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S1. WRF-Chem model configuration 

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

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

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

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

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

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

represented by four discrete size bins within the MOSAIC scheme: 0.039–0.156 μm, 0.156–0.625 μm, 0.625–2.5 μm, and 2.5–

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

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

(2004) and Chapman et al. (2009), respectively. The transport and wet removal of aerosols by convective clouds are also 

considered using the Kain–Fritsch (KF) scheme (Kain and Fritsch, 1990) following Zhao et al. (2009, 2013). The major 

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

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

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

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

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

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

asymmetry factor, to RRTMG shortwave and longwave schemes, respectively (Zhao et al., 2010, 2011). The effects of ACI 

are estimated by considering the activation of aerosols to form cloud droplets based on the maximum supersaturation in the 

Morrison microphysical scheme (Chapman et al., 2009; Yang et al., 2011). 
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Figure S1. (a) WRF-Chem model two-nested domains with resolutions of 20 km and 4 km for domain 1 (D1) and domain 2 (D2), 

respectively. Shading represents terrain height (m). (b) Spatial distribution of 3-day averaged cloud top temperature (shading; °C) 

during December 14–16, 2013 over domain 2 in control run. 

 

S2. Figures 
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Figure S2. Spatial distribution of 3-day averaged 500-hPa wind (vector; m s–1) and height (shading; m) during December 14–16, 

2013 for (a) OBS from ERA-interim and (b) CTL from control simulation. 

 

Figure S3. Spatial distribution of surface temperature (K) on (a) December 14 and (b) December 15 in 2013 in the CTL run. 

 

Figure S4. PM2.5 concentration (µg m−3) average during December 14–16, 2013 for (a) observation and (b) control simulation. 

Colored circles denote in situ station locations. 
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Figure S5. Time series of PM2.5 concentration averaged over all the air quality stations during December 14–16, 2013 for CTL (black) 

and OBS (red). 

 

Figure S6. Spatial distribution of accumulated precipitation (mm) from 00Z on December 14, 2013 to 00Z on December 17, 2013 

from (a) station observations (OBS), (b) CMORPH, (c) control simulation (CTL), and (d) TRMM. Circles denote locations of in situ 

observations. 
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Figure S7. Differences in accumulated precipitation (mm) on December 16 between (a) CTL and CLEAN, (b) CTL and ARIoff, (c) 

ARIoff and CLEAN, (d) D1 and CLEAN, (e) D2 and CLEAN, and (f) 10× and CLEAN. ARIoff run refers to simulation with aerosol-

radiation interactions off. 
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Figure S8. Time series of rain rate (mm h−1) averaged over R1 (a) for 10× (red), CTL (black), ARIoff (blue), and CLEAN (green). 

 

Figure S9. Differences with time (abscissa) and height (ordinate) in latent heat release (K d–1) from (a) condensation, (b) deposition, 

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

value contour lines are omitted, and negative values are dashed.  The contour interval is 3 K d–1. 
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Figure S10. Distribution with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10–5 kg kg–1) and CDNC (contour; 

107 kg–1), (b) cloud ice (shading; 10–5 kg kg–1) and CINC (contour; 104 kg–1), (c) rain (shading; 10–5 kg kg–1) and rain number 

concentration (contour; 105 kg–1), (d) snow (shading; 10–4 kg kg–1) and snow number concentrations (contour; 103 kg–1), and (e) 

graupel (shading; 10–4 kg kg–1) and graupel number concentration (contour; 103 kg–1) averaged over R1 in CTL run.  
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Figure S11. Differences in column-integrated moisture convergence (CON; mm) between (a) CTL and CLEAN and (b) ARIoff and 

CLEAN on December 15. (c, d) Same as (a, b) but for column-integrated advection of water vapor (ADV; mm). The numbers at the 

top-left corner of each panel represent the values averaged over R1. 

 

 

Figure S12. Differences with time (abscissa) and height (ordinate) in (a) CDNC (shading; 107 kg−1) and cloud effective radius 

(contour; µm), (c) CINC (shading; 105 kg−1) and ice cloud effective radius (contour; µm), and (e) vertical velocity (shading; cm s−1) 

and latent heating (contour; K d−1) averaged over R1 between D1 and CLEAN. (b, d, f) same as (a, c, e) but for differences between 

D2 and CLEAN. Zero-value contour lines are omitted, and negative values are dashed. 
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Figure S13. Differences with time (abscissa) and height (ordinate) in latent heat release (K d–1) from (a) condensation, (b) deposition, 

and (c) freezing processes between D1 and CLEAN averaged over R1 for warm cloud. (d–f) Same as (a–c) but for cold cloud. 
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Figure S14. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10–5 kg kg–1) and CDNC (contour; 

107 kg–1), (b) cloud ice (shading; 10–5 kg kg–1) and CINC (contour; 104 kg–1), (c) rain (shading; unit: 10–5 kg kg–1)  and rain number 

concentration (contour; 105 kg–1), (d) snow (shading; 10–4 kg kg–1) and snow number concentrations (contour; 103 kg–1), and (e) 

graupel (shading; 10–4 kg kg–1) and graupel number concentration (contour; 103 kg–1) between D2 and CLEAN averaged over R1.  
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Figure S15. Differences with time (abscissa) and height (ordinate) in latent heat release (K d–1) from (a) condensation, (b) deposition, 

and (c) freezing processes between D2 and CLEAN averaged over R1 for warm cloud. (d–f) Same as (a–c) but for cold cloud. Zero-

value contour lines are omitted, and negative values are dashed.  The contour interval is 3 K d–1.  
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Figure S16. Differences in the time-height cross section of cloud factor CF (shading; unitless) and PM2.5 concentration (contour; µg 

m−3) averaged over R1 between 10× and CLEAN. 
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Figure S17. Differences with time (abscissa; from 00Z on December 14 to 02Z on December 17) and height (ordinate) in (a) CDNC 

(shading; 107 kg−1) and cloud effective radius (µm), (b) CINC (shading; 105 kg−1) and ice cloud effective radius (contour; µm), and 

(c) vertical velocity (shading; cm s−1) and latent heating (contour; K d−1) averaged over R1 between 10× and CLEAN. 
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Figure S18. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10–5 kg kg–1) and CDNC (contour; 

107 kg–1), (b) cloud ice (shading; 10–5 kg kg–1) and CINC (contour; 104 kg–1), (c) rain (shading; 10–5 kg kg–1)  and rain number 

concentration (contour; 105 kg–1), (d) snow (shading; 10–4 kg kg–1) and snow number concentration (contour; 103 kg–1), and (e) 

graupel (shading; 10–4 kg kg–1) and graupel number concentration (contour; 103 kg–1) between 10× and CLEAN averaged over R1. 
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Figure S19. Differences with time (abscissa) and height (ordinate) in latent heat release (K d–1) from (a) condensation, (b) deposition, 

and (c) freezing processes between 10× and CLEAN averaged over R1 for warm cloud. (d–f) Same as (a–c) but for cold cloud. 
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Figure S20. Spatial distribution of wind shear (m s−1) on (a) December 14 and (b) December 15 in 2013 in the CTL run. Wind shear 

is calculated as differences between maximum wind speed and minimum wind speed at 0–10 km. Spatial distribution of column-

integrated water vapor (shading; mm day−1) and 925-hPa wind (vector; m s−1) on (c) December 14 and (d) December 15 in 2013 in 

CTL. 
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Figure S21. Distribution with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10–5 kg kg–1) and CDNC (contour; 

unit: 107 kg–1), (b) cloud ice (shading; 10–5 kg kg–1) and CINC (contour; 104 kg–1), (c) rain (shading; 10–5 kg kg–1)  and rain number 

concentration (contour; 105 kg–1), (d) snow (shading; 10–4 kg kg–1) and snow number concentrations (contour; 103 kg–1), and (e) 

graupel (shading; 10–4 kg kg–1) and graupel number concentration (contour; 103 kg–1) averaged over R2 from CTL run.  
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Figure S22. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10–5 kg kg–1) and CDNC (contour; 

107 kg–1), (b) cloud ice (shading; 10–5 kg kg–1) and CINC (contour; 104 kg–1), (c) rain (shading; 10–5 kg kg–1)  and rain number 

concentration (contour; 105 kg–1), (d) snow (shading; 10–4 kg kg–1) and snow number concentrations (contour; 103 kg–1), and (e) 

graupel (shading; 10–4 kg kg–1) and graupel number concentration (contour; 103 kg–1) between CTL and CLEAN averaged over R2.  
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Figure S23. Differences with time (abscissa) and height (ordinate) in latent heat release (K d–1) from (a) condensation, (b) deposition, 

and (c) freezing processes between CTL and CLEAN averaged over R2 for  warm cloud. (d–f) Same as (a–c) but for cold cloud.  
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Figure S24. Differences with time (abscissa) and height (ordinate) in (a) cloud water (shading; 10–5 kg kg–1) and CDNC (contour; 

107 kg–1), (b) cloud ice (shading; 10–5 kg kg–1) and CINC (contour; 104 kg–1), (c) rain (shading; 10–5 kg kg–1)  and rain number 

concentration (contour; 105 kg–1), (d) snow (shading; 10–4 kg kg–1) and snow number concentrations (contour; 103 kg–1), and (e) 

graupel (shading; 10–4 kg kg–1) and graupel number concentration (contour; 103 kg–1) between 10× and CLEAN averaged over R2.  
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Figure S25. Differences with time (abscissa) and height (ordinate) in latent heat release (K d–1) from (a) condensation, (b) deposition, 

and (c) freezing processes between 10× and CLEAN averaged over R2 for warm cloud. (d–f) Same as (a–c) but for cold cloud.  
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Figure S26. Differences in 2-m temperature (K) between (a) CTL and CLEAN and (b) D1 and CLEAN on December 15. (c, d) Same 

as (a, b) but for column water vapor (mm).  

 

Figure S27. Differences in precipitation (mm) between (a) CTL and CLEAN and (b) D1 and CLEAN on December 15 based on 

domain 1 output. 
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