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S1. WRF-Chem model

The WRF-Chem model (Version 3.5) (Grell et al., 2005) with modifications by Li et al. (2010, 2011a,
2011b) has been applied to quantitatively evaluate the aerosol effect on a short-time heavy rainfall event in
Guanzhong Basin (GZB). The model includes a new flexible gas phase chemical module and the CMAQ
aerosol module developed by US EPA (Binkowski & Roselle, 2003). For the aerosol simulations, the
CMAQ/models-3 aerosol module (AEROS5) has been incorporated into the model. In this aerosol component,
the particle size distribution is represented as the superposition of three lognormal sub-distributions, called
modes. The processes of coagulation, particles growth by the addition of mass, and new particle formation
are included. The new particle production rate due to binary nucleation of H,SO4 and water vapor is
parameterized following Kulmala et al. (1998). The wet deposition is based on the method in the CMAQ
module and the dry deposition of chemical species followed Wesely (1989). The photolysis rates are
calculated using the Fast Tropospheric Ultraviolet and Visible (FTUV) Radiation Model with the aerosol
and cloud effects on photolysis (Li et al., 2005, 2011a).

ISORROPIA (version 1.7) is used to predict the thermodynamic equilibrium between the ammonia-
sulfate-nitrate-chloride-water aerosols and their gas phase precursors of H>SO4-HNO3-NH;3-HCl-water
vapor (Nenes et al., 1998). The organic aerosol (OA) module is based on the volatility basis-set (VBS)
approach with aging; detailed information can be found in Li et al. (2011b). The primary OA (POA)
components from traffic-related combustion and biomass burning emissions are represented by nine
surrogate species with saturation concentrations (C*) ranging from 10 to 10° pg m™ at room temperature
(Shrivastava et al., 2008), and assumed to be semi-volatile and photochemically reactive (Robinson et al.,
2007). The secondary OA (SOA) formation from each anthropogenic or biogenic precursor is calculated
using four semi-volatile VOCs with effective saturation concentrations of 1, 10, 100, and 1000 ug m™ at 298
K. The SOA formation via the heterogeneous reaction of glyoxal and methylglyoxal is parameterized as a
first-order irreversible uptake by aerosol particles and cloud droplets with an uptake coefficient of 3.7x1073

(Liggio et al., 2005, Volkamer et al., 2007, Zhao et al., 2006).

S2. Aerosol radiative module
In the present study, Goddard shortwave module developed by Chou and Suarez (1999) and Chou et al.

(2001) is employed to account for the ARI effect on particulate matter (PM) pollution and the FTUV module
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(Li et al., 2005; 2011a) is used to consider the API effect. The aerosol radiative module developed by Li et
al. (2011a) has been incorporated into the WRF-Chem model to calculate the aerosol optical depth (AOD or
T,), single scattering albedo (SSA or w,), and the asymmetry factor (g,).

In the CMAQ aerosol module, aerosols are represented by a three-moment approach with a lognormal

size distribution:

_ N 1 InD-InDg. ,
n(inD) = V2rmlne exp| 2( In ] (1)

Og

Where D is the particle diameter, N is the number distribution of all particles in the distribution, D, is the
geometric mean diameter, and g, is the geometric standard deviation. To calculate the aerosol optical
properties, the aerosol spectrum is first divided into 48 bins from 0.002 to 25.0 um, with radius r;. The
aerosols are classified into four types: (1) internally mixed sulfate, nitrate, ammonium, hydrophilic organics
and black carbon (BC), and water; (2) hydrophobic organics; (3) hydrophobic BC; and (4) other unidentified
aerosols (generally dust-like aerosols). These four kinds of aerosols are assumed to be mixed externally. For
the internally mixed aerosols, the complex refractive index at a certain wavelength (1) is calculated based
on the volume-weighted average of the individual refractive index. Given the particle size and complex
refractive index, the extinction efficiency (Q,), w, and g, are calculated using the Mie theory at a certain
wavelength (4). The look-up tables of Q,, w, and g, are established according to particle sizes and
refractive indices to avoid multiple Mie scattering calculation. The aerosol optical parameters are
interpolated linearly from the look-up tables with the calculated refractive index and particle size in the
module.

The T, atacertain A in a given atmospheric layer k is determined by the summation over all types
of aerosols and all bins:

Ta(A k) =3 2}21 Q. (4,1 j, K)mr®n(ry, j, K)AZ), ()
Where n(r;,j, k) is the number concentration of j-th kind of aerosols in the i-th bin. AZ}, is the depth of
an atmospheric layer. The weighted-mean values of w, and g, are then calculated by using D’ Almeida
etal. (1991):

T8 21 QeArij K)mr P n(rij k) wa(rii K)AZ
Z?’:sl Z;":l Qe(ll,ri,j,k)n:riZn(ri,j,k)AZk

wq (4, k) = 3

T 1 Qe(Arijl)mr?n(ryj k) wa (1K) ga(Arij K)AZ
ngl Z}’:l Qe (l,ri,j,k)11:1",-2n(r,-,j,k)wa(ri,i,k)AZk
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When the wavelength-dependent 7,, w,, and g, are calculated, they can be used in the Goddard
shortwave module to evaluate the ARI effect and the FTUV to evaluate the API effect. The aerosol refractive
indices used for Mie scattering calculation are listed in Table S2. In the base case simulation of the Base
scenario, the BC aging from the hydrophobic to the hydrophilic state occurs at a pseudo first order rate of
9.26 x 107 s! (Moffet and Prather, 2009) during daytime and 7.10 x 10 s! (Cooke and Wilson, 1996)
during nighttime. As suggested by Moffet and Prather (2009), the effective density is 0.7 g cm™ for fresh
BC and 1.8 g cm™ for aged BC to consider the variation of the BC morphology. In order to take into account
absorption of brown carbon (BrC) observed by Barnard et al. (2008) in Megacities, the imaginary refractive
index of POA measured by Kirchstetter et al. (2004) is employed in the present study (Table S2). Detailed

information can be found in Li et al. (2011a).

S3. Aerosol-cloud interactions module

A two-moment bulk microphysics scheme with aerosol effects developed by Morrison et al. (2009) is
utilized to account for aerosol-cloud interactions (ACI) in the simulation. The mass mixing ratio and number
concentration of five hydrometeors are predicted in the bulk microphysics scheme, including cloud water,
rain water, ice crystal, snow flake, and graupel. The Gamma function is used to represent the size distribution
of the five hydrometeors. Detailed information is provided in Morrison et al. (2009).

The aerosol activation to cloud condensation nuclei (CCN) and ice nuclei (IN) is based on the
CMAQ/models3 aerosol module (Binkowski and Roselle, 2003). Aerosols are simulated in the CMAQ using
a modal approach assuming that particles are represented by three superimposed log-normal size
distributions. The aerosol species, including sulfate, nitrate, ammonium, POA, SOA, BC, and other
unidentified species (dust-like) are predicted in the module.

For the CCN nucleation, the critical radius of dry aerosols is calculated from the 4-Kohler theory
developed by Petters and Kreidenweis (2007; 2008; 2013) using water vapor supersaturation predicted by
the model (Yau and Rogers, 1989; Pruppacher and Klett, 1997). If the activated CCN radius is less than 0.03

um, the mass of water condensation on CCN is calculated under the equilibrium assumption; otherwise, the
. . 4 .
mass of water condensing on CCN is calculated by m,, = K 3 nr3p,, atzero supersaturation, where 3 <K

< 8 (Khain, 2009). Additionally, a novel, flexible approach, proposed by Philips et al. (2008; 2013) is used
to parameterize the ice heterogeneous nucleation within clouds. The method has empirically derived

4
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dependencies on the chemistry and surface area of multiple species of IN aerosols, mainly including dust,
black and organic carbon aerosols. Three kinds of ice nucleation mechanisms are considered in the method,
including contact, immersion, and condensation freezing. Detailed information can be found in Zhou et al.

(2017).

S4. Statistical methods

In the present study, the mean bias (MB), root mean square error (RMSE), the index of agreement (/04),
and correlation efficient (R) are used as indicators to evaluate the performance of WRF-Chem model in
simulations against measurements. /OA4 describes the relative difference between the model and observation,

ranging from 0 to 1, with 1 indicating perfect agreement.

1
MB zﬁzlivﬂ(Pi—Oi) (5)
1
) 1
RMSE = [ 3, (P — 0)%] (©6)
4 TE1(Pi—0)?
104 =1 =5y iF-oii0,-o12 ™

R = Z?’:1[(Pi—l_’)><(0i—(_))]

- \/Z?Ll(Pi_I_))ZXZil(Oi—a)Z

(8)

Where P; and O; are the predicted and observed pollutant concentrations, respectively. N is the total
number of the predictions used for comparisons, and P and O represents the average of the prediction and
observation, respectively.

In order to evaluate the overall response of clouds or cloud systems to the changes in aerosols, involved
with the chemical composition, the concentration, or the representation approach, the statistics of a given
model variable, e.g., the mean value averaged over the entire domain or a specific region and throughout the
integration period or a particular interval, is much more meaningful than the instant distribution of this
variable at a given time step. Therefore, the population mean (p-mean hereinafter) of a given variable over

all qualified grid points and for a given integration interval is used in the study, which is defined as:

— 1 T — —
c? = — Z 2z Zq>q i c(r t)AZ(T t) (9)
Z:ZTI La>amin 42(T1) t=T1 n>n$li: ' '
n>Npin

Where ¢ represents a given quantity. The calculation using Equation (9) only applies to the grid points where

both the mass concentration ¢ and number concentration »n of a hydrometeor or the summation of several



hydrometeors exceed their given minima. Az is the vertical grid spacing. 77 and 77 are the start and end

output time steps, respectively.
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Table S1. WRF-Chem model configurations

Domain Guanzhong Basin and its surrounding areas
Simulation period 1200 UTC 23 to 1800 UTC 28, January 2022
Domain center 32.25°N, 119°E

Domain size 500 % 500

Horizontal resolution 6km x 6km

Metelo.rological boundary and initial NCEP 1°%1° reanalysis data

conditions

Chen.n.cal initial and boundary MOZART 6-hour output (Horowitz et al., 2003)
conditions

Cumulus scheme None

51 vertical levels with a stretched vertical grid with spacing ranging

Vertical resolution from 30 m near the surface, to 400 m above 2.5 km

Microphysics scheme Morrison two-moment scheme (Morrison et al., 2009)
Boundary layer scheme MYJ TKE scheme (Janji¢, 2001)

Surface layer scheme MY surface scheme (Janji¢, 2001)

Land-surface scheme Unified Noah land-surface model (Chen and Dudhia, 2001)
Longwave radiation scheme Goddard longwave scheme (Chou et al., 2001)

Shortwave radiation scheme Goddard shortwave scheme (Chou and Suarez, 1999)
Ccohrirfiltliillsmltlal and boundary MOZART 6-hour output (Horowitz et al., 2003)

Anthropogenic emission inventory 2023 MEIC inventory (Geng et al., 2024)

Biogenic emission inventory Online MEGAN model developed by Guenther et al. (2006)
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245 Figure S1: Synoptic situations on sea level pressure layer at 0800 LT from 25 to 28 January 2022.
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Figure S2: Synoptic situations at 925 hPa at 0000 UTC from 26 to 28 January 2022.
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Figure S2: Continued for 700 hPa.
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Figure S3: Profile of average (a) air temperature, (b) cloud water content, and (c) ice water content over
GZB+GZBs from 26 to 28 January 2022.
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Figure S4: Profile variation of average (a) RHW and (b) RHI due to ACIs in the F_ARI0 over
GZB+GZBs from 26 to 28 January 2022, with increasing scale factor of anthropogenic emissions.
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295 Figure S5: Profile variation of average (a) RHW, and (b) RHI over GZB+GZBs from 26 to 28 January
2022 caused by ARIs, as a function of the scale factor of anthropogenic emissions.
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Figure S6: Profile variation of average (a) RHW, and (b) RHI over the GZB from 26 to 28 January 2022
caused by ARIs, as a function of the scale factor of anthropogenic emissions.
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Figure S7: Profile variation of average (a) RHW, and (b) RHI over the GZBs from 26 to 28
January 2022 caused by ARIs, as a function of the scale factor of anthropogenic emissions.
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