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Abstract. How aerosols modulate warm-sector extreme rainfall over South China by altering mesoscale convective system
(MCS) organization remains poorly understood. We investigate a coastal warm-sector extreme-rainfall event on 10—-11 May
2022 using five WRF v4.3.3 sensitivity experiments with different water-friendly aerosol concentrations. Multiscale responses
are diagnosed using a two-dimensional discrete cosine transform, hydrometeor mass budgets, and buoyancy analysis. All
experiments reproduce the inland frontal and coastal warm-sector rainbands, while aerosol sensitivity is concentrated in coastal
MCS continuity, convective-scale hydrometeor activity, and rainwater production. As aerosol loading increases from low to
moderate levels, condensational growth and cloud-water collection by raindrops intensify, establishing a more persistent warm-
rain water source. Increased supercooled cloud water further promotes snow and graupel riming and melting, strengthening
cold-rain processes. Meanwhile, low-level inflow, ascent, and hydrometeor columns become better aligned, favoring sustained
MCS regeneration and a more continuous coastal rainband. At higher aerosol loading, smaller mean cloud droplet sizes
suppress warm-rain production, while evaporative cooling and low-level cold anomalies intensify, coinciding with greater
spatial separation of newly triggered convection from the primary rainband and increased rainband fragmentation. Although
cold-rain compensation occurs in a few intense cores late in the highest-concentration experiment, it does not restore regionally
averaged rainwater generation or rainband continuity. These results reveal a non-monotonic aerosol sensitivity in which
precipitation depends not only on local microphysical enhancement but also on whether microphysical and dynamical
responses remain spatially coupled to the MCS regeneration zone within this coastal warm-sector convective system over
South China.

Keywords: warm-sector extreme rainfall; South China; aerosol-cloud—precipitation interactions; mesoscale convective

system; Multi-Scale Structures
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1 Introduction

Atmospheric aerosols can modify atmospheric stability and the surface energy budget by scattering and absorbing radiation.
They can additionally serve as cloud condensation nuclei(CCN) and ice-nucleating particles, and thus influence droplet
activation, phase transitions, and precipitation-particle growth. These perturbations can propagate from microscopic particle
properties to cloud optical properties, lifetimes, precipitation efficiency, and the water cycle at larger scales (Twomey, 1977;
Albrecht, 1989; Rosenfeld et al., 2008). Through the microphysical pathway, higher aerosol loading generally raises cloud
droplet number concentration, decreases mean droplet size, and modifies condensation, collision—coalescence, supercooled-
water transport, and ice-phase growth. Through the radiative pathway, aerosols and aerosol-induced changes in cloud
properties can reshape the thermodynamic environment. The two pathways may operate simultaneously and produce different
responses in local convection, cloud clusters, and mesoscale convective systems (MCSs) (Stier et al., 2024; Bei et al., 2025).
Aerosol microphysical effects do not lead to a universal enhancement or suppression of convection; their net effects vary with
environmental setting and storm structure. Important environmental controls include humidity, instability, vertical wind shear,
cloud-base height, and the location of dry layers. Recent case-based simulations further indicate that the precipitation response
to CCN perturbations can vary among convective cases and can depend on wind shear and the simulation period (Tonn et al.,
2025). These factors govern water-vapor supply to condensation and the lofting of supercooled liquid water above the freezing
level. They also determine whether evaporative cooling can generate cold pools capable of triggering subsequent convection
(Rosenfeld et al., 2008; Grant and van den Heever, 2015; Grabowski and Morrison, 2021). In-cloud entrainment, hydrometeor
loading, the partitioning between warm- and cold-phase processes, updraft structure, and life cycle stage also shape the net
response. If inference is based only on correlations between aerosols and cloud-top height, radar reflectivity, or rainfall
intensity, environmental covariability may be misinterpreted as a causal aerosol effect (Varble, 2018; Igel and van den Heever,
2021; Varble et al., 2023). Microphysics, dynamics, and organizational structure should therefore be evaluated together within
a shared environmental background.

Convective systems exhibit structure-dependent responses to aerosol perturbations. For isolated deep convection, aerosols may
strengthen some updrafts by delaying warm rain and increasing supercooled cloud water and latent-heat release, but the
response remains constrained by moisture, entrainment, hydrometeor loading, and precipitation evaporation (Storer et al., 2010;
Li et al.,, 2011; Marinescu et al., 2021). The same case can yield divergent responses across models, indicating that
microphysical parameterizations and their dynamical coupling are important sources of uncertainty (Zhang et al., 2021).
Simulations of South China squall lines further indicate that aerosol perturbations may either reduce total precipitation or yield
a modest increase, with the magnitude controlled by moisture supply and convective stage (Xiao et al., 2023). Thus, the
“aerosol invigoration” mechanism inferred from a single cloud or a local intense core cannot be transferred directly to an
organized convective system.

An MCS contains convective cores, stratiform precipitation regions, cold pools, low-level inflow, and mesoscale circulations.

Its persistence relies on convective-cell initiation, merger, propagation, and regeneration, making it inherently multiscale
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(Houze, 2004). Local aerosol-driven changes can displace triggering locations via evaporative cooling and cold-pool outflow,
and may also reorganize convective and stratiform regions through latent-heat release, hydrometeor transport, and adjustments
in updrafts; stronger local convection need not produce greater system-integrated precipitation. Previous studies show that
wind shear can alter the updraft response of MCSs (Chen et al., 2020), compensation among internal microphysical pathways
can weaken net precipitation changes (Lee and Feingold, 2010), and enhanced peripheral convection in tropical cyclones can
coexist with a weakened storm core (Khain et al., 2010). This motivates separating convective-scale intense cores,
intermediate-scale rainbands or clusters, and the system-scale background, and assessing whether cross-scale responses
reinforce or compensate for one another.

Warm-sector heavy rainfall in South China’s pre-summer rainy season provides a useful setting for these questions. These
events typically develop in warm, moist air south of a front, and their intensity and location reflect the combined influence of
low-level jets, moisture transport, coastal convergence, orographic lifting, and repeated MCS regeneration (Luo et al., 2020).
Deep warm-cloud layers and abundant moisture favor condensation, collision—coalescence, and rapid warm-rain production
through raindrop collection of cloud water, while supercooled cloud water together with snow and graupel growth and melting
in deep convection keeps cold-rain processes important (Gao et al., 2021). Regional simulations indicate that precipitation
over coastal South China can respond nonlinearly to aerosol perturbations (Wang et al., 2023). However, previous work has
emphasized accumulated precipitation, peak rainfall intensity, and regional means, while giving less attention to whether
aerosols alter the large-scale rainband structure or multiscale hydrometeor activity and convective regeneration within an MCS.
An integrated diagnosis of how warm-rain, cold-rain, and cold-pool feedbacks evolve over the life cycle is also lacking.

We analyze a coastal South China warm-sector extreme-rainfall event on 10—11 May 2022 and use five water-friendly aerosol
sensitivity experiments with WRF and Thompson aerosol-aware microphysics. With initial and boundary conditions and
physics held fixed, a two-dimensional discrete cosine transform separates system-, intermediate-, and convective-scale
hydrometeor signals. The scale decomposition is combined with hydrometeor mass budgets, buoyancy components, and
tracking of intermediate-scale convective elements to assess how aerosol perturbations affect precipitation generation and
organizational evolution in the coastal MCS. We address three questions: whether responses are consistent across scales; how
the establishment of warm rain and amplification by cold rain jointly control system precipitation; and whether, under high
aerosol concentrations, changes in evaporative cooling, cold-pool outflow, and triggering location can explain the transition
of the rainband from continuous to discrete. By jointly considering microphysical efficiency, dynamical feedbacks, and

multiscale organization, we characterize the non-monotonic aerosol response of warm-sector MCSs.
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2 Methods
2.1 Case overview

On 10 May 2022, Guangdong lay along the northwestern flank of the western North Pacific subtropical high and in advance
of a 500 hPa westerly trough. At 850 hPa, a northeast—southwest oriented shear line separated northerly flow on its northern
side from strong warm, moist southwesterlies farther south, producing pronounced horizontal wind shear. At the surface, the
front lay over northern Guangdong, whereas the coast and adjacent waters were controlled by a low-level southerly jet, with a
wind-convergence zone near the coastline (Fig. S1). Air with high pseudoequivalent potential temperature converged along
the coast and was lifted by topography, favoring MCS initiation and persistence.

The precipitation field featured two distinct rainbands. Inland northern Guangdong hosted a frontal rainband associated with
the low-level shear line and southward-moving front, while a warm-sector rainband along the western Guangdong coast
persisted under the combined influence of the low-level jet and coastal convergence. The two rainbands lay about 100 km
apart, and both contained heavy-rain centers exceeding 250 mm. The maximum accumulations in the inland and coastal
rainbands were 446.9 and 433.3 mm, respectively. The coastal warm-sector rainband occurred mainly from 15:00 UTC 10
May to 06:00 UTC 11 May, with a maximum hourly rainfall rate of 95.7 mm h™!' at 23:00 UTC 10 May. Radar observations
and earlier analyses indicate that convective cloud clusters repeatedly formed and merged along the coast before propagating
downstream, eventually forming linear MCSs with a training effect. The low-level jet, moisture transport, local topography,
and coastal convergence jointly supported this evolution.

Xiaetal. (2023) and Xiao et al. (2025) have documented in detail the low-level moisture transport, boundary-layer convergence,
double-rainband structure, and microphysical characteristics of this event. Rather than revisiting the full event attribution, we
focus on the coastal warm-sector heavy-rainfall period from 18:00 UTC 10 May to 12:00 UTC 11 May. Scale separation and
atmospheric-column hydrometeor mass budgets are applied to compare hydrometeor distributions under different aerosol

concentrations and to diagnose how MCS microphysical and dynamical processes change accordingly.

2.2 Model configuration and experimental design

The numerical experiments were conducted with WRF v4.3.3. Initial and boundary conditions are provided by ERAS, the
fifth-generation ECMWF reanalysis (Hersbach et al., 2020), at 1 h temporal and 0.25° x 0.25° horizontal resolution.

Three two-way nested domains are configured at horizontal grid spacings of 9, 3, and 1 km, with time steps of 27, 9, and 3 s,
and domain dimensions of 301 x 301, 391 x 391, and 421 x 421. The domain center is 22.0° N, 113.0° E. The model uses
a Lambert projection with standard parallels at 15° N and 30° N (Fig. 1). The integration runs from 12:00 UTC 9 May
2022 to 12:00 UTC 11 May 2022, spanning 48 h. The vertical grid comprises 57 terrain-following levels capped at 50 hPa.
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Figure 1: Three two-way nested WRF simulation domains (d01, d02, d03) and terrain-height distribution (unit: m).

Longwave and shortwave radiation are treated with the RRTMG scheme (Iacono et al., 2008), the planetary boundary layer is

represented by the Shin—Hong scale-aware scheme (Shin and Hong, 2015), and land-surface processes are represented by the
125 unified Noah model (Tewari et al., 2004). The Tiedtke cumulus parameterization (Zhang et al., 2011) is applied only in the 9

km dO1 domain, with no cumulus parameterization in d02 or d03. Cloud microphysics uses the Thompson aerosol-aware

scheme (Thompson and Eidhammer, 2014), which includes explicit treatment of aerosol—cloud interactions.

Aerosol initial fields for the Thompson aerosol-aware scheme are derived from the fourth-generation Copernicus Atmosphere

Monitoring Service (CAMS) reanalysis dataset, EAC4 (Inness et al., 2019). EAC4 supplies monthly mean aerosol mass-mixing
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ratios over 0°-60° N and 50°-150° E for 2003-2022, on a 0.75° x 0.75° grid and 25 pressure levels spanning 1000 to 1
hPa. The aerosol species include size-binned dust, sea salt, hydrophilic/hydrophobic organic carbon and black carbon, and
sulfate aerosol. Assuming the lognormal size distribution of Chin et al. (2002), the mass mixing ratios of each component are
converted into number concentrations for the Thompson scheme.

The variable lower-boundary condition is imposed only in the lowest model layer. The aerosol surface flux is diagnosed from
the near-surface initial concentration and mean surface wind speed using the formulations of Thompson and Eidhammer (2014)
and Guo et al. (2024). Using the historical CAMS concentration range, we define five water-friendly aerosol (NWFA)
experiments: MIN, 025, AVE, 075, and MAX. The 025 and 075 experiments represent the 25% and 75% positions between
MIN and MAX, respectively, while AVE represents the mean level (Fig. 2). All five experiments share identical initial fields,
boundary conditions, and physics options and cover the full event life cycle. Aerosol input is the sole perturbed field; therefore,
inter-experiment differences isolate relative sensitivity to aerosol perturbations rather than predicting exact real-world

concentrations.
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Figure 2: Initial-field distributions of water-friendly aerosol number concentration in the five experiments. (a) MIN, (b) 025, (c)
AVE, (d) 075, and (e) MAX show the spatial distributions of surface emission rate (unit: 10° kg s); (f) vertical profiles of water-
friendly aerosol number concentration with height in the five experiments (unit: 10° kg™).
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2.3 Scale separation based on 2D-DCT

We apply a two-dimensional discrete cosine transform (2D-DCT; Denis et al., 2002) to decompose the spatial scales of the
column-integrated total hydrometeor mass field. The input variable fi,; sums the atmospheric-column-integrated masses of
cloud droplets, raindrops, ice crystals, snow, and graupel. The 2D-DCT uses even boundary symmetry, which limits high-

frequency Gibbs artifacts associated with nonperiodic boundaries in a limited-area domain. The forward transform is:
_ M-1 N-1 72+ 1)m 72+ Dn
s 151 2 con 2] o 0

where Fn,, denotes the spectral coefficient, m and n index the x- and y-direction modes, and o and B, denote normalization

factors. Let Ly = MAx and L, = NAy; mode (m, n) is assigned the effective horizontal wavelength:
2

m,n:m , (m,n)#(0,0) 2)

The zero mode is treated as the domain-mean background and assigned Xo,0 = o0. Using the scale-banding framework of Lin

A

and Zhang (2008), we classify wavelengths into the system scale (A > 150 km), intermediate scale (50 km <A < 150 km), and

convective scale (A < 50 km). The spatial component at scale s is:

g - — s (2i+1) (2j+1)
A= W, @ F 008 [FEn] cos 22| 3)

where Wi,o® takes a value of 1 inside the corresponding wavelength range and 0 elsewhere. The original field is recovered by
summing the three components, and spectral power is computed from the sum of Fin,? over the corresponding ranges. These
three scales represent the broad hydrometeor background, organization within the rainband, and local intense cores,

respectively, and should not be interpreted as unique proxies for specific microphysical or dynamical processes.

2.4 Hydrometeor mass budget

The column hydrometeor mass budget connects surface-precipitation changes with in-cloud microphysical perturbations
(Khain, 2009; Cheng et al., 2010; Morrison and Grabowski, 2011). Within the three-dimensional analysis domain, mass
conservation for each hydrometeor category is expressed as:

OX o/ O=X 0, TX,

top +Xbot+Xgen ~Xioss (4)

where Xy, denotes column-integrated mass of the hydrometeor category (X='C', cloud droplets; X='R’, raindrops; X='T', ice
crystals; X='S', snow; X='G', graupel). Vertical integration is performed with the midpoint trapezoidal method; Xagy, Xop
and Xpot represent transport of hydrometeor mass across the lateral, upper, and lower column boundaries, respectively, while
Xgen and Xjoss represent in-column microphysical source and sink terms, respectively.

Because the WRF column has no hydrometeor flux through its upper boundary and raindrop flux through the lower boundary

is surface liquid precipitation, Eq. (4) for raindrops becomes

P :Radv_aRcol/ aﬁ_Rgen _Rloss 3)
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where P represents study-region precipitation, Rjoss is the in-column rainwater sink, dominated by evaporation, Rge, is the
source term and contains two contributions: (1) rainwater generated by warm-cloud processes (rainwater production rate,
Ryarm), (2) rainwater supplied by ice-phase processes (cold-rain source, Rgqq). Rwarm and Rgog are diagnosed in Sect. 2.5.
Because cloud droplets and ice-phase hydrometeors are fully removed by evaporation or melting before directly reaching the

surface, Eq. (4) reduces, for cloud droplets, ice crystals, snow, and graupel, to

)(adv_a)(cal/a + Xgen_)(loss:o (6)

2.5 Rainwater source terms

The rainwater production rate term (Ryqrm) contains two contributions: (1) vapor condensation directly onto raindrops (Rgong);
(2) cloud droplet conversion to rain (R.). Because R, also appears in the cloud droplet source—sink budget, Eq. (6) gives
Re=Ceond=Cevap=Crimt Caav=0Cc0l/ 0 Q)
where Cgonq denotes in-column condensational growth of cloud droplets, Ceyap and Cyiy, denote cloud droplet losses from
evaporation and freezing, respectively. The rainwater production rate term (Ryarm) can then be written as

Reyarm™RC oong™Covap™CrimTCogy=0C /0 (8)
where RC,,y combines condensation onto raindrops and cloud droplets.

The cold-rain source term (Rg) is decomposed into three contributions: (1) net ice-crystal contribution to rainwater (Rjce),
(2) net snow contribution to rainwater (Rsnow), (3) net graupel contribution to rainwater (Ryrap). Using Eq. (4), Rice, Rsnow

and Ry, are diagnosed as

Rice:]rim+]dep_]sub+]adv_alcol/a (9)
Rnow=Srim +Sdep_Ssub+Sadv_aS col /0 (10)
Rgmp:Grim—i_Gdep_Gsub+Gadv_aGcol/a (1 1)

where liim, Syim and Gy, denote net in-column riming growth of the ice-phase species, lgep(lsun)s Sdep(Ssub) and Gyep(Gsub)

denote ice-phase mass gain (loss) from deposition (sublimation) within the column.

2.6 Buoyancy equation

Previous studies (Khain et al., 2005; Fan et al., 2009, 2012, 2018) relate precipitation perturbations to changes in convective-
scale updraft speed (w). Both parcel-model studies (Rosenfeld et al., 2008) and cloud-resolving-model studies (Fan et al., 2017,
2018) identify buoyancy as a key control on updraft velocity. We compute buoyancy following Fan et al. (2017):

(6-6)
B=g[“2+0.61(4,-4,)4] (12)
where 6 is potential temperature, an overbar indicates the study-region horizontal mean, g is gravitational acceleration, ¢, and

g; are water-vapor and total-hydrometeor mass mixing ratios, respectively. In Eq. (12), the first right-hand-side term is the
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temperature-perturbation contribution to buoyancy (hereafter Bigmp), the second is the water-vapor contribution to buoyancy

(hereafter Byap), and the third is the total-hydrometeor loading term (hereafter Bpyqr).

2.7 Identification and tracking of intermediate-scale convective elements

Building on TITAN and object-based verification (Dixon and Wiener, 1993; Davis et al., 2006), MCEs are detected and tracked
from the 2D-DCT intermediate-scale hydrometeor component. Every 20 min, grid points with original column-integrated total
hydrometeor mass H,,; > 1 kg m™ form candidate regions that are labeled with eight-neighbor connectivity. Object area and
its intensity-squared-weighted centroid are:

2
ZieqfHl i

A=N;,AxNy, r= (13)

zierHz2
For each pair of adjacent times, the matching score combines the intensity-squared-weighted intersection-over-union Oy, the

linearly extrapolated centroid distance dyj, and the area similarity Q:

a2
8,;=0.50;; + 0.3exp[—ﬁ]+0.2ij, Oy=min(4y, 4;)/max(4y, 4;) (14)
With 6 = 20 km, global maximum-score matching is restricted to object pairs with d,; < 40 km and O,; > 0.05. During

merging or splitting, the highest-scoring branch is retained as the primary track; unmatched objects start new tracks. Only

tracks persisting for at least three consecutive time steps are retained for lifetime and trajectory statistics.

3 Results
3.1 Effects of aerosols on the spatiotemporal distribution of surface precipitation

Observations show a separation between the inland frontal rainband and the coastal warm-sector rainband, with accumulated
precipitation exceeding 250 mm around the Pearl River Estuary (Fig. 3). Xiao et al. (2025), using automatic weather stations,
dual-polarization radar, and 2DVD observations, showed that a similar model configuration reproduced both rainbands and
the overall accumulated-precipitation pattern, although the first coastal rainfall peak occurred 3 h too late. This phase and
amplitude bias may reflect a delayed model representation of coastal-convergence triggering and the organization of merged
convection into a band. The five experiments use identical initial and boundary conditions and physical configurations, and
reasonably reproduce the locations of the two rainbands, accumulated precipitation, and timing of the second peak. Thus, this
bias mainly limits the forecast of absolute peak magnitude and does not affect the comparability of responses among the

experiments.
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Figure 3: Spatial distribution of 24-h accumulated precipitation from 12:00 UTC 10 May to 12:00 UTC 11 May 2022 in the five
simulations and observations (unit: mm). Panels (a)—(f) correspond to MIN, 025, AVE, 075, MAX, and observations, respectively.

All five experiments retain the inland frontal rainband and the coastal warm-sector rainband; their differences are mainly
reflected in the organization of heavy coastal precipitation (Fig. 3). In MIN and 025, the heavy-rain centers are relatively
scattered and areas exceeding 250 mm lack continuity. When the aerosol concentration increases to AVE, a more concentrated
and continuous heavy-rain belt forms west of the Pearl River Estuary and along the coast, most closely matching the observed
location of extreme precipitation. With further increases to 075 and MAX, the rainband gradually narrows, breaks apart, and
becomes discrete clusters. Although MAX recovers some local heavy precipitation, its continuity remains weaker than in AVE.
Along the concentration gradient, coastal heavy precipitation evolves from a dispersed pattern at low concentrations toward a
more concentrated and continuous pattern, reaches its most coherent organization near the moderate concentration, and then
fragments again as concentration increases further. Aerosol perturbations therefore mainly alter the concentration and

continuity of the coastal MCS rainband rather than substantially shifting the basic positions of the two rainbands.

10
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Figure 4: Time evolution of the study-area-mean rainfall rate (unit: mm h™). Shading marks the two diagnostic stages of interest:
the primary-rainband development stage (21:00 UTC to 05:00 UTC), corresponding to rapid development and the first peak; and

the later organizational adjustment stage (05:00 UTC to 12:00 UTC), corresponding to the second peak, plateau maintenance, or
local recovery.

Figure 4 shows a clear stage dependence of the rainfall-rate response to aerosol concentration. The full-period peaks in MIN
and 025 are 8.478 and 8.628 mm h™!, respectively, while AVE reaches 9.945 mm h!. During the development stage, the mean
rainfall intensity increases from 4.623 mm h™!' in MIN to 5.907 mm h™! in AVE, then decreases to 3.852 and 3.678 mm h™! in
075 and MAX, respectively. During the adjustment stage, MAX recovers to 4.326 mm h-!, but remains below 5.517, 5.061,
and 4.929 mm h'! in MIN, 025, and AVE, respectively. Along the concentration gradient, precipitation first increases and then

decreases during the primary intensification stage; the late recovery at the highest concentration is mainly local and does not

alter the overall decrease in system-mean rainfall intensity.

3.2 Multiscale characteristics of hydrometeors and their responses to aerosol concentration

When precipitation transitions from a continuous rainband to discrete clusters, changes occur not only in total hydrometeor
amount but also in its allocation across spatial scales. The DCT components are used to distinguish these two types of change.
The system scale represents the overall background constrained by circulation and moisture transport; the intermediate scale
retains continuous rainband segments, cell arrangement, and cluster boundaries; and the convective scale highlights local
intense cores and newly initiated cells. Together, the three components reconstruct the full hydrometeor field, allowing us to

test whether aerosols primarily modify the event-scale background or the internal organization of the MCS.

11
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Figure 5: Column-integrated total hydrometeor mass field (unit: kg m?) and scale-separation results for the AVE experiment at
02:00 UTC 11 May 2022. (a) Original field; (b) system scale (>150 km); (c) intermediate scale (50—150 km); (d) convective scale (<50
km). The green solid contour denotes 10 mm 20 min! precipitation and the green dashed contour denotes 20 mm 20 min!
precipitation.

Figure 5 provides an example of the scale decomposition for the AVE experiment at 02:00 UTC 11 May. The original column-
integrated total hydrometeor field contains both the coastal rainband and local intense cores; the system-scale component
retains the continuous background, the intermediate-scale component highlights continuous segments and cluster boundaries
within the rainband, and the convective-scale component retains local intense cores. Figure 6 further compares the temporal

evolution of spectral power at the three scales.

12



275

280

285

https://doi.org/10.5194/egusphere-2026-5128
Preprint. Discussion started: 29 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

7.50 A MIN (@)
5.00 A

2.50 A

0.00 -1

1.00 A

0.50 A1

0.00 -

Spectral Power(kgZm~—%)

0.60 A

0.40 A

0.20 A1

000 L T T T T T
10:18 10:22 11:02 11:06 11:10
Time(Day:Hour)

Figure 6: Time evolution of spectral power at each scale in the hydrometeor-integrated field under different aerosol backgrounds
(unit: kg m*). (a) System-scale component (A > 150 km); (b) intermediate-scale component (50 km < A < 150 km); (¢) convective-
scale component (A < 50 km). Shading indicates the two diagnostic stages: the development stage, corresponding to rapid
development and the first peak; and the adjustment stage, corresponding to the second peak, plateau maintenance, or local recovery.

System-scale spectral power shows a similar double-peaked evolution in all five experiments: the first peak occurs at 02:00—
03:00 UTC on 11 May, followed by a decline and then renewed enhancement at 07:00-09:00 UTC (Fig. 6a). The first peak is
highest in AVE at 6.970 kg> m™*; MAX and 025 reach 5.991 and 5.916 kg? m™, while MIN and 075 reach 5.276 and 4.592 kg?
m™*. The ranking changes for the second peak, with 025 and MIN increasing to 7.774 and 6.945 kg> m™, higher than the 5.687,
5.205, and 3.945 kg> m™ in AVE, MAX, and 075. The common double-peaked pattern indicates that aerosol perturbations
modify the amplitude and timing of system-scale hydrometeor variability more strongly than the underlying large-scale
rainband structure.

Differences in intermediate-scale spectral power among the experiments are expressed mainly in peak timing and the duration
of high values (Fig. 6b). Peak values in the five experiments fall within 0.934—1.098 kg? m™. The maxima in MIN and 025 are
delayed to 08:20 and 07:00 UTC, respectively; AVE approaches 1.0 kg m* several times around 04:00, 06:00, and 07:20
UTC, with high values persisting into the maintenance stage; 075 and MAX reach 0.998 and 1.098 kg? m relatively early and
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then decline markedly. Along the concentration gradient, intermediate-scale activity shifts from late-stage peaks in MIN and
025, to sustained high values in AVE, and then to early peaks followed by rapid decline in 075 and MAX. Importantly, similar
spectral power does not imply the same organizational form: both a continuous rainband and multiple discrete clusters can
generate high power, and these configurations are distinguished further in the next section.

Differences among the experiments are more concentrated at the convective scale (Fig. 6¢). Peak values for MIN, 025, AVE,
075, and MAX are 0.527, 0.570, 0.627, 0.569, and 0.527 kg? m™, respectively, with AVE reaching the highest value around
03:00 UTC. After 06:00 UTC, AVE also exhibits a secondary maximum of 0.532 kg? m*, while MIN and 025 recover to 0.518
and 0.514 kg? m™ over the same period; the late-stage highs in 075 and MAX are only 0.343 and 0.345 kg?> m™. From MIN to
AVE, convective-scale spectral power progressively increases and retains a pronounced secondary maximum after 06:00 UTC;
with further increases to 075 and MAX, the peak declines and the late-stage high is also markedly weaker.

Across all three scales, the five experiments retain a similar double-peaked framework at the system scale, indicating that the
system-scale hydrometeor background of the event is relatively stable. As aerosol concentration increases from MIN to AVE,
convective-scale spectral power progressively strengthens and high intermediate-scale values persist into the maintenance
stage; when concentration increases further to 075 and MAX, the convective-scale peak declines and high intermediate-scale
values also decay earlier. Aerosols therefore primarily regulate the allocation of hydrometeor signals among spatial scales and

life cycle stages, with the response turning near the moderate concentration.

3.3 Response of intermediate-scale convective organization to aerosols

To reduce short-term fluctuations in MCE number and emphasize organizational evolution, we divide the event into five
periods for the statistics in this section: initiation (19:00-22:00 UTC), development (22:00-01:00 UTC), peak (01:00-04:00
UTC), maintenance (04:00-08:00 UTC), and decay (08:00-12:00 UTC). For each period, MCE numbers are compared in the
order MIN, 025, AVE, 075, and MAX, and their spatial evolution is analyzed together with the centroid tracks in Fig. S2 and
composite reflectivity in Figs. S3—S7. The MCE identification and tracking method is described in Sect. 2.7.
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Figure 7: Mean numbers of intermediate-scale convective elements (MCEs) for different area thresholds during different
precipitation-characteristic periods under different aerosol backgrounds. Each row corresponds to one period, from top to bottom:
initiation (19:00-22:00 UTC), development (22:00-01:00 UTC), peak (01:00-04:00 UTC), maintenance (04:00-08:00 UTC), and
decay (08:00-12:00 UTC). Columns correspond to total, <250 km? (small), 250-500 km? (medium), and 500-1000 km? (large),
respectively. Each panel compares the five experiments MIN, 025, AVE, 075, and MAX.

Figure 7 together with Fig. S2 and Figs. S3—S7 shows that aerosol concentration simultaneously adjusts the timing of MCE
formation, area composition, and along-coast organization. No MCE is identified during the initiation stage in MIN. During
the rapid-intensification stage, the mean total number is 2.60, comprising 1.20 small, 1.00 medium, and 0.40 large elements.
The total increases to 4.80 during the peak stage and further to 7.30 during maintenance, mainly because medium elements
increase to 4.20; 4.79 elements remain during decay, including 2.14 medium and 0.93 large elements. Figs. S2 and S3 show
that MCE tracks in MIN are scattered and strong echoes evolve into multiple parallel cores, so the increase in element number
does not form a stable, concentrated band of strong echoes along the coast.

When the aerosol concentration increases to 025, MCEs begin to appear during initiation, but the mean totals during rapid
intensification and maintenance are 2.10 and 5.80, both lower than in MIN. The total reaches 5.00 during the peak stage, with
2.80 small, 1.40 medium, and 0.80 large elements; during decay, small elements increase to 2.57 while large elements decrease
to 0.21. The tracks and composite reflectivity likewise show multiple relatively independent movement paths and strong-echo
centers, indicating that 025 mainly changes the area composition of the elements without substantially increasing the spatial

connectivity of coastal convection.
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MCE activity appears earlier in AVE. During initiation, the mean total is 0.27, including 0.18 small elements, and AVE is the
only experiment with a medium element at this stage. During rapid intensification, the total increases to the highest among the
five experiments, 3.60, mainly comprising 2.30 small and 1.10 medium elements; during the peak stage, the total further
increases to 5.70, with 1.90 medium and 1.10 large elements. The total increases further to 6.70 during the maintenance stage,
while the mean numbers of medium and large elements remain at 2.70 and 1.40, respectively. Consistent with the number and
area composition, the principal tracks in Fig. S2 extend continuously along the coast, and the strong-echo cores from the peak
to maintenance stages in Fig. S5 connect into a relatively complete northeast—southwest-oriented echo band. Thus, from low
aerosol concentrations to AVE, not only are more MCEs generated during rapid intensification, but medium and large elements
also continue to develop in subsequent stages, organizing coastal convection from dispersed cores into a continuous rainband.
With a further increase to 075, the mean total during rapid intensification decreases from 3.60 in AVE to 2.70, and then to
4.20, 5.00, and 3.43 during the peak, maintenance, and decay stages, respectively. Although large elements reach 1.30 during
the peak stage—the highest concurrent value among the five experiments—medium elements number only 0.80, indicating
that enlargement of individual elements does not translate into stronger overall MCE activity; the strong-echo band and
movement tracks in Fig. S6 also become interrupted relatively early. The evolution in MAX is shifted markedly later: the mean
total during rapid intensification is only 0.90, with no large elements; the total recovers to 5.30 during the peak stage and rises
further to 7.20 during maintenance, when small elements reach the highest value among the five experiments, 3.30, and
medium and large elements reach 2.60 and 1.30. Figs. S2 and S7 show that multiple strong-echo cores reappear late in MAX,
but these cores and their movement paths remain relatively dispersed.

Across the five experiments, MCE organization shows a clear two-stage change with aerosol concentration. From MIN through
025 to AVE, MCEs appear earlier, more elements form during rapid intensification, medium and large elements continue to
develop through the peak and maintenance stages, and along-coast tracks and strong echoes progressively connect into a
continuous rainband. With further increases to 075 and MAX, MCE activity either weakens earlier or increases again later;
however, the late increase in MAX consists mainly of multiple discrete cores and does not recover the continuous along-coast
organization seen in AVE. Thus, a larger number of elements does not necessarily imply greater rainband continuity. The key
is whether elements at different scales can form a sustained regeneration chain.

These results show that MCE number and area composition alone are insufficient to explain changes in rainband continuity.
We next compare system-scale and convective-scale rainwater budgets to determine whether regionally averaged rainwater
generation increases as aerosol concentration rises, and whether local recovery at high concentration relies mainly on

hydrometeor transport and cold-rain compensation, thereby distinguishing continuous regeneration from local compensation.

3.4 Response of the system-scale rainwater budget to aerosols

Based on the 2D-DCT definition of system-scale wavelengths greater than 150 km, we select a 200 km x 170 km region
covering the primary precipitation area of the coastal South China MCS (Fig. 3). The region spans the system scale in both

horizontal directions and fully contains the primary coastal rainband, so its area-mean mass budget can represent system-scale
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rainwater generation, loss, and transport within the MCS. We further compare the two stages shown in Fig. 4: the development
stage, covering rapid precipitation intensification and the first peak, and the adjustment stage, covering the second peak, plateau

maintenance, or local recovery, to analyze stage-dependent changes in the system-scale rainwater budget with aerosol

concentration.
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Figure 8: Aerosol impacts on the time-averaged study-area-mean rainwater mass budget, expressed as differences relative to the
MIN experiment. (a, b) Differences in surface precipitation (AP) and the break-down terms of the rainwater mass-budget equation
(Eq. (5)), including rainwater generation (ARgen), rainwater loss (—ARloss), lateral advection (ARadv), and storage change (—AJR/dt);
(¢, d) differences in rainwater generation (ARgen) decomposed into warm-rain (ARwarm) and cold-rain (ARcold) contributions; (e,
f) differences in warm-rain generation (ARwarm) and the break-down terms of the warm-rain budget (Eq. (8)), including
condensation, cloud droplet evaporation, the cloud droplet riming/freezing sink, and cloud-water advection/storage. Panels in the
left column are averaged over the primary-rainband development stage (21:00 UTC 10 May—05:00 UTC 11 May), and panels in the
right column over the later organizational adjustment stage (05:00-12:00 UTC 11 May). Unit: kg m2 hl.

System-scale differences in surface precipitation are controlled primarily by the rainwater-generation term and vary non-
monotonically with aerosol concentration (Fig. 8a, b). During the development stage, ARgen in 025 is close to neutral (—0.03
kg m? h'! relative to MIN), whereas AVE increases by 1.15 kg m? h'!. The associated rainwater-loss, advection, and storage-
change terms remain small, with magnitudes of 0.06, 0.04, and 0.05 kg m h*!, respectively. In 075 and MAX, ARgen turns
negative, decreasing by 0.66 and 1.20 kg m h'!, while the negative contribution from rainwater loss increases to 0.12 and 0.19

kg m? h'!. The precipitation increase in AVE during the primary intensification stage therefore arises mainly from local
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raindrop generation; the high-concentration experiments first exhibit insufficient generation, accompanied by stronger
evaporative loss.

During the adjustment stage, the high-concentration response no longer decreases continuously. ARgen in 025 and AVE
remains close to MIN, at —0.43 and —0.03 kg m h'!, respectively; 075 decreases to —2.65 kg m2 h™!, whereas MAX is —0.85
kg m? h'!'. Over the same period, ARadv in 025, AVE, 075, and MAX is 0.02, 0.24, 0.15, and 0.04 kg m™ h!, respectively.
Compared with the development stage, the negative rainwater-generation anomaly in MAX narrows from —1.20 to —0.85 kg
m2 h!, indicating improved regionally averaged rainwater generation, although it remains lower than in MIN.

Source-term decomposition shows that AVE enhances both warm- and cold-rain processes during the development stage (Fig.
8c—1). Its ARwarm and ARcold increase by 0.58 and 0.57 kg m h™!, respectively, giving a combined enhancement consistent
with the approximately 1.15 kg m h™! increase in ARgen. In 025 the two contributions approximately cancel. In 075 and MAX,
ARwarm decreases by 0.40 and 0.82 kg m h™!, while ARcold is —0.26 and —0.38 kg m h™!, respectively, so cold-rain processes
do not make up the deficit. In the warm-rain decomposition, the condensational-growth term ARCcond increases by 1.35 kg
m? h! in AVE but decreases by 0.96 kg m? h'! in MAX. During the adjustment stage, ARwarm in 075 and MAX remains
lower by 1.60 and 0.78 kg m2 h™!, while the corresponding cold-rain anomalies are —1.05 and —0.07 kg m h'!. These results
indicate that the precipitation increase from MIN to AVE is initiated by stronger condensational growth and warm-rain
production and subsequently amplified by ice-phase conversion. At higher acrosol loadings, the main deficit arises from the
loss of a sustained rainwater production rate.

Changes in the cloud droplet spectrum provide direct evidence for the warm-rain transition (Fig. S8). From MIN to MAX,
during the development stage the mean cloud droplet diameter in the condensation region (S > 0) decreases from 19.100 to
14.064 um, while number concentration increases from 1.234 x 108 to 3.372 x 10® m™; in the evaporation region (S < 0), mean
diameter decreases from 30.431 to 20.401 um, while number concentration increases from 1.472 x 10® to 6.206 x 10° m™,
From MIN to AVE, the increase in activated droplets can still support condensational growth and the collection of cloud water
by raindrops. With further increases in concentration, the mean droplet size decreases, collision—coalescence efficiency
declines, and evaporative cooling and rainwater loss strengthen. The simultaneous changes in droplet size and number
concentration are consistent with the turning points in condensational growth, cloud-water collection by raindrops, and
rainwater loss in Fig. 8, indicating that warm-rain formation efficiency in this set of simulations is highest near AVE and

decreases in 075 and MAX.
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Figure 9: Aerosol impacts on the time-averaged study-area-mean cold-rain source budget, expressed as differences relative to the
MIN experiment. (a, b) Differences in the total cold-rain source (ARcold) and its contributions from net conversion of ice crystals
(ARice), snow (ARsnow), and graupel (ARgrap) to raindrops; (c, d) differences in the snow contribution (ARsnow) and the break-
down terms of the snow mass-budget diagnostic (Eq. (10)), including riming (ASrim), net deposition minus sublimation (ASdep —
ASsub), and lateral-advection/storage change (ASadv — AdS/dt); (e, f) differences in the graupel contribution (ARgrap) and the break-
down terms of the graupel mass-budget diagnostic (Eq. (11)), including riming (AGrim), net deposition minus sublimation (AGdep
— AGsub), and lateral-advection/storage change (AGadv — AJG/0t). Panels in the left column are averaged over the primary-rainband
development stage (21:00 UTC 10 May—05:00 UTC 11 May), and panels in the right column over the later organizational adjustment
stage (05:00-12:00 UTC 11 May). Unit: kg m? h'.

Cold-rain processes amplify precipitation in AVE during the primary intensification stage but do not provide equally stable
compensation in the high-concentration experiments (Fig. 9). During development, the combined snow, graupel, and ice-
crystal contribution in AVE increases by 0.57 kg m h™! relative to MIN; 025 shows only a weak positive anomaly, while 075
and MAX decrease by 0.26 and 0.38 kg m™ h™!, respectively. During the adjustment stage, the summed cold-rain components
in 025 and AVE are close to neutral, 075 decreases by 1.05 kg m2 h!, and the decrease in MAX narrows to 0.07 kg m? h'.
As aerosol loading increases further, signs of late-stage cold-rain compensation emerge.

Fig. SO traces the source-term changes to specific microphysical processes. In both stages, the summed differences in ice-
crystal-related processes are —0.02 to 0.004 kg m2 h'!, clearly smaller than those of the warm-rain, snow, and graupel processes.

System-scale precipitation differences therefore arise mainly from the combination of cloud-water condensation, collection of
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cloud water by raindrops, and snow/graupel riming and melting. Not all processes vary in the same direction; rather,
enhancement or mismatch among a few controlling processes determines the net response.

In 025 during the development stage, warm-rain processes decrease slightly and are compensated by snow processes. The
warm-rain contribution decreases by 0.333 kg m™ h’!, snow processes increase by 0.401 kg m? h™!, and graupel processes
increase by only 0.023 kg m™ h!. The change from MIN to 025 alleviates CCN limitation but does not yet establish a stable
warm-rain advantage. AVE, in contrast, enhances warm-rain, snow, and graupel processes simultaneously by 3.257, 0.857,
and 0.327 kg m? h'!, respectively. The positive warm-rain anomaly comes mainly from the positive branch of cloud-water
condensation, VCD+ (+2.069 kg m*2 h'!), and collection of cloud water by raindrops, RCW (+0.778 kg m h'!), which together
account for 87% of the positive warm-rain anomaly; cloud-water autoconversion, WAU, instead decreases slightly by 0.125
kg m? h'!. Thus, the warm-rain enhancement in AVE depends on the combined effects of condensational growth and cloud-
water collection by raindrops rather than on a general strengthening of autoconversion.

Snow and graupel processes in AVE are linked to the warm-rain pathway. The positive branch of snow deposition (SDE+),
collection of supercooled cloud water by snow (SCW-S), and snow melting (SML) increase by 0.303, 0.250, and 0.195 kg m
2 h!, respectively; collection of supercooled cloud water by graupel (SCW-G) and graupel melting (GML) increase by 0.204
and 0.208 kg m h''. These increases show that, in addition to low-level condensation and raindrop growth, the supply of
supercooled cloud water near the 0 °C level, riming growth, and melting also contribute to precipitation enhancement. The
collection of graupel by raindrops (RCG), however, decreases by 0.242 kg m? h™!, so AVE cannot be characterized simply as
a general strengthening of ice-phase processes. A more accurate interpretation is that the warm-rain pathway provides a stable
water source, while snow/graupel riming and melting increase precipitation production during the primary intensification stage.
When concentration increases to 075 and MAX, the warm-rain pathway weakens first (Fig. S9). During development, the
warm-rain processes in the two experiments decrease by 0.815 and 1.866 kg m™ h'!, respectively, mainly because VCD+,
RCW, and WAU all decline: the three terms are —0.405, —0.329, and —0.313 kg m? h™' in 075, and —0.925, —0.414, and —0.342
kg m? h! in MAX. Although snow processes in MAX increase slightly by 0.093 kg m h'!, graupel processes decrease by
0.219 kg m? h'! and cannot offset the warm-rain loss. Ice-phase processes remain active under high aerosol loading. The
precipitation reduction begins when condensational growth and collection of cloud water by raindrops lose their stable supply,
and subsequent ice-phase growth and melting cannot fill the deficit.

During the adjustment stage, warm-rain processes in 025, AVE, 075, and MAX are all lower than in MIN by —1.210, —1.130,
—5.715, and —3.238 kg m2 h*!, respectively. The negative anomalies in 075 and MAX are still controlled mainly by VCD+ and
RCW: in 075 the two terms decrease by 3.227 and 1.387 kg m? h!, and in MAX by 1.856 and 0.838 kg m2 h'!. Snow processes
decrease by 0.509 and 1.037 kg m? h'! in AVE and 075; the net graupel contribution is negative in every non-MIN experiment,
with decreases of 0.462 and 0.227 kg m? h'! in 075 and MAX. Although 075 and MAX show positive RCG anomalies of
0.432 and 0.206 kg m™ h*!, respectively, the net contributions of snow and graupel processes remain negative, indicating that
enhancement of a single ice-phase conversion process has not translated into an increase in the regionally averaged cold-rain

source.
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Figures 8-9 and Fig. S9 collectively show that the system-scale rainwater budget first strengthens and then weakens as aerosol
concentration increases. From low to moderate aerosol levels, condensational growth and cloud-water collection by raindrops
intensify first, establishing a relatively stable warm-rain water source; the increased supercooled cloud water further promotes
snow and graupel riming growth and melting, simultaneously strengthening cold-rain processes. With further aerosol increases,
mean cloud droplet size decreases, condensational growth and cloud-water collection by raindrops weaken, and system-mean
rainwater generation declines. Although several ice-phase processes recover somewhat later, they offset only part of the warm-

rain loss and do not reverse the overall weakening of system-scale precipitation.

3.5 Response of the convective-scale rainwater budget to aerosols

Regional averaging smooths local variations in convective intense cores. To characterize the convective-scale response, Fig.
S10 selects, for each experiment and each of the two stages, a 10 km x 10 km area with the highest convective-scale PSD as a
representative intense core, and then analyzes its internal rainwater budget and cold-rain processes. During development, high-
PSD regions in MIN and 025 are scattered along the coast, AVE forms a relatively continuous high-PSD belt near the 100-
mm accumulated-precipitation contour, and the high values in 075 and MAX are more fragmented. During the adjustment
stage, the high-PSD core in AVE remains within the continuous precipitation band, whereas MAX exhibits discrete local
maxima. Figures 10-11 therefore focus on why enhanced local processes at higher aerosol concentrations still fail to maintain

system-scale precipitation.
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Figure 10: Aerosol impacts on the time-averaged rainwater mass budget within representative convective-scale cores, expressed as
differences relative to the corresponding MIN core. For each experiment and stage, the representative core is the 10 km x 10 km
box with the maximum convective-scale power spectral density (PSD) shown in Fig. S10. (a, b) Differences in surface precipitation
(AP) and the break-down terms of the rainwater mass-budget equation (Eq. (5)), including rainwater generation (ARgen), rainwater
loss (—ARloss), lateral advection (ARadv), and storage change (—AJR/dt); (c, d) differences in rainwater generation (ARgen)
decomposed into warm-rain (ARwarm) and cold-rain (ARcold) contributions; (e, f) differences in warm-rain generation (ARwarm)
and the break-down terms of the warm-rain budget (Eq. (8)), including condensation, cloud droplet evaporation, the cloud droplet
riming/freezing sink, and cloud-water advection/storage. Panels in the left column are averaged over the primary-rainband
development stage (21:00 UTC 10 May—05:00 UTC 11 May), and panels in the right column over the later organizational adjustment
stage (05:00-12:00 UTC 11 May). Unit: kg m? h'.

Local cores respond more strongly to aerosols than the regional mean (Fig. 10). During development, ARgen in 025 and AVE
increases by 10.59 and 11.90 kg m™ h'!, respectively. The decomposition shows that the 025 enhancement is dominated by
warm-rain generation, with a slight negative cold-rain anomaly, whereas AVE shows concurrent strengthening of warm- and
cold-rain generation. In 075, ARgen turns negative at 3.53 kg m? h'!, while ARadv increases by 6.72 kg m? h'!; in MAX,
ARgen decreases to —4.17 kg m? h'! and ARadv increases by 2.90 kg m2 h'. Above the AVE level, core precipitation becomes
more dependent on external raindrop input or hydrometeor redistribution, and in situ raindrop generation no longer dominates.
The adjustment stage further distinguishes sustained enhancement from local recovery. In 025, the source-term decomposition
gives ARgen of +3.55 kg m? h*!, with ARwarm decreasing by 4.03 kg m h™! and ARcold increasing by 7.58 kg m?2 h'l. In
AVE, ARgen is +16.22 kg m? h”!, with ARwarm and ARcold increasing by 7.80 and 8.42 kg m™ h’!, respectively. In 075,
ARgen is —8.74 kg m? h'!, corresponding to ARwarm of —5.92 kg m h! and ARcold of —3.32 kg m™ h''. In MAX, ARgen
recovers to +10.82 kg m2 h™!, with ARcold at +8.13 kg m? h™!, exceeding ARwarm at +2.69 kg m? h'. The AVE core is still
maintained jointly by warm and cold rain, whereas the MAX recovery relies mainly on cold rain and differs in both mechanism

and spatial extent.
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Figure 11: Aerosol impacts on the time-averaged cold-rain source budget within the representative convective-scale cores defined in
Fig. S10, expressed as differences relative to the corresponding MIN core. (a, b) Differences in the total cold-rain source (ARcold)
and its contributions from net conversion of ice crystals (ARice), snow (ARsnow), and graupel (ARgrap) to raindrops; (c, d)
differences in the snow contribution (ARsnow) and the break-down terms of the snow mass-budget diagnostic (Eq. (10)), including
riming (ASrim), net deposition minus sublimation (ASdep — ASsub), and lateral-advection/storage change (ASadv — AdS/dt); (e, f)
differences in the graupel contribution (ARgrap) and the break-down terms of the graupel mass-budget diagnostic (Eq. (11)),
including riming (AGrim), net deposition minus sublimation (AGdep — AGsub), and lateral-advection/storage change (AGadv —
A0G/ot). Panels in the left column are averaged over the primary-rainband development stage (21:00 UTC 10 May—05:00 UTC 11
May), and panels in the right column over the later organizational adjustment stage (05:00-12:00 UTC 11 May). Unit: kg m2 h-l.

Cold-rain compensation is contributed mainly by snow and graupel processes, with late-stage MAX depending particularly on

graupel transport and redistribution (Fig. 11). During development, ARcold in AVE increases by 5.03 kg m? h-!, with snow,

graupel, and ice crystals contributing 2.74, 2.27, and 0.02 kg m h!, respectively; 075 decreases by 0.70 kg m? h™!, while

MAX increases by only 0.51 kg m? h'l. During the adjustment stage, 025 and AVE increase by 7.58 and 8.42 kg m™? h!,

respectively, 075 decreases by 3.32 kg m? h'!, and MAX turns to an increase of 8.13 kg m™ h'!. The net graupel-related

contribution within the MAX core reaches 11.51 kg m? h'!, dominated by advection and storage changes. This result is more

consistent with a mechanism in which ice-phase hydrometeors are transported into local cores and then melt than with sustained

enhancement of system-scale riming.

Fig. S10 and Figs. 10—11 reveal the scale difference in late-stage cold-rain enhancement in MAX: ARcold increases by 8.13

kg m h'! within the selected intense core, whereas the regionally averaged cold-rain component remains 0.07 kg m h™!' lower

than in MIN. Thus, late-stage cold-rain growth in MAX is concentrated mainly in a few intense cores and does not occur
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broadly across the entire coastal rainband. This scale dependence further points to the role of the spatial configuration among
thermodynamic perturbations, hydrometeor columns, and low-level inflow.
3.6 Effects of aerosols on thermodynamic—hydrometeor spatial coupling and low-level outflow configuration

To explain the contrast between the regional mean and local intense cores, we use the same core regions as those selected in
Fig. S10. We compare the horizontal and vertical configurations of strong echoes, low-level winds, hydrometeor columns, and

thermodynamic perturbations in Figs. 12—13, together with the buoyancy analysis in Fig. S11.
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primary-rainband development stage and later organizational adjustment stage, respectively. Black lines indicate the A—A’ sections
in Fig. 13, and red boxes indicate the 10 x 10 km core regions; wind-field panels show 0-2 km mean wind speed in the core region,
and black crosses mark the core centers.

All experiments retain the primary coastal warm-sector rainband, but the spatial correspondence between strong-echo cores
and low-level winds changes with aerosol concentration (Fig. 12). During development, as aerosol concentration increases
from MIN through 025 to AVE, the along-coast strong echoes evolve from discontinuous to increasingly continuous, and the
overlap between the cores and regions of high low-level wind speed also increases. In AVE, strong echoes are continuously
aligned northeast—southwest, with the core embedded in the primary rainband; low-level supply, triggering locations, and
mature precipitation cores are brought into closer alignment within the same regeneration band. With further increases to 075
and MAX, local strong echoes still occur, but the structure is more fragmented and the mismatch between high-wind regions
and the cores increases. During the adjustment stage, AVE continues to maintain a concentrated, continuous coastal strong-
echo band, whereas high reflectivity in 075 and MAX is mainly distributed in local clusters. This indicates that with further
aerosol increases, newly initiated convection is more likely to deviate from the original primary rainband and develop in a

dispersed manner.
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Figure 13: Thermodynamic-hydrometeor—circulation structures along the A—A’ cross sections at the representative times shown in
Fig. 12. Panels (a, c, e, g, i) correspond to the development stage, and panels (b, d, f, h, j) correspond to the late adjustment stage.
Rows from top to bottom represent the MIN, 025, AVE, 075, and MAX experiments, respectively. Shading denotes the density
potential-temperature perturbation (0',; K). Blue contours denote the rainwater mixing ratio (qr), and purple contours denote the
total ice-phase hydrometeor mixing ratio (qi + qs + qg). The gray dashed line denotes the 0 °C level, and the gray solid line denotes
terrain. Gray wind vectors show the combined horizontal wind component along the cross section and vertical velocity.

Representative cross sections show that the spatial coupling among hydrometeor columns, ascending motion, and
thermodynamic perturbations first improves and then weakens as aerosol concentration increases (Fig. 13). Under low-
concentration conditions, the high rainwater mixing ratios in MIN are located mainly below the 0 °C level, and ice-phase
hydrometeors extend above the freezing level only locally; the vertical linkage among low-level rainwater, ice-phase
hydrometeors, and ascent is weak. When aerosol concentration increases to 025, deeper hydrometeor columns begin to form
in some convective cores and ice-phase hydrometeors develop into the middle and upper levels, but their persistent collocation
with low-level cold anomalies, the main ascent region, and high-rainwater areas remains unstable. This indicates that although
local deep convection and ice-phase growth have already appeared at low aerosol levels, the warm-rain supply, ice-phase
conversion, and dynamical lifting have not yet become continuously connected.

As aerosol concentration increases further to AVE, the spatial correspondence between hydrometeors and dynamical structures
improves markedly. During development, the area of high low-level rainwater values expands, and ice-phase hydrometeors
develop continuously near and above the 0 °C level, broadly collocated with positive thermodynamic perturbations and
stronger ascent in the middle and upper levels. Low-level rainwater, supercooled-water supply near the freezing level, and
mid- to upper-level ice-phase hydrometeors occur within the same precipitation column, allowing condensational growth,
collection of cloud water by raindrops, snow and graupel riming growth, and subsequent melting to become linked. This
vertical structure is consistent with the system-scale budget results: as aerosol loading increases from low to moderate levels,
the warm-rain process first establishes a stable water source, and ice-phase growth and melting then further increase rainwater
generation. During the adjustment stage, AVE still maintains a clear vertical connection between rainwater and ice-phase
hydrometeors; continuous ice-phase hydrometeors and centers of ascent overlie the low-level rainwater maximum,
corresponding to the simultaneous strengthening of the warm- and cold-rain source terms in Fig. 10. Local intense cores can
therefore remain structurally connected to the intermediate-scale primary rainband and support sustained along-coast
convective regeneration.

When aerosol concentration increases further to 075 and MAX, local hydrometeor content does not decrease synchronously
everywhere, but its spatial mismatch with the low-level dynamical structure becomes much more frequent. During
development, ice-phase hydrometeors in 075 and MAX can still intensify above the 0 °C level and extend into the middle and
upper troposphere or downstream; however, high low-level rainwater values, ice-phase hydrometeor columns,
thermodynamic-perturbation centers, and the main ascent regions no longer remain stably collocated. Some ice-phase
hydrometeors are transported outside the original convective cores, while the horizontal extent and vertical depth of low-level

cold anomalies also increase. Under these conditions, local enhancement of ice-phase processes is less able to obtain a
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sustained low-level warm-rain supply, so hydrometeor growth and melting are more likely to appear as dispersed local
compensation rather than coordinated growth within a continuous precipitation column.

During the adjustment stage, this scale difference is most pronounced in MAX. MAX can exhibit local maxima of both
rainwater and ice-phase hydrometeors, and the cold-rain source within the selected intense core is also clearly enhanced;
however, the graupel-related budget is controlled mainly by advection and storage changes, indicating an important role for
the transport and redistribution of ice-phase hydrometeors. Meanwhile, the connection of this local intense core with
continuous low-level inflow, the main-rainband ascent region, and the intermediate-scale hydrometeor band is weaker than in
AVE. Consequently, late-stage cold-rain enhancement in MAX is concentrated mainly in a few intense cores and does not
indicate that in situ rainwater generation has recovered throughout the entire coastal rainband. This is consistent with the
system-scale cold-rain contribution remaining near neutral and regionally averaged rainwater generation remaining below
MIN.

Figures 12 and 13 together with Fig. S11 show that the dynamical influence of aerosols depends not only on the individual
magnitudes of ascent, cold anomalies, or hydrometeor loading, but more importantly on the spatial configuration among these
elements. As aerosol concentration increases from low to moderate levels, the enhanced warm-rain supply, ice-phase growth,
low-level inflow, and primary ascent region increasingly overlap within the same precipitation band, allowing regionally
averaged rainwater generation to be converted into continuous intermediate-scale regeneration. With further increases in
concentration, mean cloud droplet size decreases and warm-rain formation and in situ rainwater generation are suppressed; at
the same time, evaporative cooling and redistribution of hydrometeor loading strengthen low-level cold anomalies, increasing

the influence of cold-pool outflow on convective triggering locations.
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MIN is characterized by insufficient CCN, weak rainwater generation, and loosely separated convective clusters; AVE shows better
coupling among warm-rain processes, riming/melting, and low-level supply, forming the most continuous linear MCS; MAX is
dominated by small cloud droplets, suppressed warm rain, ice-phase hydrometeors spreading into the middle and upper levels, and
widespread but weakly coupled cold anomalies, making the rainband more prone to fragmentation. Symbol meanings are given in
the common legend.

4 Summary and discussion

Using the WRF model and the Thompson aerosol-aware microphysics scheme, this study performs five sensitivity experiments
with different water-friendly aerosol concentrations for a warm-sector extreme-rainfall event over coastal South China on 10—
11 May 2022. The results show that aerosols do not alter the double-rainband background maintained by large-scale circulation
and moisture transport, but instead modulate coastal MCS precipitation non-monotonically through interactions among
microphysical processes, dynamical feedbacks, and convective organization. As aerosol concentration rises from low to
moderate levels, condensational growth and cloud-water collection by raindrops strengthen, while snow and graupel riming
and melting further increase rainwater generation. The spatial correspondence among low-level inflow, ascent, and
hydrometeor columns also improves, favoring sustained linkage among convective elements. With further increases in
concentration, cloud droplet size decreases, warm-rain generation weakens, and low-level cold anomalies and outflow effects
intensify. Although late-stage ice-phase compensation can restore a few intense cores, it does not restore system-scale
rainwater generation or rainband continuity. Aerosol effects therefore arise from complex coupling among microphysical
conversion, cold-pool feedbacks, and MCS organizational evolution.

The classical aerosol-invigoration hypothesis proposes that when warm rain is suppressed, more liquid water can be transported
above the freezing level, where ice-phase growth and latent-heat release may strengthen deep convection (Khain et al., 2005;
Lebo and Seinfeld, 2011). This pathway, however, depends strongly on environmental humidity, wind shear, and the state of
convective organization (Igel and van den Heever, 2021). Condensation heating can also be offset by hydrometeor loading,
entrainment, and precipitation fallout (Grabowski and Morrison, 2021). Observations and multimodel studies likewise show
that updraft enhancement is not universal and that its magnitude depends strongly on both the model and the environment
(Marinescu et al., 2021; Romps et al., 2023; Varble et al., 2023; Fan et al., 2025). The low-to-moderate part of this response
is conceptually consistent with the aerosol-limited framework for warm convective clouds, in which insufficient CCN can
constrain cloud development at very low aerosol concentrations (Koren et al., 2014). Our results show that the precipitation
enhancement under moderate aerosol loading does not depend on any single process. Condensational growth and cloud-water
collection by raindrops first provide a liquid-water source, after which snow and graupel riming and melting increase
precipitation production, consistent with previous modeling that identified riming and melting as important pathways through
which aerosol perturbations alter deep-convective precipitation (Cui et al., 2011). The coordination of a few controlling
processes ultimately determines the net response.

Enhanced local ascent or cold-rain source terms do not necessarily translate into an increase in total precipitation. The

buoyancy response is jointly controlled by latent-heat release, hydrometeor loading, and entrainment (Grabowski and Morrison,
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2021). In this study, increased cold rain in intense cores late in MAX coexists with weak regionally averaged rainwater
generation. This shows that whether an MCS is invigorated cannot be judged solely from local updrafts, radar reflectivity, or
a single ice-phase process; generation efficiency, spatial extent, and duration must also be considered. Previous studies have
reported a non-monotonic relationship in which precipitation first increases and then decreases with aerosol loading in
convective clouds (Jiang et al., 2016; Lee and Feingold, 2010; Liu et al., 2019). Here, 2D-DCT confirms that the system-scale
framework remains relatively stable, while MCE tracking distinguishes a continuous rainband from discrete clusters with high
spectral power. As aerosol loading increases from low to moderate levels, medium and large elements remain connected; with
further increases, elements either decay earlier or reappear later as dispersed cores. The precipitation transition therefore
involves both changes in microphysical efficiency and an organizational shift in the convective regeneration chain.
Cold-pool feedbacks may connect the microphysical transition to organizational fragmentation. Previous studies have shown
that CCN can alter the timing and intensity of cold-pool formation, although the response is constrained by environmental dry
layers, wind shear, and storm structure (Grant and van den Heever, 2015; Chen et al., 2020; Ross and Lasher-Trapp, 2024).
Rather than using cold-pool intensity alone to explain precipitation increases or decreases, this study focuses on the phase
relationship among the cold-pool edge, low-level jet, newly initiated cells, and the mature rainband. Under moderate aerosol
loading, the warm-rain water source, ice-phase growth, low-level supply, and main ascent region are well connected within
the same precipitation column. Under high aerosol loading, warm rain weakens, cold anomalies expand, and mismatches
between hydrometeor columns and the main ascent region become more frequent. Newly initiated convection is more likely
to be triggered near the cold-pool edge, outside the rainband, or downstream, and progressively separates from mature
precipitation cores. Cold pools may therefore alter not only convective intensity but also regeneration location. This positional
effect explains why strong convection and ice-phase compensation can still occur late under high aerosol loading without
rebuilding a continuous linear organization.

Several limitations should be noted. The five discrete-concentration experiments can identify only an approximate transition
range, and AVE should not be regarded as a universal threshold. The transition point may vary with moisture, instability,
vertical wind shear, and aerosol type. In particular, the present experiments perturb only water-friendly aerosols, whereas
different aerosol types can produce distinct precipitation responses in deep convective clouds (Han et al., 2022). The Thompson
aerosol-aware scheme represents only one microphysical formulation, and assumptions concerning the cloud droplet spectrum
and scheme structure can also affect the simulated response (Marinescu et al., 2021; Zhang et al., 2021; Barthlott et al., 2022).
In addition, cold-pool depth, outflow boundaries, and locations of convective initiation are diagnosed primarily from model
output, and representative cross sections alone are insufficient to establish the full causal chain. Future work should combine
multi-case ensemble simulations with multisource observations to test whether warm-rain establishment, cold-rain
amplification, outward shifts in convective initiation, and organizational fragmentation are robust responses of coastal warm-
sector MCSs in South China. Such analyses should also distinguish the relative contributions of microphysical perturbations,

environmental covariability, and radiative effects.
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Code and data availability

ERAS hourly pressure-level and single-level reanalysis data used for the WRF initial and boundary conditions are openly
available = from  the  Copernicus  Climate Change Service  (C3Y5) Climate = Data  Store  at
https://cds.climate.copernicus.eu/datasets/reanalysis-eraS-pressure-levels  (https://doi.org/10.24381/cds.bd0915¢c6)  and
https://cds.climate.copernicus.eu/datasets/reanalysis-eraS-single-levels (https://doi.org/10.24381/cds.adbb2d47), respectively.
The CAMS global reanalysis (EAC4) monthly averaged fields used to construct the aerosol initial fields are openly available
from  the  Copernicus  Atmosphere = Monitoring  Service = (CAMS)  Atmosphere  Data  Store  at
https://ads.atmosphere.copernicus.eu/datasets/cams-global-reanalysis-eac4-monthly (https://doi.org/10.24381/fd75fff2). The
ERAS5 and CAMS EAC4 datasets are distributed under the applicable Copernicus data-store licences.
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