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Text S1. Default Morrison microphysics scheme

In WRF-Chem, the default Morrison microphysics scheme is a two-moment bulk
stratiform cloud microphysics scheme that traces the number concentrations and mass
mixing ratios of five water condensates: ice crystals, graupel, snow, cloud droplets,
and rain, and treats several microphysical processes: hydrometer collection,
condensation/evaporation, freezing, melting, sedimentation, and ice nucleation
Morrison and Gettelman (2008).

Within the default Morrison microphysics scheme, these heterogeneous
nucleation pathways are parameterized separately. At temperatures below —4°C, both
immersion and contact freezing can be activated. Immersion freezing follows the
classical parameterization of Bigg (1953). Contact freezing is represented through the
flux of contact nuclei to droplets via Brownian motion, diffusion electrophoresis, and
thermophoresis, with effective diffusion coefficients provided by Young (1974). The
number concentration of contact nuclei is calculated following Meyers et al. (1992).
According to Cooper (1986), deposition nucleation becomes active when the
temperature is below —8°C and the saturation ratio with respect to water exceeds
0.999 (Cooper, 1986). However, because the Cooper's parameterization produces
unrealistically high INP number concentrations at colder temperatures, the Morrison
microphysics scheme imposes an upper limit of 500 L™! on the INP number
concentration for deposition nucleation.

To ensure physical consistency, the scheme further constrains the number of ice
crystals generated by immersion and contact freezing so that they cannot exceed the
number of available cloud droplets. Homogeneous freezing is assumed to occur
spontaneously for cloud droplets and raindrops at temperatures below —40°C
(Morrison et al., 2005). In addition, secondary ice formation is incorporated through
the Hallett—Mossop rime-splintering mechanism (Hallett and Mossop, 1974).

Text S2. Cubic interpolation function 82[y, y,, y.]
a, ¥ =w)

st ={b, ¥ =y2) (S1)
ap + a1y + azy? + azy®, (y1 <y <yz)

where ay = B, a; = Ay, y,, 0, = —A(y1 +¥2)/2,a3 = A/3,A=6(a—b)/(y, — }’1)3, and
B =a+Ay}/6— Ayfy,/2.

Table S1. Parameters of the ice nucleation parameterization in Reicher et al. (2019).

Diameter Valid temperature
Parameters
range range
0.3-1 um Vo = 9.48,a = 23.00,b = 1.34,c = 7.38 238-266 K
1-10 pm Vo = 11.4,a = 24.00,b = 1.53,c = 4.54 236266 K
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35 Table S2. Parameters of the ice nucleation parameterization in Chen et al. (2021).

Valid temperature

Diameter range Parameters
range
0.18-1 pm a = —0.480,b = 5.296 from —35°C to —10°C
1-1.8 um a =-—0.423,b =9.390 from —35°C to —6°C
1.8-3.2 um a =-—0.425,b =9.506 from —35°C to —6°C
3.2-5.6 um a=-—0.428,b = 9.592 from —35°C to —6°C
5.6-10 um a=-—0.441,b = 10.635 from —35°C to —6°C

36
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37 Table S3. Mean values of cloud-related variables with and without threshold filtering applied to cloud grids, based on the meridional mean vertical cross-sections shown in
38 Fig. 5. The filtering criterion is that the sum of the ice water mixing ratio and liquid water mixing ratio exceeds 107® kg kg~!. The abbreviations used are as follows: ICNC
39 (ice crystal number concentration; L™!), ICER (ice crystal effective radius; pm), IWC (ice water content; mg m~>), CDNC (cloud droplet number concentration; 103 L),
40 CDER (cloud droplet effective radius; um), and LWC (liquid water content; mg m>). The “NoFilter” row corresponds to results without threshold filtering, while the “Filter”

41 row corresponds to results with threshold filtering applied.

Scenarios Averaging method  ICNC ICER IWC CDNC CDER LWC

NoFilter 680E-01 3.00E101 3.10E+00 1.60E+00 1.60E+0l 3.30E+00

NoINPs Filtor 1.IOE+00 3.50E+01 4.40E+00 2.20E+00 1.70E+01 4.50E+00
NoFilter 460E-03 130E01 1.10B-01 -7.70E-02 140E-02 -7.60E-02

MixINPs Filter 290E-03 2.00E-01 1.50E-01 -1.00E-01 2.10E-02 -1.00E-01
NoFilter 630E100 -130E100 120E+00 -2.60E-01 3.90E-01 -2.40E-01

leeINPs Filtor 9.40E+00 -2.00E+00 1.70E+00 -3.50E-01 4.00E-01 -3.40E-01
NoFilter 630E+00 -130E100 130E+00 -2.70E-01 3.90E-01 -2.70E-01

MixlceINPs Filter 9.50E+00 -2.00E+00 1.80E+00 -3.70E-01 4.00E-01 -3.80E-01
NoFilter 068%  043%  355%  481%  00%  -230%

(MixINPs —NoINPs) / NoINPs Filtor 026%  0.57%  341%  -455%  0.12%  -2.22%
NoFilter 02647%  433%  3871%  -1625%  244%  727%

(IceINPs —NoINPs) /NoINPs Filtor 854.550%  -5.71%  38.64%  -1591%  235%  -7.56%
NoFilter 02647%  433%  4194%  -1688%  244%  8.18%

(MixIceINPs — NoINPs) / NoINPs Filter 863.64%  -5.71%  4091%  -1682%  235%  -8.44%

42
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49

Table S4. Mean values of cloud-related variables with and without threshold filtering applied to cloud grids, based on the horizontal distributions shown in Fig. 6. The
filtering criterion is that the sum of the ice water mixing ratio and liquid water mixing ratio exceeds 107® kg kg™!. The abbreviations used are as follows: ICND (ice crystal
number density; vertically integrated ice crystal number concentration; 10°m2), ICER (ice crystal effective radius; vertically averaged; um), IWP (ice water path; vertically
integrated ice water content; g m~2), CDND (cloud droplet number density; vertically integrated cloud droplet number concentration; 10°m~2), CDER (cloud droplet effective
radius; vertically averaged; um), and LWP (liquid water path; vertically integrated liquid water content; g m~2). The “NoFilter” row corresponds to results without threshold

filtering, while the “Filter” row corresponds to results with threshold filtering applied.

Scenarios Averaging method  ICND ICER IwPp CDND CDER LWP
NoFilter 1.50E+01 3.20E+01 5.50E+01 2.20E+01 1.60E+01 4.40E+01
NoINPs
Filter 1.40E+01 3.40E+01 5.60E+01 2.20E+01 1.60E+01 4.40E+01
NoFilter 7.00E-02 1.30E-01 1.80E+00 -1.40E+00 2.50E-02 -1.30E+00
MixINPs
Filter 6.60E-02 3.70E-01 1.80E+00 -1.40E+00 3.10E-02 -1.30E+00
NoFilter 1.30E+02 4.30E-01 2.30E+01 -4.20E+00 4.70E-01 -3.70E+00
IceINPs
Filter 1.30E+02 4.00E-01 2.30E+01 -4.20E+00 5.00E-01 -3.80E+00
NoFilter 1.30E+02 4.80E-01 2.30E+01 -4.50E+00 4.70E-01 -4.10E+00
MixIceINPs
Filter 1.30E+02 4.50E-01 2.40E+01 -4.50E+00 5.10E-01 -4.10E+00
NoFilter 0.47% 0.41% 3.27% -6.36% 0.16% -2.95%
(MixINPs — NoINPs) / NoINPs
Filter 0.47% 1.09% 3.21% -6.36% 0.19% -2.95%
NoFilter 866.67% 1.34% 41.82% -19.09% 2.94% -8.41%
(IceINPs — NoINPs) / NoINPs
Filter 928.57% 1.18% 41.07% -19.09% 3.13% -8.64%
NoFilter 866.67% 1.50% 41.82% -20.45% 2.94% -9.32%
(MixIceINPs — NoINPs) / NoINPs
Filter 928.57% 1.32% 42.86% -20.45% 3.19% -9.32%
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Figure S1. Model domain for the numerical simulations. The color shading represents the erodibility
factor, defined as the fraction of erodible surface in each grid cell. TD refers to the Taklimakan Desert,

and GD refers to the Gobi Desert.
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Figure S2. Comparison between simulated and observed aerosol optical depth (AOD) at the
wavelength of 550 nm in March (left column), April (middle column), and May 2018 (right column).
Panels (a—c) show AOD observations from MODIS, and panels (d—f) present the corresponding
simulated AOD. The simulated results are from the MixIceINPs scenario and represent averages of

hourly values.
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Figure S3. Comparison between simulated and observed ice water path (IWP) and liquid water path
(LWP) in March (left column), April (middle column), and May 2018 (right column). Panels (a—c)
show IWP observations from MODIS, and panels (d—f) present the corresponding simulated TWP.
Panels (g—i) display LWP observations from MODIS, and panels (j-1) show the corresponding
simulated LWP. The simulated results are from the MixIceINPs scenario and represent averages of

hourly values.
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Figure S4. Simulated percentage contributions of different particle size bins (0.18—1 pm, 1-1.8 pm,
1.8-3.2 um, 3.2-5.6 um, and 5.6-10 um) to the total dust surface area concentration (0.18-10 pm) on
1 and 26 May 2018 at the Peking University Atmospheric Environment Monitoring Station (116.31° E,
39.99° N). The simulated results are from the MixIceINPs scenario and represent averages of hourly

values.
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Figure SS. Simulated frequencies of ice saturation ratio and homogeneous nucleation occurrence as a
function of ice saturation ratio. The statistics are derived from all hourly grid cells from March to May
2018 with temperatures below —37°C, which account for 18.82% of the total domain (as homogeneous
nucleation can only occur under such conditions). For each ice saturation ratio interval, both the
frequency of grid cells and the frequency of those undergoing homogeneous nucleation are calculated.
Grid cells with ice saturation ratios greater than 1.3 (the interval where homogeneous nucleation
primarily occurs) constitute less than 0.7% of the cold-grid subset (i.e., < 0.13% of the total domain),
while those experiencing homogeneous nucleation represent less than 0.08% of the total domain. The

simulated results are from the NoINPs scenario.
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Figure S6. Simulated meridional mean vertical cross-sections of dust number concentrations for
different particle size bins: (a) 0.18-10 um, (b) 0.18—1 pm, (¢) 1-1.8 pm, (d) 1.8-3.2 pum, (e) 3.2-5.6
pum, and (f) 5.6-10 pm. Dashed lines indicate isotherms, and grey shading denotes missing values due
to terrain. The mean value over the plotted region is shown above each panel. The simulated results are

from the MixIceINPs scenario and represent averages of hourly values from March to May 2018.
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Figure S7. Simulated spatial distributions of dust column number concentrations (vertically integrated)
for different particle size bins: (a) 0.18—10 pum, (b) 0.18—1 pm, (¢) 1-1.8 um, (d) 1.8-3.2 um, (e) 3.2—
5.6 um, and (f) 5.6-10 um. The mean value over the plotted region is shown above each panel. The
simulated results are from the MixIceINPs scenario and represent averages of hourly values from
March to May 2018.
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Figure S8. Simulated meridional mean vertical cross-sections of temperature differences: (a) MixINPs
— NoINPs, (b) IceINPs — NoINPs, and (¢) MixIceINPs — NoINPs. Dashed lines indicate isotherms, and
grey shading denotes missing values due to terrain. The simulated results are averages of hourly values
from March to May 2018.
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Figure S9. Simulated spatial distributions of (a) vertically averaged temperature and (b) vertically
integrated total water column mass concentrations (sum of vapor, liquid, and ice). The simulated results

are from the MixIceINPs scenario and represent averages of hourly values from March to May 2018.

(@) 18 (b) o8 (c) 30
L 0.66 25.26
L 16 14.71 07 p o o5 2337 ;
5 E 14 12.89 E 06 053 £ 21.77 o
c '6 1187 - 3 ‘ 0 471 o =
c< 12 - s o 05 : = 20
ET g3 \ 0.38 <
== 10 > O 0.4 Tg’
39 ga 0.28 315
ow 8 2 © 0.3 | %

= o 2 ©
£k 3 Rl | 2o
38 2 0.005 0.014 0.002 ® oo |1 8 5l0gg 200 28
5] d j q ' g
= 0 : . -0.1 -0.01 ol =8 mE N

March  April May March  April  May March  April May

d e
S =06 N NE
1SS £ -1
3o -1.15 -1.14 =205 0;5 2 -0.91
Q9 o (T p= -1.2
o 19 a 8 04 | £ 2
B : °5 04 = s -1.8
55 ARY: 5
2, 923| 3892 g -3 :
33° b G802

o] . T x:
SE -4.16 & = ses Y
o2 : 011003 004 (g2 | S Y

6 =535 00 - ml_ BE = 5 —
March  April May March  April  May March April May

M MixINPs - NoINPs 1 [ceINPs - NoINPs

Figure S10. Simulated horizontal spatial means of (a) ice crystal column number concentration, (b) ice
crystal effective radius, (¢) ice water path, (d) cloud droplet column number concentration, (e) cloud
droplet effective radius, and (f) liquid water path in March, April, and May 2018. The green bars
denote the simulation results for the MixINPs — NoINPs scenario, while the blue bars denote those for
the IceINPs — NoINPs scenario. Error bars denote the standard error of the mean (¢ /v/N) across grids,
where o is the standard deviation and N is the number of grids. The simulated results are monthly

averages of hourly values.
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Figure S11. Simulated horizontal spatial means of the radiative effect of (a) INPs in mixed-phase

clouds and (b) INPs in ice clouds in March, April, and May 2018. The blue bars denote shortwave

radiation, the red bars denote longwave radiation, and the yellow bars denote net radiation. The error

bars denote the standard error of the mean (o/v/N) across grids, where ¢ is the standard deviation and

N is the number of grids. The simulated results are monthly averages of hourly values.
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Figure S12. Simulated meridional mean vertical cross-sections of subgrid vertical velocity from (a) the

eddy-diffusivity-based parameterization and (b) the turbulent-kinetic-energy-based parameterization.

Dashed lines indicate isotherms, and grey shading denotes missing values due to terrain. The simulated

results are averages of hourly values from May 2018. The results for May are very similar to those for

the entire spring season (March—May), as shown in Fig. 3 and Fig. S13, Fig. 5 and Fig. S15, and Fig. 6

and Fig. S17, indicating that May’s results effectively represent the spring season.
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147 Figure S15. Same as Fig. 5, except that the simulated results are averages over hourly values from May

148  2018.
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151 Figure S16. Same as Fig. S15, except that the subgrid vertical velocity is diagnosed using the

152 turbulent-kinetic-energy-based parameterization, with stronger values.
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Figure S17. Same as Fig. 6, except that the simulated results are averages over hourly values from May
2018.
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Figure S18. Same as Fig. S17, except that the subgrid vertical velocity is diagnosed
using the turbulent-kinetic-energy-based parameterization, with stronger values.
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Figure S19. Simulated meridional mean vertical cross-sections of (a—c) deposition rate of water vapor,
(d—f) evaporation rate of cloud droplet, for the MixINPs — NoINPs (first column), IceINPs — NoINPs
(second column), and MixIceINPs — NoINPs (third column) scenarios. Dashed lines indicate isotherms,
and grey shading denotes missing values due to terrain. The simulated results are averages of hourly
values from March to May 2018, calculated for grid cells where WBF process occurs, defined by the
conditions: (1) the air is supersaturated with respect to ice but subsaturated with respect to liquid water,

(2) temperature ranges between —37 and 0°C, and (3) cloud droplets and ice crystals coexist.
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Figure S20. Simulated meridional mean vertical cross-sections of ice crystal sedimentation flux
differences: (a) MixINPs — NoINPs, (b) IceINPs — NoINPs, and (¢) MixIceINPs — NoINPs. Dashed
lines indicate isotherms, and grey shading denotes missing values due to terrain. The simulated results

are averages of hourly values from March to May 2018.
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