cloud (Figure S18Figure-17a). Fhisfinding-suggests

ice-cloud-effectiveradii-(Figure-11b)-The involved latent heat and vertical velocity during the rainfall peak time (from 08Z
on December 15 to 10Z on December 16) in_Figure S17Figure-16c -Figure-Lie-exhibit a stronger increase associated with a
higher altitude above the freezing level than thoseat in Figure 5Figure SRigure 5c. Besides, a distinct weaker latent heat release

associated with negative vertical velocity anomaly appears below freezing level between 10Z and 22Z on 15 December.—Fhis

bigger+adius. Figure-17-shows the changes in mass and number concentrations of different hydrometeors in 10x simulation.
Compared with the CTL run, the snow and graupel are also increased with a strongerlarger magnitude, particularly before 152
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on 15 December, indicating enhanced cold rain. However, rain water shows decrease during all the time instead of an increase

after 15Z when precipitation increases in the CTL run. This means the warm rain is suppressed much stronger in 10x simulation.

As-w\With ten times of aerosols emissions, the aerosolss lower the supersaturation much stronger by activation to form much

smaller cloud droplets. The rain water evaporates rather than increases by accretion of additional cloud droplet, associating
with strong condensational cooling in warm cloud (Figure S19Figure-18a).- Fhis-means-that-water-ascended-higherand-froze

produce-moreprecipitation{Rosenfeld;-2006)-Precipitation on December 15 iwas suppressed up to 39.6 mm over the upstream
region of aerosol sources up-to-39-6-mm-in-the-nerthwest-of Guangdeng-province-but substantially enhanced up to 59.7 mm
over the downstream region near the coastal region (Figure 11Figure 19bFigure-12b). Asimilar finding iwasreporied-by-Zhong

et-al—{2015)-TThe delay of early rain in the upstream area resultese in more rainfall with a and-stronger rain-intensity within
the-downstream-area-and a more narrowed region in the downstream areacermpared-with-thered-bexinFigure 3Figure-3b. The
average precipitation overin Guangdong Pprovince on December 15 decreasesd by 1.0 mm in 10x, whereas it increasese by
1.4 mmin CTL. Tenfold aerosol emissions producee a more polluted environment, with PM_ s concentrations of approximately
300 pg m>. Although abundant moisture iwas transported from the Bay-ef Bengal-and-the South China Sea (Figure 1bFigure
S1b), the aerosol loading may still have-surpassed the optimal value for convectiveeloud invigoration and thus suppressed
precipitation over Guangdong Pprovince. Moreover, aside from suppressing the rainfall amount, excessive aerosols also have
the potential to redistribute precipitation and increase its range in spatial distribution. With-tenfeld-aerosel-emissions—the

4 Summary and discussion

Ia—this—study—weThis study fineunds that aerosols significantly affect local extreme weather (i.e., torrential rainfall),
invigorating deep convection, via ACI effects. This Beep-cenvection-invigoration effect by aerosols has been discussed in both
observation (Andreae et al., 2004; Koren et al., 2004) and model simulations (Khain et al., 2005; Storer et al., 2013). Most of
these studies are focused on mixed and cold processes, —necreasingaeroselsscan-suppress-warmrain-because-of smallercloud

convection{Rosenfeld-etal.2008).-whichThis is referred to as cold-phase invigoration. A-recentinteresting study-conducted
by-Fan et al. (2018) found that additional nucleation of cloud droplet can release abundant condensational heat below freezing

level. More cloud water will form via condensation on the additional cloud droplets. This process will increase both warm rain
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and supercooled cloud water. Furthermore, the ice-related processes are enhanced-with-latent-heatrelease, resulting in further

intensifiedying-the convection.-a-the udy.the source-of-latent-hea dominated by condensational-healing, accompanied

emissions—through-ACE - With-aeresels—CDNC increases remarkably, reducing the size of cloud droplets—which-lewers
supersaturation—significantly —through—condensation—enhancement. Additional cloud water formsed with intensified

condensational heating, leading to enhanced convection and increased precipitation. However, rain water decreasese

substantially before 15Z on 15 December, indicating suppressed-warm rain is suppressed, which is different to Fan et al. (2018).

The source of enhanced latent heat release is dominated by deposition in cold cloud associated with an increase efin snow and

graupel, representing cold rain enhancement.

as precipitation when the peak rainfall occurs after 15Z. By contrast, the warm rain is enhanced characterized by an increase

efin_rain water associatinged with condensational heating in warm cloud via accretion of cloud droplet, which is consistent

with Fan et al. (2018). The enhanced latent heat boosts the vertical motion, leading to higher supersaturation accompanied by

stronger latent heat release. Smallercloud-droplets-are-unfaverable-to-collision—coalescence, which-is-an-essential-process-fo

metion-This feedback between microphysical and dynamic

processes results in more rainfall (Tao et al., 2007) up to 33.7 mm in our simulation. On average, ACI enhancesé precipitation
over -R1the-anabysisregion. Conversely, ARI partially compensatesé for the precipitation increase by 14%. The analysis of
the moisture budget suggests that the precipitation increase iwas caused manifested-by strengthening the-columnp-integrated
MFC via increased—Further-decomposition-of MEC suggest the-importance-of horizontal-moisture convergence.-Ourfinding

Itis critical to explain An-interesting-guestion-is-why the precipitation increases induced-by-AClappear over-theon-tand-near
the Pearl River estuary and along the coast. Khain et al. (2008) found that aerosols generally suppress (invigorate) convection

cloud-formation-in relatively dry (moist) conditions—whereas-they-invigerate-convection-in-meist-environments. Fan et al.

(2009) suggested that wind shear may take-a dominant rele-in-regulating the effects of aerosols on deep-convection. ilncreased

aerosols suppress (invigorate) convection under strong (weak) wind shear. These findings highlight the crucial roles of
17
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humidity and wind shear in modulating the convectiveleud invigoration effects in response to induced-by-aerosols.-Strong

estimated as the difference between the maximum and minimum total wind speeds at 0-10 km. \We choose 10 km because the

latent heat release, a key factor determining convection intensity and partly depends on wind shear, extends up to
@proximatelv 10 km (Figure 5Figure-5g). Figure S20 shows tFhe spatial distribution of wind shear (ﬁrs&mw—}and column-

mewwm@m4 Tthe aerosol-induced convective mwgoratlon effect appearsed over

the region with relatlvely weak wind shear and high humidity:

Aerosol emissions awere separated into those from Guangdong Province and those from elsewhere, named experiments D2

and D1, respectively, to represent the effects of aerosol concentrations from local and remote emissions on this extreme rainfall
event. The surface aerosol concentrations from local emissions dilutesaceumulated quickstowly from-local-emissions-if-the
rainfall-system-coames-with strong northerlies. Instead, aerosols -from remote areas are importedtransporied from-remete
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areas-persistently; extendinged to higher altitudes ;-up to 8 km. The aerosol concentrations thus-awereis thus maintained at a
relatively high level in the D1, and-invigoratinged convection. The resemblance of changes in different hydrometeors and
latent heat between D1 and CTL further suggest the dominant role of remote aerosols—in-the—convection-invigeration.

Interestingly, with local emissions, the precipitation enhancement is mairky-through intensified warm rain only. This is because

much less aerosols stay in the atmosphere with only local aerosols emissions once the rainfall is initiated. The effect of
nucleated cloud droplets on reducing supersaturation and size of droplets is much weaker-than-that-with-remete—aerosol

emtissiens. Thus, the rain water is increased by accretion of cloud droplets, enhancing the warm rain. The precipitation averaged
over R1 the-analysis-region-on December 15 increasese by 7.3 mm from the effects of remote aerosol emissions but only 3.1
mm from local aerosol emissions. These results suggest-that the-effects-of remote-acrosel-emissions-played-a-dominant role

the-intensitication-of precipitation-inthe-estuary,which-implyies the potential influence of remote aerosol emissions on extreme

synoptic weather events. However, this crucial issue remains insufficiently explored.

emission experiment showsed a similar pattern with CTL but with a much stronger signal. Our Fufurther analysis of

hydrometeors and latent heat reveals that the main reason for the precipitation increase is wtadue to the intensified cold rain.

The warm rain is suppressed almost all the time-be

later(Rosenfeld-et-al2008)—Excessive aerosols lead to more precipitation increases, up to 59.7 mm, which is much larger
than the 33.7 mm from CTL. However, the precipitation increase iwas limited to a more narrowed region along the coast in

the downwind area; ( Formatted: Font: 10 pt

134. The average precipitation over Guangdong Pprovince decreasesd by 1.0 mm in 10x but increasese by 1.4 mm in CTL.

These results indicate that aerosol concentrations in 10x exceedsed the optimal aerosol loading for convectivees invigoration

and instead-suppressesed the rainfall amount_instead.-Fhe—retribution-for-spatial-distribution-of-precipitation-with-a-sharper

The effects of ACI on clouds is strongly regime based (Gryspeerdt and Stier, 2012). The mechanism of the precipitation [Formatted: Font: (Default) Times New Roman, 10 pt
deereasesreduction_over- R2 (cold sector) anetherregion—n24°25°N_110° 112°F s also discussedinvestigated. Figure

S2111 shows the distribution of time-height mass and number concentrations of different hydrometeors averaged-ever-this

region-from CTL run. There are lots of ice particleserystals with-cloud-ice-extending up to 16 km, indicating streng-deep [Formatted: Font: 10 pt, (Asian) Chinese (PRC)
stratiform cloudseenveetion, which is consistent with low cloud top temperature in Figure S1b. The cloud base is higher than ( Formatted: Font: 10 pt, (Asian) Chinese (PRC)
that over R1, characterized by smaller low-level cloud water on December, 15 when strong aerosol impact occurs. This can | Formatted: Font: 10 pt, (Asia") Chf”ese (PRO)
also be suggested from low convective available potential energy (not shown) and surface temperature (Figure S3). With %::::::::; ::z:: 12 Z:: Ei:::; 2::::2: E::Eg
aerosols, more cloud droplets nucleated on which water can condensate. Additional cloud water is subsequently formed near [Formatted: Font: 10 pt, (Asian) Chinese (PRC)
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to 4 km (Figure S2212a), accompanied by reduced supersaturation. The reduction inef rain water and ice-erystals{particularly

in—graupel) suggests_that both the warm rain and cold rain are suppressed; associateding with less condensational and [ Formatted: Superscript
depositional heat release, respectively (Figure S23). The typical responsepreeess of deep stratiform clouds to aerosols isis via %::::::::: :o):: 12 z:
collision processes (Fan et al., 2016). Before 06Z on December 15, the warm rain is inhabited because of slower autoconversion { Formatted: Font: 10 pt, Not Bold, Not Italic, English (United
which is caused by smaller cloud droplet. The riming efficiency is weakened in the later time, resulting in less graupel and Kingdom)
suppressed precipitation, : : P {E;rgrg::)ed: Font: 10 pt, Not Bold, Not Italic, English (United
{ Formatted: Font: 10 pt, Not Bold, Not Italic, English (United
Kingdom)
{ Formatted: Font: 10 pt, Not Bold, Not Italic, English (United
Kingdom)

{ F_ormatted: Font: 10 pt, Not Bold, Not Italic, English (United
region-with-aerosols: With ten times of aerosol emissions, the mass and number of rain water and graupelice-crystals are further { ::f:j:;d: Font: 10 pt, Not Bold, Not Italic, English (United
reduced, accompanied by a weaker latent heat release (Figure S2414 and S2515). As a result, the precipitation is further Kingdom)
suppressed (Figure 11Figure-19b). {Eﬁ]rgrg:;t)ed: Font: 10 pt, Not Bold, Not Italic, English (United
One may wonder whether the precipitation differences over Guangdong are driven by meteorological fields changes in domain | { Formatted: Font: 10 pt, Not Bold, Not Italic, English (United
1, or by transport of aerosols because the atmospheric conditions of domain 1 also changes in response to increased aerosols, | Kingdom)

The changes in meteorology in turn may affect the precipitation. Figure S26 shows the aerosol effects on 2-m temperature and { E;;"J::;d: Font: 10 pt, Not Bold, Not Italic, English (United
column water vapor in domain 1. With aerosols, the moisture change is small over the whole China. The surface temperature {Formatted: Font: 10 pt, Not Bold, Not Italic, English (United
decreasess up to about 1 K is seen over northeastern China, Sichuan, and northeastern Indo-China Peninsula. However, the Kingdom)
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Guangdong and incident solar radiation is weak in rainy days. The relatively small changes in meteorological fields over {Formatted: Font: 10 pt, Not Bold, Not Italic, English (United
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linear additive as previous studies (Fan et al., 2015; Zhong et al., 2015), so that the ACI effect is derived by subtracting ARI
from total aerosol effects. To \We-cannet-check the nonlinearity between ARI and ACI effects because-it-is difficult by neteasy
te-turning off ACI effect. The problem is how to set the background concentration of cloud droplet number while keep the
ARI as same in control run. This means that we could only prescribe the CDNC cloud-droplet-number-concentration-rather
than adjust the emission or aerosol concentration. However, the ACI effect is very sensitive to the number we set (Gustafson
etal., 2007).

ur findings are limited to a case study;; Neverthelessnevertheless, this case is representative of the

remarkable aerosol effect on an extreme rainfall events through ACI_(both convective and stratiform clouds). This finding

provides more evidence of the importance of considering aerosols in extreme weather (i.e., torrential rainfall)
. More , aerosolss from remote emission sources exhibited the potential to modify extreme
weather through transboundary air pollution. It that we need to be careful about the spatial scale when looking

at the effect of aerosols on extreme weather event. Fhis-case-clearly-demenstrates-thecomplicatedfeedback-between-the
dynamic-and-microphysical processes-induced-by-aerosels-Aerosolss substantially redistributeed the rainfall amount, a-finding

with crucial implications for the availability and usability of water resources in different regions of the world (Li et al., 2011).

High aerosol concentrations may intensify both flood and drought by invigorating convection.
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(b) PMZS & 925-hPa Wind
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Figure 1. (a) Terra satellite true-color image of east China on December 13, 2013 (UTC), provided by NASA’s Worldview (source:
https://worldview.earthdata.nasa.gov/). Red circles denote city locations, blue fonts denote cities, and orange fonts in bold italic
denote provinces. (b)- Spatial distribution of 3-day averaged column-integrated PMys concentrations (shading; unit:ug m2) and
925-hPa wind (vector unitm s durlnq December 14-16. 2013 in control run. The red box denotes the analysis region Flhete—ef

OHINVOLICO0264MPO-htmb). (C) Hourly averaged p|\/|25 (HFH-t—pg m‘3) concentranon on

December 13 2013, observed in Guangdong Pprovince. Colored circles denote in situ station locations, and black star denotes
Guangzhou.
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Figure 2. Spatial distribution of accumulated precipitation (urit:-mm) from 00Z on December 14, 2013; to 00Z on December 17,
2013 (local standard time [LST]) from (a) station observations (OBS), (b) CMORPH satellite, (c) control simulation (CTL). Circles
denote locations of in situ observations. (d) Time series of station average of rain rate (4ait-mm h™) over the entire domain 2 for
OBS (red), CMORPH (black),-an¢ CTL (blue), ARIoff (green), and CLEAN (purple). (e) Taylor diagrams for 3-day accumulated
precipitation in CTL (blue), ARIoff (green), CLEAN (purple), and CMORPH (black) compared with OBS. Triangles and circles at
top-left corner in (e) denote bias. Sizes of triangles indicate magnitude of bias. Inverted (upright) triangles represent a negative

(positive) bias. ARIoff run refers to simulation with aerosol-radiation interactions off.
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Figure 3. Differences in precipitation (¢+ait:--mm) (a) between CTL and CLEAN-{i.e-CTL-minus CLEAN:firstrow), (b) CTL and
ARIoff-(i.e.- CTFL-minus ARloff;second-row), and (c) ARIoff and CLEAN-@—G—AR—FQ#H%HH—S—GEEA—N—&M—FQ—FQW} on December 14
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CDNC & Cloud Effective Radius CINC & Ice Cloud Effective Radius Vertical Velocity & Latent Heating
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Figure 5. Differences with time (abscissa; from 00Z on December 14 to 02Z on December 17) and height (ordinate) in (aleft-celumn)
cloud droplet number concentration (CDNC, shading; unit:-107 kg™') and-_cloud effective radius (contour;- unitCl:-3-um), (dmiddle
column) cloud ice number concentration (CINC, shading; unit:-10° kg™) and ice cloud effective radius (contour; unitCl:-4-pm), and
(grighteolumn) vertical velocity (shading; unit:-cm s™) and latent heating (contour; unitCl:-3-K d) averaged over R1 the red box
shewn-in-Figure 3Figure-3-between CTL and CLEAN-{ieCTL-minus CLEAN: firstrow). (b, e, h); Same as (a, d, g) but for
differences between CTL and AR loff-(i.e-CTL-minus-ARleff;-second-row). -(c, f, i) Same as (a, d, g) but for differences between
and-ARloff and CLEAN#e—ARleﬁ—mmu&GI:EAN—Md—FeW) For CINC and ice cloud effective radius, only cloud ice is
considered. Only —Zero-value contour lines
are omitted, and negatlve values are dashed
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Figure 6. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; unit:-10-5 kg kg™ and CDNC (contour;
unit:-107 kg™, (b) cloud ice (shading; unit:-10-° kg kg!) and CINC (contour; unit:-10* kg™), (¢) rain (shading; unit=10-5 kg kg™)
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Table 1. Model simulations. Abbreviations: CTL, control run; ARIoff, turn off aerosol-radiation interactions; D1, keep emissions in
domain 1 as control run while make those except for chemical boundary conditions in domain 2 as CLEAN run; D2, keep emissions
and chemical initial conditions in domain 2 as control run, make those and chemical boundary conditions in domain 1 as CLEAN
run; 10x, tenfold of anthropogenic emissions and chemical initial and boundary conditions. * indicates that emissions, initial
conditions (ICs), or boundary conditions (BCs), are scaled from the control run. Note the offline chemical BCs here awere extracted

from global chemical transport models and only used for domain 1.

Anthropogenic and fire emissions, chemical ICs and BCs*

Simulation

Aerosol-radiation

Aerosol-cloud

Domain 1 Domain 2 interactions interactions

CTL 1 1 Yes Yes

ARIoff 1 1 No Yes
CLEAN 0.1 0.1 Yes Yes
D1 1 0.1 Yes Yes

D2 0.1 1 Yes Yes

10x 10 10 Yes Yes

Tablel

A
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Contribution of local and remote anthropogenic aerosols to
tntensification—ef—a record-breaking torrential rainfall event in
Guangdong Province, China
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1. WRF-Chem model configuration <

WRF-Chem is a fully online model coupled with gas-phase chemistry mechanisms and aerosol physiochemical modules. In

this model, chemical and meteorological components share the same grid coordinates, time steps, transport schemes, and

subgrid physics. The meteorological component (WRF) of this coupled model uses an Eulerian dynamical core with a

nonhydrostatic solver (Skamarock et al., 2008). Gas-phase chemical reactions are estimated using the carbon bond chemical

mechanism (Zaveri and Peters, 1999). Aerosol physics and chemistry are treated using the Model for Simulating Aerosol

Interactions and Chemistry (MOSAIC) scheme (Zaveri et al., 2008) with agueous chemistry. The aerosol size distribution is

represented by four discrete size bins within the MOSAIC scheme: 0.039-0.156 um, 0.156-0.625 pm, 0.625-2.5 um, and 2.5

10 um (Fast et al., 2006). The approach to aerosol dry deposition is based on Binkowski and Shankar (1995). In-cloud (rainout)

and below-cloud (washout) removal of aerosols by resolved clouds and precipitation are simulated following Easter et al.

(2004) and Chapman et al. (2009), respectively. The transport and wet removal of aerosols by convective clouds are also
considered using the Kain—Fritsch (KF) scheme (Kain and Fritsch, 1990) following Zhao et al. (2009, 2013b). The major

physical schemes of meteorological components comprise the KF cumulus scheme; the Yonsei University (YSU) planetary

boundary layer (PBL) scheme (Hong et al., 2006); the National Center for Environmental Prediction, Oregon State University,

Air Force, and Hydrologic Research Lab’s (NOAH) land surface model (Chen and Dudhia, 2001); the Morrison two-moment

scheme for cloud microphysics (Morrison et al., 2009); and the rapid radiative transfer for global (RRTMG) for both longwave

and shortwave radiation schemes (lacono et al., 2008). Aerosol interactions with shortwave and longwave radiation are

incorporated into the model by linking aerosol optical properties, including optical depth, single-scattering albedo, and

asymmetry factor, to RRTMG shortwave and longwave schemes, respectively (Zhao et al., 2010, 2011). The effects of ACI
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are estimated by considering the activation of aerosols to form cloud droplets based on the maximum supersaturation in the

Morrison microphysical scheme (Chapman et al., 2009; Yang et al., 2011).
2. Figures <

(a) Terrain Height (b) Cloud Top Temperature
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Figure S1. (a) WRF-Chem model two-nested domains with resolutions of 20 km and 4 km for domain 1 (D1) and domain 2 (D2),
respectively. Shading represents terrain height (¢rit:-m). (b) Spatial distribution of 3-day averaged cloud top temperature (shading;
uh-°C) during December 14-16, 2013 over domain 2 in control run.
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Figure S2. Spatial distribution of 3-day averaged 500-hPa wind (vector; unit=m s*) and height (shading; uait:-m) during December
14-16, 2013 for (a) OBS from ERA-interim and (b) CTL from control simulation.
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Figure S665. Spatial distribution of accumulated precipitation (&#it:--mm) from 00Z on December 14, 2013; to 00Z on December 17,
2013 from (a) station observations (OBS), (b) CMORPH, (c) control simulation (CTL), and (d) TRMM. Circles denote locations of
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Figure S8. Time series of rain rate (mm h™) averaged over R1 (a) for 10x (red), CTL (black), ARIoff (blue), and CLEAN (green).
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Figure S9. Differences with time (abscissa) and height (ordinate) in latent heat release (K d-) from (a) condensation, (b) deposition.«

and (c) freezing processes between CTL and CLEAN averaged over R1 for warm cloud. (d—f) Same as (a—c) but for cold cloud. Zero-

value contour lines are omitted, and negative values are dashed. The contour interval is 3 K d-!,

(

Formatted: Normal

)

[

Formatted: Font: 9 pt, Bold

)

{

Formatted: (Asian) Chinese (PRC), (Other) English (United
States)

)




5

(a) OBS

PM, 5
(b) CTL

25°N

24°N

23°N —

22°N

21°N

25°N

24°N

23°N

22°N

21°N

111°E 112°E 113°E 114°E 115°E 116°E 111°E 112°E 113°E 114°E 115°E 116°E
5 10 15 20 25 30 35 40 45 50 55 60 65 70
Eiaura Co DM Lnit: 1o pa=3) durina N h 1416 2012 far () ok 1 and (h) t
N = AN BlLat~d 7 g T 7 7
Caolarad cirel = o in citi ctatl 1 $1
PM, 5
120
3 —CTL
100 _‘\ —o8s
80 _j\
l‘" -
E g0
3 ]
B ]
40 o
20
o
u“ @ tP .Q ta“ @ :P @ cP a“
@ & @ c?
LST(h)
Eiopirn © Tim. ri f DM y d oy all +h 1
g - g

10




Height (km)

Height (km})

Figure S

shading and contour.

12 {a) Cloud water 12 {b) Cloud ice --0°C
10 — 10
8 E s
6 % 6
4 5 4
2 i 2
S ) Vi = [~
0
@a“@@d’@@e“@d’.@.@@ a“@.@@@@@.@.@ &P.@.@
FAE T E I E A T F IR F P AL d’@ Rl
- ] e — — ] L —
00205 1 2 3 4 & 5 7 8 8 10 12 15 002065 01 03 05 OB 1| 12 14 18 2 25 3 35
{c) Rain -0°C (d) Snow -—0°C
1
# #
10 - 10
8 E s
6 J'é 6
4 E 4 e
2 2

0 T

&@@@d‘@&n"@@nﬁmﬁ@

@@m“n“@@m“v“@u“&@.@

P Q’u“n“”l' & BT E P TF
] J— | B— T
(e) Graupsl
1
3
- 10
g
=
o
3 4
2
V]
@@@@@.@:PsPn“:Per“a“
I P S N S N o
002005 01 02 03 04 05 06 08 1 12 15 2 25

11

108, Distribution with time (abscissa) and height (ordinate) in (a) cloud water (shading; wnit=-10- kg kg™') and CDNC+
(contour; unit:-107 kg™?), (b) cloud ice (shading; unit=-10-° kg kg*) and CINC (contour; unit=-10* kg™), (c) rain (shading; -unit:-10-
kg kg™)- and rain number concentration (contour; unit:-10° kg), (d) snow (shading; unit:-10 kg kg™*) and snow number
concentrations (contour; unit:-10° kg™), and (e) graupel (shading; unit:-10 kg kg) and graupel number concentration (contour;

unit:-10° kg™) averaged over R1 thered-box-in CTL run. Only-anomalies-that-exceed-90% significance-level-are-depicted-with
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Figure S11. Differences in column-integrated moisture convergence (CON; mm) between (a) CTL and CLEAN and (b) ARloff and
CLEAN on December 15. (c, d) Same as (a, b) but for column-integrated advection of water vapor (ADV; mm). The numbers at the
op-left corner of each panel represent the values averaged over R1.
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Figure S12. Differences with time (abscissa) and height (ordinate) in (a) CDNC (shading; 107 kg™) and cloud effective radius
(contour; um), (c) CINC (shading; 10° kg™) and ice cloud effective radius (contour; um), and (e) vertical velocity (shading; cm s™)
and latent heating (contour; K d*) averaged over R1 between D1 and CLEAN. (b, d, f) same as (a, ¢, €) but for differences between
D2 and CLEAN. Zero-value contour lines are omitted, and negative values are dashed.
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Figure S13. Differences with time (abscissa) and height (ordinate) in latent heat release (K d-*) from (a) condensation, (b) deposition,«

and (c) freezing processes between D1 and CLEAN averaged over R1 for warm cloud. (d—f) Same as (a—c) but for cold cloud,
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Figure S14149. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; unit=-10- kg kg*) and CDNC
(contour; unit=-107 kg™), (b) cloud ice (shading; unit=10-° kg kg*) and CINC (contour; unit:-10* kg™?), (c) rain (shading; unit: 10-°
kg kg) and rain number concentration (contour; unit:-10° kg?), (d) snow (shading; unit:-10* kg kg™) and snow number
concentrations (contour; unit=-10° kg), and (e) graupel (shading; unit:-10* kg kg™) and graupel number concentratlon (contour;
unit-10% kg?) between D2 and CLEAN (i.e- D2 minus CLEAN)-averaged over- R1the red-box,
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Figure S151510. Differences with time (abscissa) and height (ordinate) in latent heat release (4nit:-K d-*) from (a) condensation, (b)
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Figure S17. Differences with time (abscissa; from 00Z on December 14 to 02Z on December 17) and height (ordinate) in (a) CDNC

(shading; 10” kg™) and cloud effective radius

(um), (b) CINC (shading; 10° kg™1) and ice cloud effective radius (contour; um), and

(c) vertical velocity (shading; cm s™%) and latent heating (contour; K d-*) averaged over R1 between 10x and CLEAN.
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Figure S18. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10 kg kg™) and CDNC (contour;
107 kg™, (b) cloud ice (shading; 105 kg kg™) and CINC (contour; 10* kg™), (c) rain (shading; 10-° kg kg™ and rain number
concentration (contour; 10° kg™, (d) snow (shading; 10 kg kg™!) and snow number concentration (contour; 10° kg%), and (e)
5 graupel (shading; 10~ kg kg™*) and graupel number concentration (contour; 10% kg™) between 10x and CLEAN averaged over R1.
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Figure §19, Differences with time (abscissa) and height (ordinate) in latent heat release (K d-*) from (a) condensation, (b) deposition,

and (c) freezing processes between 10x and CLEAN averaged over R1 for warm cloud. (d-f) Same as (a—c) but for cold cloud,
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Figure S20. Spatial distribution of wind shear (m s™) on (a) December 14 and (b) December 15 in 2013 in the CTL run. Wind shear
is calculated as differences between maximum wind speed and minimum wind speed at 0-10 km. Spatial distribution of column-
integrated water vapor (shading; mm day!) and 925-hPa wind (vector; m s™!) on (c) December 14 and (d) December 15 in 2013 in

5 CTL, - [Formatted: English (United States)
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Figure S21211%. Distribution with time (abscissa) and height (ordinate) in (a) cloud water (shading; unit:-10-° kg kg) and CDNC
(contour; unit: 107 kg™), (b) cloud ice (shading; unit=10-° kg kg™) and CINC (contour; unit:-10* kg™), (c) rain (shading; unit:-10-
kg kg) and rain number concentration (contour; unit:-10° kg™?), (d) snow (shading; unit:-10* kg kg*) and snow number

concentrations (contour; unit=-10° kgt), and (e) graupel (shading; unit:-10* kg kg™) and graupel number concentration (contour;
unit=-10° kgt) averaged over R2 the regionin24°25°N_110° 112°E from CTL run. Only-ancmalies thatexceed 90% significance
level are depicted with shading and contour.
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(a) Cloud water --0°C (b) Cloud ice : —-0°C [ Formatted: English (United States)
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Figure S222212. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; unit:-10-° kg kg*) and CDNC
(contour; unit=-107 kg™), (b) cloud ice (shading; unit=10-° kg kg™*) and CINC (contour; unit:-10* kg™?), (c) rain (shading; unit:-10-°
kg kg) and rain number concentration (contour; unit:-10° kg?), (d) snow (shading; unit:-10* kg kg*) and snow number
concentrations (contour; urit=10° kgt), and (e) graupel (shading; urit:-10 kg kg™) and graupel number concentration (contour;

HFHfFlOS kg 1) between CTL and CLEAN ém—@ll.—mmu&@l:EAN%averaged over- RZMQMM—%N—HG—HZ—E el
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Figure S272718. Differences in precipitation (mm) between (a) CTL and CLEAN and (b) D1 and CLEAN on December 15 based on
domain 1 output.
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