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Abstract. Extensive observational and modeling studies have demonstrated that aerosols can modify extreme rainfall and con-
vective storms. Their impacts on the genesis and development of tornadoes remain largely unexplored. By incorporating data
assimilation into WRF-Chem simulations, we successfully simulate the whole life cycle of a supercell tornado and demonstrate
the roles of anthropogenic aerosols. It is found that aerosols can enhance tornado potential, quantified here by the Significant
Tornado Parameter, and affect storm motion, precipitation evolution, and cold-pool structure chiefly through two mechanisms.
First, aerosols enhance condensational heating within the 0.3—1 km layer. Second, aerosols reduce near-surface evaporative
cooling within the low-level updraft core by shifting it away from regions of strong rain evaporation. Together, these thermo-
dynamic effects increase heating and thermal buoyancy, accelerating the low-level updraft. The aerosol-caused strengthening
of the updraft enhances low-level convergence and deepens storm-relative inflow, leading to increased ingestion of streamwise
vorticity in the 0—1 km layer, which dominates the enhancement of the tornado potential. This study gains new insights into

the thermodynamic and dynamical pathways through which aerosols can influence extreme weather.

1 Introduction

Among the hazards generated by deep convection, tornadoes are particularly damaging, with near-surface wind speeds that
can exceed 90 m s~ (World Meteorological Organization, 2017), posing major threats to life and property (National Weather
Service, 2024). Explicitly resolving tornado-scale vortex structure requires ultra-high-resolution simulations, typically using
horizontal grid spacings of 50 m or less (Xue et al., 2014; Orf et al., 2017; Snook et al., 2019; Sun et al., 2019; Coffer
et al., 2023; Kong et al., 2025). Such resolutions remain computationally prohibitive for operational forecasting and research
applications. Consequently, tornado potential is often assessed using composite environmental parameters that combine key
thermodynamic and dynamical ingredients relevant to tornadogenesis. These diagnostics provide practical guidance for iden-
tifying tornado-favorable environments and prioritizing forecasting attention (Litta et al., 2012; Taszarek et al., 2016; LeBel

et al., 2021).
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Tornado-potential diagnostics are subject to substantial uncertainty in operational forecasting (Brotzge et al., 2013). These
uncertainties arise from large-scale circulation variability (Barrett and Gensini, 2013; Lepore et al., 2017; Tippett, 2018; Tippett
et al., 2022), as well as land-surface heterogeneity and surface roughness (Kellner and Niyogi, 2014; Frazier et al., 2019;
Markert et al., 2019; Fan et al., 2023; Li et al., 2024). In contrast, the potential influence of aerosols on tornadoes has rarely
been investigated. Previous numerical studies have shown that smoke aerosols can modify cloud properties and radiative
heating, enhancing vertical wind shear near the surface, therefore increasing tornado potential (Saide et al., 2015, 2016).
These studies primarily emphasized aerosol-induced radiative effects and changes in cloud lifetime. However, a large body of
research indicates that aerosols can also invigorate convection by increasing the microphysical heating, a process that is central
to tornadogenesis (Khain et al., 2005; Jiang et al., 2018; Li et al., 2019a; Chen et al., 2020; Marinescu et al., 2021; Igel and
van den Heever, 2021).

According to cold- and mixed-phase invigoration theory (Andreae et al., 2004; Rosenfeld et al., 2008), aerosols reduce
precipitation efficiency in the warm-cloud layer, enabling more liquid condensate to be transported upward and enhancing ice-
phase latent heating aloft, thereby strengthening deep convection. This mechanism is supported by the observational evidence
of Li et al. (2011). Warm-phase invigoration theory (Wang, 2005; Fan et al., 2007, 2018) further proposes that, under suffi-
ciently high supersaturation, enhanced condensation within warm clouds can directly accelerate updrafts. Whether aerosols can
systematically enhance latent heating and updraft strength at low levels above cloud base remains actively debated (Grabowski
and Morrison, 2020; Fan and Khain, 2021; Igel and van den Heever, 2021; Romps et al., 2023; Varble et al., 2023; Oktem
et al., 2023; Fan et al., 2025). Regardless of the theoretical framework, the response of low-level updrafts to aerosol perturba-
tions warrants further investigation, as low-level updraft strength is a critical constraint on tornado potential, particularly for
supercell tornadoes.

An intensified low-level updraft can enhance storm-relative inflow (Coffer et al., 2023), promoting the import of streamwise
horizontal vorticity into the storm (Davies-Jones, 1984; Dahl et al., 2014; Coffer et al., 2020; Goldacker and Parker, 2023;
Peters et al., 2023) and further supporting the near-surface tornadic vortex. Numerous studies have shown that tornadic en-
vironments are characterized by stronger near-surface dynamical support for streamwise vorticity ingestion than nontornadic
environments (Thompson et al., 2003; Craven and Brooks, 2004; Coffer et al., 2019; LeBel et al., 2021; Zhang et al., 2025).
These results indicate that the low-level updraft is a key factor governing tornado-favorable conditions. However, whether
aerosols can enhance low-level condensational heating and, in turn, strengthen low-level updrafts and tornado potential in real
tornado cases remains largely untested.

In addition to their influence on updrafts, aerosols can modify precipitation intensity and spatial distribution by invigorat-
ing convection (Xiao et al., 2016; Li et al., 2019b; Cao et al., 2021; Feng et al., 2023; Yun et al., 2024), thereby affecting
evaporative cooling and the subsequent cold-pool response (Kalina et al., 2014; Kawecki et al., 2016). Excessively strong or
rapidly advancing cold pools can undercut and suppress updrafts, disrupting vorticity ingestion and inhibiting tornadogenesis
(Markowski et al., 2002; Grzych et al., 2007; Lerach et al., 2008; Lebo and Morrison, 2014; Markowski and Richardson, 2014;
Zheng and Chen, 2014; Guarriello et al., 2018; Fischer and Dahl, 2020; Wu et al., 2022). Idealized simulations have shown

that aerosol-induced changes in cold-pool—updraft configuration can influence tornado-like vortices (Lerach et al., 2008; Ler-
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ach and Cotton, 2012), but this mechanism has not been verified in real tornado cases nor directly compared with aerosol
impacts mediated through condensational heating.

Although aerosol invigoration effects on tornadoes are conceptually plausible, several challenges hinder their evaluation.
First, high-resolution observations of key near-surface processes remain extremely difficult to obtain (Tanamachi et al., 2013;
Fischer et al., 2024), and observational data alone are often insufficient to isolate aerosol effects from meteorological co-
variability (Stevens and Feingold, 2009; Grabowski, 2018; Varble et al., 2023; Fan et al., 2025). This limitation motivates
simulation-based studies that provide access to otherwise unobservable variables and allow controlled aerosol perturbation
experiments. Second, simulations of organized deep convection are highly sensitive to initial conditions and therefore exhibit
limited predictability (Zhang et al., 2003; Hohenegger and Schir, 2007; Zhuang et al., 2020; Wang et al., 2024), making data
assimilation essential for improving realism (Sun et al., 2022; Yang et al., 2025). Third, potential-temperature tendencies in the
Weather Research and Forecasting (WRF) model do not close numerically with diagnosed heating rates from individual model
processes, complicating thermodynamic attribution and necessitating a closure-consistent diagnostic framework.

In this study, we examine how aerosols influence tornado potential by modifying the thermodynamic and dynamical envi-
ronment of a real EF3 supercell tornado. We employ the WRF model coupled with Chemistry (WRF-Chem) integrated with
a hybrid assimilation framework to realistically reproduce the storm’s thermodynamic and dynamical structure. Sensitivity
experiments with and without anthropogenic emissions are conducted to isolate aerosol effects on tornado-favorable condi-
tions. To attribute mechanisms rigorously, we apply a source-ingredient decomposition of the vertical-momentum budget and
construct a numerically closed budget for heating rates using the WRFlux framework. The remainder of this paper is organized
as follows: Section 2 describes the case, model configuration, experimental design and the main analysis methods; Section 3

presents the main results; and Section 4 provides a summary and discussion.

2 Methods
2.1 Case Description

This study examines an EF3 supercell tornado that occurred in Shengze in the Yangtze River Delta (YRD), China, on 14
May 2021 (Wu et al., 2022; Yuan et al., 2024). The YRD is a highly urbanized and industrialized region characterized by
substantial anthropogenic aerosol emissions. On the synoptic scale, the environment was favorable for severe convection and
tornadogenesis, featuring (i) very cold upper-tropospheric temperatures accompanied by divergence aloft near 200 hPa, (ii)
positive vorticity advection downstream of a mid-level trough at 500 hPa, and (iii) a persistent southwesterly low-level jet at
850 hPa that transported moisture and supported atmospheric instability (see Fig. S1 in the Supplement).

The 0.5° elevation-angle reflectivity observations show the evolution of the supercell as it propagated southeastward from
18:05 to 18:50 local standard time (LST; UTC+8), merging with smaller convective cells along its path (Fig. 1a—d). This
storm coincided with a pronounced strengthening of the low-level inbound-outbound radial velocity couplet (Fig. le and

f), indicating enhanced near-surface rotation and increasingly favorable conditions for tornadogenesis. Radar observations at
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18:56 LST (Fig. 1d and f) show a classic supercell structure associated with the tornado, which occurred between 18:50 and
19:12 LST near Shengze.

2.2 Model configuration and experimental design
2.2.1 WRF-Chem ensemble simulations

This study employed WRF-Chem version 4.2.2, a chemistry-enabled configuration of the WRF modeling system, to perform
the model experiments (Grell et al., 2005). WRF-Chem incorporates online coupling between aerosol processes and meteo-
rological fields, enabling feedbacks associated with aerosol radiative effects and aerosol-cloud interactions (Chapman et al.,
2009).

Aerosol impacts were examined by conducting a pair of sensitivity experiments. Both simulations shared the same basic
model configuration and emission inventories (Table S1), but differed only in whether anthropogenic emissions were enabled
(ALL run) or disabled (NoAero run). Cloud droplet number concentrations were updated consistently with aerosol loading in
each experiment. The anthropogenic aerosol effect (hereafter referred to as the Aero effect) was quantified as the difference
between the ALL and NoAero simulations, encompassing aerosol impacts on radiation, cloud microphysics, and thermody-
namics.

The model configuration comprised two nested domains (Fig. 2a), with horizontal resolutions of 9 km for dO1 and 3 km
for dO2. All simulations were initialized at 08:00 LST on 13 May 2021. An ensemble of 80 members was generated using the
random control-variable perturbation option of the WRF Data Assimilation (WRFDA) system. Each member was integrated
forward through a 28-hour spin-up period, followed by a 5-hour data-assimilation period and a 3-hour analysis period used for
evaluation. From the full ensemble, 70 members exhibiting the best agreement with observations were selected for analysis.

Unless otherwise stated, results presented in Section 3 represent ensemble means computed from these 70 members.
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Figure 1. Radar reflectivity (shaded; units: dBZ) at (a) 18:05, (b) 18:15, (c) 18:25, (d) 18:56 LST, and radial velocity (shaded; units: m s7h
at (e) 18:25 and (f) 18:56 LST at Hangzhou station (30.22° N, 120.15° E) scanned at a 0.5° elevation angle. The blue stars indicate the
observed tornado position, and the label “Obs. tornado” appears only in panels (d) and (f), during the tornado lifetime (18:50-19:12 LST).
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(a) WRF-Chem domain configuration

31.5°N

30.5°N

120°E 121°E 122°E 123°E

117.5°E  122.5°E

T | ,
0.00 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20
Terrain height (km)

(b) Schematic of the simulation

X7 X7 X7 x7 X7 x7
x3 x3 x3 x3 x3 Radar Ob
Yy dvd vy JRadarobs.
——————————— > > - >—>
——————————- > rrrrrrrr
n=80 —_——— e — == >E—> >; € I
e mm— - - I ¢ Y I B -
AAAALALALALAL A
FNL '|" 80 Perturb. 3 x3 x3 x3 x3 x3 x3 x3 x3 X3 x Obs. tornado
Station Obs.
Spin-up period 28h Assimilation period 5h Analysis period 3h

Figure 2. (a) WRF-Chem model domain configuration with terrain height (shading). The left panel presents the parent domain (d01), and
the black rectangles indicate the extent of the nested domain (d02), which is shown in detail in the right panel. The horizontal resolutions of
dO1 and dO2 are 9 and 3 km, respectively. The blue stars indicate the observed tornado position. (b) Schematic of the WRF-Chem ensemble
simulation. The model is initialized and forced with NCEP FNL reanalysis data. The ensemble consists of 80 members, each starting from a
distinct random CV-perturbed initial field derived from the FNL reanalysis data. The simulation includes three stages: a 28 h spin-up period
(from 08:00 LST 13 May to 12:00 LST 14 May 2021), a 5 h assimilation period (from 12:00 LST 14 May to 17:00 LST 14 May), and a3 h
analysis period (from 17:00 LST 14 May to 20:00 LST 14 May 2021). During the assimilation period, two types of observations (i.e., single-
polarization Doppler radar data and surface automatic weather station data) are assimilated every 30 min. At each full-hour assimilation
time (e.g., 12:00, 13:00 LST), radar observations are repeatedly assimilated seven times, and at each off-hour assimilation time (e.g., 12:30,

13:30 LST) they are assimilated three times, whereas surface station data are assimilated three times at every assimilation time.
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2.2.2 Hybrid data assimilation in the WRFDA system

During the data-assimilation period, surface observations from automatic weather stations (AWS), including near-surface wind
speed, wind direction, temperature, humidity, and pressure, were assimilated together with S-band Doppler radar observations
from the Hangzhou and Qingpu sites. Assimilation was performed every 30 minutes using a cycling framework (Fig. 2b) within
the WRFDA hybrid ensemble—variational framework (Buehner, 2005; Wang et al., 2007), which combines three-dimensional
variational assimilation (3D-Var; Sasaki, 1958) with the ensemble transform Kalman filter (ETKF; Evensen, 1994).

The background-error covariance consisted of 20% static covariance and 80% ensemble-based flow-dependent covariance.
At each assimilation time, observations were assimilated sequentially through multiple analysis updates, with the analysis from
each update serving as the background for the next. Radar observations were assimilated seven times at full-hour cycles and
three times at half-hour cycles, while AWS observations were assimilated three times at each cycle. This configuration was
selected based on sensitivity tests demonstrating reduced root-mean-square errors in near-surface wind fields and improved
representation of precipitation and hydrometeor distributions.

AWS observations were quality-controlled following the QX/T 118-2020 standard (China Meteorological Administration,
2020), supplemented by an empirical orthogonal function-based method (Shang et al., 2024). Radar observations were quality-
controlled using a fuzzy-logic algorithm (Berenguer et al., 2006; Radhakrishna et al., 2019). Only quality-controlled obser-
vations were assimilated. Identical data-assimilation configurations were applied in both the ALL and NoAero simulations,

ensuring that differences between experiments arise solely from aerosol perturbations.
2.3 Diagnostics for the tornado potential

Although multiple formulations of STP exist (Thompson et al., 2003, 2012; Zhang et al., 2025), tornado-favorable environ-
ments were quantified using the Significant Tornado Parameter (STP; Eq. 1) following Thompson et al. (2003). A detailed

justification for this choice is provided in Appendix A.

SRH1 SHR6 2000 - MLLCL MLCAPE

STP = . .
100m2s=2 20ms—1! 1500m 1000 J kg—1

6]

Here, SRH1 denotes storm-relative helicity integrated over the O—1 km above ground level (AGL) layer, and SHR6 represents
the 0-6 km AGL bulk wind shear magnitude. MLLCL and MLCAPE are calculated from the lowest 100 hPa mixed-layer
parcel, representing its lifting condensation level and convective available potential energy, respectively. STP is calculated
by multiplying these four normalized terms, the dynamical components related to SRH1 and SHRG, and the thermodynamic
components related to MLLCL and MLCAPE. When STP exceeds 1, it is more favorable for tornadogenesis and therefore
indicates enhanced tornado potential.

SRH1 is obtained by vertically integrating the local storm-relative helicity (SRHjoca1) at each layer within O—1 km,

z=1km

SRHI = / SRH,oond2 (2a)

z=0km
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where
SRHlocal = ‘VH — C| . |wH\ - COS(x (Zb)

where |wp| represents the horizontal-vorticity magnitude, |V i — C| denotes the storm-relative inflow speed, and « is the
angle between wy and V iy —C. The terms V 7 and C denote the horizontal wind vector and storm-motion vector, respectively.
Following the default implementation (Maddox, 1976), C is assigned a magnitude equal to 75% of the 3—-10 km AGL layer-
mean wind speed, with its direction displaced 30° clockwise from the corresponding layer-mean wind vector. Larger SRH1
indicates greater streamwise vorticity available for ingestion through the storm-relative inflow, which supports low-level updraft
rotation and enhances tornado potential.

Larger SHRG indicates strong deep-layer shear which promotes organized storm structure and a persistent rotating updraft,
thus supporting supercell development and maintenance (Thompson et al., 2003; Craven and Brooks, 2004). MLLCL provides
an estimate of the convective cloud-base height. It also reflects the near-surface moisture environment, which is important for
subcloud evaporation and cold-pool thermodynamics that are relevant to tornadogenesis (Markowski et al., 2002; Thompson
et al., 2003; Craven and Brooks, 2004; Fischer and Dahl, 2020).

Prior studies found that the SRH1 term is more sensitive for separating tornadic from nontornadic environments, whereas
the role of MLLCL term is secondary (Thompson et al., 2003; Craven and Brooks, 2004; Coffer et al., 2019; LeBel et al.,
2021). By contrast, SHR6 and MLCAPE typically constrain the precondition of whether storms can organize and persist with
sustained rotating updrafts. However, they typically provide weaker skill in directly discriminating tornado intensity. Instead,
they primarily act as the thresholds that support storm organization and the tornado potential (Craven and Brooks, 2004; Grams
et al., 2012).

2.4 Tracking study areas

To focus on storm-relevant regions, STP areas and updraft cores are dynamically tracked at each 10-minute model output time
using a seeded region-growing (SRG) algorithm consisting of four steps (Adams and Bischof, 1994). First, an initial search
window and seed point were specified. Second, at subsequent times, the search window was advected eastward based on the
previous seed-point motion to maintain temporal continuity, and a new seed point was identified within the updated window.
Third, the SRG algorithm was applied, expanding outward from the seed point using a percentile-based threshold computed
within the current search window. This adaptive thresholding approach avoids reliance on fixed thresholds and accommodates
temporal variability. Fourth, steps two and three were repeated at each time step.

The initial search window spanned 30°-32° N and 119.5°-122° E. The seed point was defined as the grid cell with the
maximum STP value within the window, subject to the condition that radar reflectivity exceeded 30 dBZ within a one-grid-cell
buffer to ensure inclusion of the hook-echo region. The growth threshold was set to the 75th percentile of STP values greater
than one within the search window.

In addition, low-level updraft cores within the 0—1 km layer were tracked to examine how aerosol perturbations modify

convergence and inflow near regions of enhanced tornado potential. The initial search window was defined as the STP area
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expanded by a three-grid-cell buffer to account for modest spatial offsets between convergence and updraft maxima. The seed
point was identified as the local maximum 0-1 km updraft within this window, and the growth threshold was defined as the

90th percentile of updraft values within the window.
2.5 Vertical momentum budget

To quantify any processes contributing to aerosol-induced updraft changes, a vertical momentum budget was constructed
following Jeevanjee and Romps (2015) and Abulikemu et al. (2016, 2019). Eq. (3) decomposes the total vertical acceleration
(DD—T, denoted aTota1) into (i) a thermodynamically driven term, buoyant acceleration, denoted a g, and (ii) a dynamically driven

term, the vertical acceleration produced by the vertical perturbation pressure-gradient force (VPPGF), denoted ayvppgF.

D
Dfl; =ap +avppaF 3)
In Eq. (4), buoyant acceleration (ap) is decomposed into thermal buoyant acceleration (ap(T)), Water-vapor buoyant ac-

celeration (ap(wv)), and condensate loading acceleration (ap(cr))-

ap = ap(TH) T 4B(wv) T aB(CL) “4)

In most cases, thermal buoyant acceleration ap(ryy dominates the ag, ap(rn) = g0’ /0y where g is the acceleration due to
gravity, 0’ is the perturbation potential temperature, and 6 is the base-state potential temperature. apwvy = g7, ((1—¢))/e
where 7, is the water-vapor mixing ratio and ¢ is the dry-air to water-vapor gas-constant ratio. ap(cr) = —g7., where 7. is the
total condensate mixing ratio.

The ayvppgr term in Eq. (3) is decomposed into five components associated with distinct physical processes (Eq. 5),

AVPPGF = AB-VPPGF 1 UExtension T @Curvature 1 G Twisting + ADensity

— _i ap*B—VPPGF _ i ap*Extension _ i ap*Curvature _ i ap'?wisting _ i ap]gensity (5)
00 0z 00 0z 00 0z 0o 0z po 0z

where pg denotes the base-state density. Here, ap.vPPGF, GExtensions @Curvatures @Twisting> ald GDensity are accelerations
associated with the buoyancy-induced VPPGF, fluid-extension, horizontal-curvature, vertical-twisting, and vertical-velocity—
density, respectively. Their corresponding partial pressure perturbations (i.e., P yvppars Phxtensions PCurvature> PTwisting> ald

DPDensity) €an be obtained by solving the Poisson equations in Egs. (6a—6e):

9(poB)
_V2p* = — 6
V ppvppcr 02 (6a)

u  0%v  Q*w

2 %

-V PExtension = PO (8272 =+ Tyg =+ BZ2> (6b)
. Jv du

7V2pCurvature = 2[70 (81‘ ay) (60)
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ou Ow  Ov Jw
\% PTwisting Po 0z Ox * 0z ay “
. d®lnpy o °
-V pDcnsity = —pPo w ( e)

dz?
where B is buoyancy, and (u, v, w) are the corresponding wind components. The buoyancy-induced VPPGF term is interpreted
as a dynamically induced compensation to buoyancy-driven ascent, acting to offset the tendency toward unrealistically large
local divergence (i.e., the “vacuum formation”) as parcels accelerate upward.

The Poisson equation is solved numerically using a finite-difference solver. Homogeneous Dirichlet conditions (p* = 0)
are applied at all boundaries, consistent with previous studies where this choice is regarded as appropriate and unambiguous
(Jeevanjee and Romps, 2015; Abulikemu et al., 2016). All calculations are conducted at the model output time interval with no

additional temporal interpolation.
2.6 WRFlux

We diagnosed a numerically closed potential-temperature (6) budget from the WRF-Chem output using WRFlux v1.2.0 (Gébel,
2021). With our WRF configuration, the # tendencies are diagnosed as the sum of microphysical, advection, SGS turbulent
diffusion, LW radiative and SW radiative heating rates, which reproduces the model 6 tendency over each averaging interval.
We use 10-s-averaged heating rates diagnosed by WRFlux to better approximate instantaneous heating rates in WRF-Chem.
WRFlux does not separate individual microphysical subprocesses (e.g., condensation, evaporation, deposition) heating rates.
We therefore used the WRF-Chem archived microphysical subprocess tendencies and rescaled them so that their sum matches

the WRFlux-diagnosed total microphysical heating rate.

3 Results
3.1 Model evaluation

Because cold-pool structure and near-surface thermodynamic conditions play critical roles in shaping tornado-favorable envi-
ronments, we first evaluate the simulated precipitation and surface temperature against ground-based meteorological station
observations. Our simulation reproduces the evolution of rainfall adequately well, although the precipitation intensity is over-
estimated (Fig. 3a). The spatial distribution of accumulated precipitation between 17:00 and 19:00 LST is captured reason-
ably well, with the simulated precipitation center closely matching observations, despite an overestimation of the areal extent
(Fig. 3b).

The simulated 2-m temperature field at 19:00 LST exhibits a low-temperature center over the Taihu Lake (Fig. 3c), consistent

with observations and collocated with the precipitation maximum and associated cold pool. However, due to the overestimated

10
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precipitation, simulated temperatures within the cold pool are lower than observed. Simulated near-surface PM5 5 concentra-
tions are compared with air-quality monitoring data in Fig. 3d. The model generally underestimates pollutant concentrations,
likely due to uncertainties in emissions, limited spatial resolution, and biases in boundary-layer and convection parameter-
izations that promote excessive mixing. As a result, aerosol impacts diagnosed in this study likely represent a conservative

estimate of the true anthropogenic aerosol influence.

(a) Surface precipitation rate
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Figure 3. (a) Temporal evolution of near-surface precipitation rate (units: mm h™!) from observations (black solid line) averaged over
stations and the ensemble mean (black dashed line), and ensemble members (colored dashed lines) of the ALL run simulation averaged over
model grid points corresponding to the station locations. Spatial distributions of (b) accumulated precipitation (shaded; units: mm) between
17:00 and 19:00 LST, (c) 2 m temperature (shaded; units: °C) at 19:00 LST, and (d) mass concentration of PMa_5 (shaded; units: ;g m~>)
at 19:00 LST from observations (circles) and the ensemble mean of the ALL run (shaded). The blue stars in (b)—(d) denote the observed

tornado position.

3.2 Aerosol effects on STP

The spatiotemporal evolution of STP from 17:20 to 20:00 LST is shown in Fig. 4 for the ALL simulation. Regions of persis-

tently high STP exist south of the tornado location, largely driven by the SRH1 component. However, these regions are not
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directly relevant to tornado potential until the mesoscale convective system propagates southeastward from the northwest and
intersects the high-STP environment, as indicated by radar reflectivity exceeding 35 dBZ. This storm motion is well reproduced
by the model and aligns with radar observations (Fig. 1). The STP study area within the storm-influenced region is tracked

following the procedure described in Section 2.4. The location of the tornado is well embedded within the tracked STP area

240 during the tornadogenesis period near 19:00 LST.
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Figure 4. STP (shaded; unitless) at twenty-minute intervals from 17:20 LST to 20:00 LST from the ALL run simulation. The rose-red
contours indicate areas with radar maximum reflectivity over 35 dBZ. The blue contours indicate the tracked STP study area, with blue stars

indicating the location of the observed tornado, which lasted from 18:50 to 19:12 LST. The label “Obs. tornado” appears only in panel (f),

during the tornado lifetime (18:50-19:12 LST).
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Figure 5 shows the time evolution of STP and its components averaged over the tracked STP area for both the ALL and
NoAero simulations. In both experiments, STP exceeds unity and increases sharply prior to 17:50 LST, indicating increasingly
favorable conditions for tornadogenesis regardless of aerosol loading. After 17:50 LST, the ensemble-mean STP in the ALL
simulation remains elevated, whereas STP in the NoAero simulation exhibits a modest decline. Following the midpoint of the
observed tornado life cycle at 19:00 LST, STP gradually decreases but remains above one.

From 18:10 LST on, STP in ALL run is larger than that in NoAero run, indicating that the tornado potential is enhanced by the
aerosol effects. SRH1 term contributes most to the total STP and drives the STP increase, much larger than the thermodynamic
terms of MLLCL and MLCAPE do. This suggests that the low-level dynamical condition (SRH1) contributes more than the
thermodynamic ones (MLLCL and MLCAPE) to tornado potential in this case. Similar results are obtained using other tornado
potential diagnostics, supporting the robustness of this result (Appendix A). During 18:30-19:10 LST, the Wilcoxon signed-
rank test applied to the 70 paired ensemble-member differences indicates statistically significant aerosol-induced changes in
both STP and SRH1. This test is more appropriate than the paired t-test because it does not assume normally distributed

samples. For the following analysis, 19:00 LST is tracked as the time unless indicated otherwise.
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Figure 5. Time evolution of STP and its components (unitless) averaged over the STP area. The black lines represent STP, and the colored
lines denote the SRH1 term (sky blue), SHR6 term (purple), MLLCL term (brown), and MLCAPE term (orange). The solid lines represent
the ALL run and the dashed lines represent those from the NoAero run. The shading denotes the interquartile range of STP of ensemble
members in the ALL run (dark gray) and the NoAero run (light gray). The blue dashed vertical line represents the temporal midpoint of the
observed tornado life cycle (19:00 LST), which hereafter serves as the analysis time. Filled and open circles along the solid lines denote

significant and nonsignificant differences, respectively, based on the 0.05 significance level.

The cause of SRHI enhancement is further investigated by decomposing the local storm-relative helicity (SRHjoca, the

255 vertical decomposition of SRH1, see Eq. 2a and 2b) into the storm-relative inflow, the horizontal vorticity, and the cosine
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of their included angle (cosa) terms. At 19:00 LST, aerosols predominantly enhanced SRHj,ca1 at most grid points, while
only a minority of grid points exhibited a reduction in SRH},c.) (Fig. S2). We analyzed both the grid points where SRH)ca)
increased (Fig. 6a) and where SRHj,.,) decreased (Fig. 6b) by aerosol effects. The increase in SRHj,) is found to be driven
primarily by enhanced storm-relative inflow (Fig. 6¢). Horizontal vorticity and cos a terms are the principal contributors to the

reduction of SRHj,ca1 (Fig. 6d). These findings suggest that the overall increase in SRH1 (0-1 km) is predominantly driven by

aerosol-enhanced storm-relative inflow.
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Figure 6. (a) Vertical profiles of the magnitudes of SRHjocar (black lines; units: m s72) and its components, i.e., storm-relative inflow (red
lines; units: m s~ 1), horizontal vorticity (blue lines; units: s~*), and cos (orange lines; unitless) at 19:00 LST averaged over grid points
where aerosols enhance SRHjoca1, Which is the majority case. (b) Same as (a) but averaged over grid points where aerosols reduce SRHjocal,
which is the minority case. (c) Vertical profiles of the contribution ratios of the components averaged over grid points where aerosols enhance

SRHiocal- (d) Same as (c) but averaged over grid points where aerosols reduce SRHjocai. The horizontal dashed lines denote 0.6 km as a

representative level for the diagnostics in Section 3.3 and Fig. 7.
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3.3 Mechanisms of aerosol effects on tornado potential
3.3.1 Aerosol-induced enhancement of the storm-relative inflow

Figure 7a illustrates aerosol-induced changes in storm-relative inflow at the 0.6 km level, which is selected as a representative
level within the 0—1 km layer because similar responses are found above and below this height. Regions of enhanced inflow
coincide with the tracked STP area and are the focus of subsequent analysis. Decomposition of storm-relative inflow reveals
that aerosols increase the horizontal wind speed and induce a counterclockwise turning of the wind direction, while exerting
minimal influence on storm motion (Fig. 7b). These combined effects enhance storm-relative inflow.

To examine the three-dimensional wind response, we analyze low-level divergence and the locations of 0—1 km updraft
cores (Figs. 7c—e). Within the STP area, southeasterly flow converges toward the updraft cores, and both convergence strength
and updraft intensity are enhanced by aerosols. Regions of enhanced convergence align closely with regions of increased
storm-relative inflow, indicating that aerosol-induced strengthening of convergence plays a central role.

Vertical momentum budget analysis indicates that enhanced convergence is not the primary driver of updraft intensification
(Fig. S4c). Instead, aerosols first enhance the updraft through thermodynamic processes, which subsequently intensify low-

level convergence and storm-relative inflow.
3.3.2 Aerosol effects on the low-level updraft

We focus on aerosol-induced changes in low-level updrafts. Figures 8a and 8b show the tracked 0—1 km updraft cores in the
NoAero and ALL simulations, respectively. In the absence of aerosols, updraft cores are broader and more diffuse, whereas
more concentrated and intense updraft cores are found in ALL simulations.

Figures 8c and 8d present the height—time evolution of aerosol-induced changes in updraft velocity and vertical acceleration,
showing negative anomalies prior to 18:50 LST, followed by a sharp transition to positive anomalies as tornado potential is
enhanced. Within the 0.3—1 km layer, increases in total vertical acceleration are dominated by ap (Fig. 8¢). Below 0.3 km,
avppcr i the dominant contributor (Fig. 8f).

Decomposition of ap indicates that ap(Ty) is the primary contributor to the aerosol-induced increase (Fig. S3). Further
decomposition of the ayppgr shows that its aerosol-induced enhancement is largely attributable to the ap.yvppgr, with other
dynamical contributions playing a negligible role (Fig. S4). The ap.vppar term represents a dynamical adjustment that par-
tially offsets ap to maintain pressure balance in rising air parcels. Although this adjustment opposes ap, its magnitude is

smaller above 0.3 km, allowing thermodynamic forcing to dominate the net updraft response.
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Figure 7. (a) Distribution of variations in storm-relative inflow (units: m s~ ') due to the aerosol effect. (b) Variations in storm-relative inflow
(red arrows; units: m s~ ') and its components, i.e., horizontal wind at 0.6 km (blue arrows; units: m s~ ') and storm speed (light blue arrows;
units: m s~ 1), averaged over the tracked STP area from the NoAero (dashed vectors) and ALL (solid vectors) runs. Distribution of divergence
(shaded; units: 10~% s™1) and wind field (arrows; units: m s 1) from (c) NoAero run, (d) ALL run, and variations due to (e) the aerosol
effect. The blue contours in (a), (c)—(e) represent the tracked STP area. The green contours in (a) represent the region where aerosols enhance
the storm-relative flow. In (c)—(d), the blue contours indicate the tracked STP area, while the red contours represent O—1 km updraft cores.

The rose-red contour in (e) represents the O—1 km updraft core enhanced by aerosols. All panels show data at 0.6 km at 19:00 LST.
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Figure 8. Tracked 0—1 km updraft cores at 10-minute intervals from 17:20 LST to 20:00 LST (colored contours) from (a) NoAero and (b)
ALL runs. In (a)—(b), 19:00 LST is highlighted by red contours and the tracked STP areas are indicated by blue contours. Time—height
cross-sections of variations in (c) updraft velocity (units: m s™1), (d) vertical acceleration (aTosar; units: m s~ 2), (e) buoyant acceleration
(ap; units: m s~2), and (f) VPPGF-induced acceleration (avppcr; units: m s~ 2) due to aerosol effects. In (c)—(f), the red dashed rectangles

highlight the focus window from 18:50 to 19:30 LST.

3.3.3 Aerosol effects on the buoyancy

290 To elucidate the thermodynamic mechanisms underlying enhanced buoyancy, we examine heating-rate diagnostics derived
from WRFlux. At 19:00 LST, aerosols induce net atmospheric heating within the O—1 km updraft cores, driven primarily by
enhanced microphysical heating and partially offset by advective cooling (Fig. 9a). Radiative and turbulent diffusion contri-
butions are comparatively small. The increase in microphysically-induced heating is primarily due to enhanced cloud water
condensation and reduced rain evaporation (Fig. 9b). Enhanced condensational heating prevails above approximately 0.3 km,

295 whereas below this level the suppression of evaporative cooling becomes increasingly important.
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Figure 9. (a) Vertical profiles of the variations in total heating rate (Total; black) and contributions from each process, i.e., microphysical
processes (Microphy.; red), advection (Adv.; blue), subgrid-scale turbulent diffusion (Sub-sca. turb. Diffu.; light blue), longwave radiation
(LW Rad.; purple), and shortwave radiation (SW Rad.; light orange) due to the aerosol effect. (b) Vertical profiles of the variations in
heating rates of microphysical processes (Microphy.; red) and contributions from individual sub-processes, i.e., condensation of cloud water
(Cond. of CW; rose red), evaporation of rain (Evap. of Rain; orange), riming (light pink), deposition (light pink), melting (light pink), and

sublimation (light pink) due to the aerosol effect. All heating rates are averaged over the tracked 0—1 km updraft cores at 19:00 LST, in units
of 107 Ks™".

While aerosol-driven enhancement of condensational latent heating is well known (Fan et al., 2018; Marinescu et al., 2021;
Caoetal., 2021), the mechanism by which they reduce the low-level evaporative cooling requires further investigation. Aerosols
cause the low-level updraft core to become more concentrated and displaced away from regions of strongest rain evaporation
(Fig. 10). This spatial separation arises from an increased distance between the updraft core and primary precipitation regions.

As a result, the updraft experiences weaker evaporative cooling and reduced cold-pool interference, allowing the convective

system to remain sustained.
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Figure 10. Variations in (a)—(b) heating rate of rain evaporation (shaded; units: 10~* K s™1) at 19:00 LST and (c)—~(d) 10-minute accu-
mulated precipitation (shaded; units: mm) near the surface due to the aerosol effect from 18:50 to 19:00 LST. The red contours represent
-1

0-1 km updraft cores. The blue contours represent an evaporation heating rate of —7.0 x 10~ K s in (a)—(b) or 10-minute accumulated

precipitation of 1.6 mm in (c¢)—(d). Dashed contours are from the NoAero run and solid contours are from the ALL run.

3.4 New mechanisms and implications for the aerosol condensational invigoration

The above analyses led us to propose a new mechanism that may provide a new pathway for the aerosol condensational

invigoration. Aerosols enhance tornado potential primarily through dynamical effects associated with increased SRH1, which
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plays the dominant role in the aerosol-induced enhancement in STP. The increase in SRH1 arises mainly from strengthened
storm-relative inflow, rather than changes in horizontal vorticity or thermodynamic instability.

The enhanced storm-relative inflow is linked to aerosol-induced strengthening of the 0—1 km updraft governed primarily
by thermodynamic forcing. Within the 0.3—1 km layer, aerosols increase thermal buoyancy through enhanced condensational
heating. Near the surface (0-0.3 km), aerosols reduce thermal buoyancy; however, this reduction is more than compensated by
an increase in acceleration due to buoyancy-induced VPPGEF, resulting in a net increase in vertical acceleration. This dynamical
adjustment reflects the pressure response required to maintain balance in buoyancy-driven ascent and underscores the coupled
thermodynamic—dynamic nature of the aerosol influence.

In addition to enhancing condensational heating, aerosols suppress low-level evaporative cooling by reorganizing the spatial
relationship between updraft cores and precipitating regions. The low-level updraft becomes more concentrated and is displaced
away from areas of intense rain evaporation and cold-pool formation. This spatial separation weakens the negative feedback
associated with cold pools, allowing the convective system to remain more intense and organized. The combined effect is a
warmer, more buoyant inflow region, a stronger and more persistent low-level updraft, enhanced convergence, and increased
storm-relative inflow and helicity. These processes collectively render the environment more favorable for tornadogenesis, as
summarized schematically in Fig. 11.

Recent theoretical studies (Grabowski and Morrison, 2020; Varble et al., 2023) suggest that warm-phase aerosol invigo-
ration is constrained by the thermodynamic and dynamical conditions that control supersaturation near cloud base. In quasi-
equilibrium regimes, condensation rates are largely determined by updraft velocity, limiting the direct impact of increased
CCN concentrations. Within this framework, substantial warm-phase aerosol effects are most likely when aerosols modify
the low-level conditions that set the initial updraft, particularly near cloud base where quasi-equilibrium assumptions may not
strictly apply. Consistent with this perspective, our results demonstrate that aerosols can substantially influence low-level buoy-
ancy and pressure-gradient forces, accelerating the 0—1 km updraft prior to parcels reaching quasi-equilibrium supersaturation.
Moreover, in contrast to studies emphasizing nonlinear cold-pool lifting mechanisms, this case highlights a complementary
pathway in which aerosol effects are exerted primarily through low-level thermodynamic enhancement and associated dynam-

ical adjustments.
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Figure 11. Schematic illustration of the aerosol effects on tornado potential, showing the case (a) without anthropogenic aerosols and (b)
with anthropogenic aerosols. Below 1 km, aerosols (white particles) cause the 0—1 km updraft core (red arrows) to become more concentrated
and to shift away from regions of strong rain evaporation (green shaded ovals). This spatial separation is associated with an aerosol-related
enlargement of the spacing separating the updraft core from the primary precipitation area (blue shaded rhomboids). Consequently, aerosols
intensify condensational latent heating (orange shaded ovals) and reduce near-surface rain-evaporation cooling, thereby increasing thermal
buoyancy and vertical velocity. The strengthened buoyant updraft enhances low-level convergence and storm-relative inflow (purple arrows)
below 1 km, allowing more horizontal vorticity (blue curved arrows) to be entrained into the storm and thereby increasing storm-relative
helicity in the 0—1 km layer (SRH1). Overall, anthropogenic aerosols modify the low-level environment and help sustain storm dynamics,

thereby enhancing tornado potential.
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4 Conclusions

While aerosols are known to affect multiple atmospheric processes, especially clouds, precipitation, storms and lightning
(e.g. Li et al., 2017; Li et al., 2019b), few studies have examined tornadoes. Here, we quantify how anthropogenic aerosols
affect tornado potential for an EF3 supercell tornado. A data-assimilative WRF-Chem framework incorporating hybrid ETKF—
3DVAR assimilation is employed to simulate the mesoscale organization of the storm, rainfall development and cold-pool
features with reasonable fidelity, rendering a robust foundation for attributing changes in tornado-favorable environments to
aerosol perturbations.

Overall, this study identifies a thermodynamically driven dynamical mechanism by which anthropogenic aerosols modify
microphysical heating and buoyancy, leading to strengthened low-level updrafts, enhanced inflow, and increased storm-relative
helicity. The new mechanism points to a new pathway toward the aerosol condensational invigoration effect by modulating
low-level dynamic and thermodynamic conditions in a tornadic environment. These findings suggest that aerosol loading may
be an important, yet underappreciated, factor in assessing tornado-favorable environments in polluted and rapidly urbanizing
regions such as the Yangtze River Delta.

At the same time, it is admitted that the findings may not be generally valid as they are drawn from simulations of a single
case using parameterized microphysics and a specific thermodynamic and dynamical configuration. Aerosol impacts may
differ not only in strength but also in direction under different environmental conditions, aerosol regimes, and microphysical
representations. Studying more cases is warranted with more advanced parameterizations of microphysics and observations of
supersaturation, condensate loading acceleration, and cold-pool structure. The question of whether aerosols can materially alter
the occurrence of tornadoes is also worthy of future investigation via occurrence-oriented tornado diagnostics (Zhang et al.,
2025).

Appendix A: Validation of aerosol effects on STP

Following the original STP formulation (Thompson et al., 2003; Eq. 1 in the main text), several later formulas have been
developed to improve its performance across broader convective regimes (Thompson et al., 2012) and for Chinese tornadic
environments (Zhang et al., 2025). The normalization constants in the formulas were modified accordingly. To assess the
robustness of our results in the aerosol effect on STP, we investigate these alternative STP formulas.

Thompson et al. (2012) described STP by variables in the effective inflow layer (STP.g, Eq. Al):

ESRH  EBWD 2000 MLLCL MLCAPE 200+ MLCIN
150m2s2 20ms-! 1000 m 1500 J kg1 150 J kg !

STPug = (A1)

The effective inflow layer begins at the lowest lifted-parcel level at which CAPE reaches at least 100 J kg~! and CIN
exceeds —250 J kg1, and its upper boundary is the highest contiguous parcel level that meets the same criteria. Accordingly,
the effective storm relative helicity (ESRH) is integrated over this layer. The EBWD term is limited to 1.5 when EBWD
exceeds 30 m s~! and is assigned zero when EBWD is less than 12.5 m s~!. The MLLCL and MLCIN terms are assigned
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a value of 1 when MLLCL is less than 1000 m and MLCIN exceeds —50 J kg1, respectively, and are assigned zero when
MLLCL exceeds 2000 m and MLCIN is less than —200 J kg~!, respectively.

Using a long-term sample of Chinese supercells, Zhang et al. (2025) revealed that 0-300 m kinematic parameters have a
greater skill than those in the 0—1 km layer for separating tornadic from non-tornadic supercells. The calibrated STP parameter

(STP300cn) Was proposed as:

SRH300 SHR300 1600—-MULCL MUCAPE 200+ MUCIN

TP300en = . . . .
STPa00en = 15 75 Tom st 600 m 2000 J kg~ 150 J kg~!

(A2)

This formulation replaces 0—1 km AGL SRH1 and SHR6 terms in Eq. 1 with 0-300 m AGL storm-relative helicity
(SRH300) and vector wind shear (SHR300), respectively, and adopts most-unstable-parcel CAPE, LCL, and CIN (MUCAPE,
MULCL, and MUCIN, respectively). The SHR300 term is limited to 1.5 when SHR300 exceeds 2.85 m s~ !, and the MULCL
and MUCIN terms are assigned a value of 1 when MULCL is less than 1000 m and MUCIN exceeds —50 J kg, respectively,
and are assigned a value of zero when MULCL exceeds 1600 m and MUCIN is less than —150 J kg1, respectively.

However, STP300c, Was optimized primarily for occurrence discrimination in China, and its relevance to tornado intensity
has not yet been validated. Since our focus is the aerosol effect on the intensity of an EF3 tornado, whose occurrence is not
likely changed by aerosol abundance, we only use STP.g as the alternative formula to assess the robustness of our result. The
STP.g area was tracked using the same method as described in Section 2.4.

Fig. A1 shows the time evolutions of STP.g and its component terms averaged over the tracked STP g area. In both All
and NoAero experiments, STP ¢ values exceed 1 but decrease sharply after 18:00 LST. Therefore they do not indicate a
progressively more favorable environment at the time of tornado occurrence (19:00 LST). This disagreement with reality may
stem from the lower discriminatory skill of STP.g than STP across different environmental regimes and convective modes
(Brown et al., 2021; Zhang et al., 2025). Thus, it is less suitable than STP as the metric for further analysis. Nevertheless,
STP.g still shows an aerosol-induced enhancement with the largest contribution from increases in the effective SRH (ESRH)

term, thereby supporting the robustness of our results.
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Figure Al. Same as Fig. 5 in the main text, but for the time evolution of STP.s and its components (unitless) averaged over the tracked
STPeg area. The colored lines denote the ESRH term (sky blue), EBWD term (purple), MLLCL term (brown), MLCAPE term (orange),
and MLCIN term (red).

Code availability. WRF-Chem (WRF v4.2.2) is distributed as part of the WRF modeling system and is accessible through the official
GitHub site (https://github.com/wrf-model/WRF). WRFlux v1.2.0 is available on GitHub and has a Zenodo record (https://zenodo.org/
records/4664425; DOI: https://doi.org/10.5281/zenod0.4664425). The meic2wrf processor is available on gitee (https://gitee.com/jinfan0931/
meic2wrf). The bio_emiss processor can be obtained from the NSF NCAR Atmospheric Chemistry Observations & Modeling (ACOM)

“Download WRF-Chem Processors” page (https://www.acom.ucar.edu/wrf-chem/download.shtml).

Data availability. The NCEP FNL Operational Global Analysis (1° x 1°, 6-hourly) used for initial fields and lateral meteorological bound-
ary conditions is available through NSF National Center for Atmospheric Research (NCAR) Geoscience Data Exchange (GDEX) (https:
//gdex.ucar.edu/datasets/d083002/; DOI: https://doi.org/10.5065/D6M043C6). The GLC_FCS30-2020 land-cover dataset (version 1.2), pro-
vided by the Aerospace Information Research Institute, Chinese Academy of Sciences, is available via CASEarth Data (https://zenodo.
org/records/4280923). MODIS NDVI was obtained from the Terra MOD13Q1 Version 6.1 16-day 250 m vegetation index dataset (https:
/Iwww.earthdata.nasa.gov/data/catalog/Ipcloud-mod13q1-061; DOI: https://doi.org/10.5067/MODIS/MOD13Q1.061). Anthropogenic emis-
sions were derived from the Tsinghua MEIC inventory (http://meicmodel.org.cn/). The MEGAN default input dataset is available from
the UCI BAI MEGAN portal (https://bai.ess.uci.edu/megan), and has a Zenodo record (https://zenodo.org/records/10521585; DOI: https:
//doi.org/10.5281/zenodo.10521585). The CESM2.2 CAM-Chem global fields used for chemical lateral boundary conditions are avail-
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able from NSF NCAR GDEX (https://gdex.ucar.edu/datasets/d313008/; DOI: https://doi.org/10.5065/XSOR-QES86). The single-polarization
Doppler radar data and surface AWS observations were obtained from a meteorological agency and cannot be redistributed by the authors
due to data-use restrictions. The derived products generated in this study and the scripts can be shared by the corresponding author upon

reasonable request.
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