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Text S1. Settings for the GEOS-Chem chemical transport model simulations 

Emission databases were prepared using the Harvard-NASA Emissions Component (HEMCO, version 3.6.2, DOI: 

10.5281/zenodo.7692950) as detailed in the work by Lin et al. (2021). Global anthropogenic emissions were obtained from 20 

the Community Emissions Data System (CEDS) for SO2, NOx, NH3, CO, VOCs, dust, primary organic carbon, and black 

carbon (Hoesly et al., 2018). Subsequently, the Multi-resolution Emission Inventory (MEIC, http://meicmodel.org.cn) covered 

mainland China (Li et al., 2017; Zheng et al., 2018). Previous studies indicated that bottom-up emission inventories may 

underestimate NH3 emissions in northern China by approximately 40% (Zhang et al., 2018; Wang et al., 2018; Kong et al., 

2019; Ruan et al., 2022). Hence, NH3 emissions for the North China Pain region were multiplied by a factor of 1.4. Biogenic 25 

VOC emissions were calculated using the Model of Emissions of Gases and Aerosols from Nature (MEGAN, version 2.1) 

(Guenther et al., 2012). Biomass burning emissions were obtained from the Global Fire Emissions Database (GFED4, version 

4.1) (Van Der Werf et al., 2017). Other emissions included volcanic SO2 sources (Ge et al., 2016), lightning and soil NOx 

sources (Murray et al., 2012; Hudman et al., 2012), mineral dust emissions (Duncan et al., 2007), and natural NH3 sources 

(https://www.geiacenter.org, last accessed 2024-02-16). The tropospheric chemistry mechanism encompassed detailed 30 

reactions for ozone–NOx–VOC–aerosol–halogen interactions. The parameterization scheme for the heterogeneous uptake of 

sulfate in KPP was referred to Wang et al. (2014) and Wang et al. (2021). Similar to earlier studies (Wang et al., 2024), an 

apparent reactive uptake coefficient for SO2 was adopted to compensate for the underestimate of sulfate during the North China 

winter season, and the reactive uptake coefficient (γ) was taken as 10–4 at RH > 50%. Gaseous and particle dry deposition 

adhered to a conventional resistance-in-series scheme (Wesely, 1989). Wet deposition encompassed in-cloud scavenging, 35 

below-cloud scavenging, and scavenging within convective updrafts (Amos et al., 2012). 
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Text S2. Theoretical calculations based on the multiphase buffer theory 

Based on the multiphase buffer theory (Zheng et al., 2020), for gas-liquid multiphase systems, pH becomes a function of Ka
* 

and the ratio of total NH3 in both gas and aqueous phase to NH4
+ in the aqueous phase. 40 
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[NH3(aq)] represents the molality of NH3 in aerosol liquid water (mol kg−1 water). [NH3(g)] is an introduced parameter to 

represent the equivalent molality of gaseous NH3 in aerosol liquid water (mol kg−1 water). [NH4
+(aq)] is the molality of NH4

+ 

in aerosol liquid water (mol kg−1 water). [a
NH4

+
(aq)

] is the activity of NH4
+ in aerosol liquid water (mol kg−1 water). Ka,NH3

 is 

the molality-based equilibrium constant for the acid dissociation of NH4
+ (mol kg−1). HNH3

 is Henry’s law constant of NH3 in 50 

mol kg−1 atm−1 (57.64 mol kg−1 atm−1 at 298.15 K, 208.02 mol kg−1 atm−1 at 273.15 K). R is the gas constant (0.08205 atm L 

mol−1 K−1). T is temperature in K. AWC is the aerosol water content (μg m−3 air). p
NH3

is partial pressure of NH3 (atm). c
NH4

+
(aq)

 

is the mass concentration of NH3 in the atmosphere (μg m−3 air). γ
NH4

+
(aq)

 is the activity coefficient (unitless). 

Taking K
a,NH3

*, and HNH3
 into the calculation of pH, the formula can be simplified as follows: 
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CT = log
10

(
HNH3

Ka,NH3

 ) can be simplified as a constant given the limited temperature variation in winter in the North China Plain. 60 

Ultimately, pH can be considered as a function of p
NH3

, [NH4
+(aq)], and γ

NH4
+

(aq)
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Figure S1. Topographic map of the study region. The North China Plain is situated in northern China and spans a latitude and longitude 

range of 33°N−41°N, 114.375°E−120°E in the GEOS-Chem model domain, covering a total of 162 grids horizontally. 65 
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Figure S2. Evaluation of the GEOS-Chem chemical transport model simulation during winter 2018 using the TAP reanalysis data product. 

EC (elemental carbon), OM (organic material), SO4
−, NO3

−, and NH4
+ (corresponding to the first through fifth columns, respectively) were 

chosen as validation species. The first row displayed the GEOS-Chem simulations (µg m−3). The second row represented the concentration 70 

from TAP (µg m−3), serving as a standard for comparison. The third row presented the percentage of relative difference (%), where positive 

and negative values indicated model overestimation and underestimation, respectively. 
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Figure S3. (a) Probability distributions of the joint probability distribution of AWC and aerosol pH for RH between 25% and 35%. (b-g) are 75 

the same as (a), but the RH ranges from 35% to 95% in 10% intervals. 
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Figure S4. (a) Comparison of the trends in sulfate formation rates based on 3-hour (blue line) and daily (pink line) resolution data; (b) 

d(SO4
2−)/dt vs. pH and (c) d(SO4

2−)/dt vs. AWC based on 3-hour resolution data; (d) d(SO4
2−)/dt vs. pH and (e) d(SO4

2−)/dt vs. AWC based 80 

on daily resolution data. 

  



10 

 

Table S1. Reported aerosol pH from thermodynamic modeling based on chemical transport model simulation data and 

field observational data 

Area Period Data sources Average metric Time resolution Average pH Reference 

Chemical transport model simulation data 

U.S. 2050 a WRF-CMAQ pH∗̅̅ ̅̅ ̅ b
 hourly, daily 1.8 Chen et al. (2019) 

U.S. 2011 WRF-CMAQ pH̅̅ ̅̅  not clear 1.8 ± 0.5 Zhang et al. (2021) 

Eastern U.S. 2001 WRF-CMAQ pH annual 1.6 Vasilakos et al. (2018) 

2011 2.5 

Midwestern U.S. 2001 and 2011 WRF-CMAQ pH̅̅ ̅̅  seasonal 3.5 − 4.0 Lawal et al. (2018) 

Southeastern U.S. 1.5 − 2.0 

North China Plain, China 2011 WRF-CMAQ pH̅̅ ̅̅  not clear 3.8 ± 0.2 Zhang et al. (2021) 

Beijing, China Jan 2013 WRF-Chem not clear hourly 5.4 Tao et al. (2020) 

North China Plain, China Oct−Nov 2014 WRF-Chem c pHw
∗̅̅ ̅̅ ̅̅   not clear 2.3 ± 0.4 Ruan et al. (2022) 

Field observational data 

U.S. 2011  pH̅̅ ̅̅  weekly 2.7 ± 0.8 Zhang et al. (2021) 

Centerville, U.S. 2008−2015  pH̅̅ ̅̅  seasonal 

monthly 

0.7 

0.2 

Lawal et al. (2018) 

Southeast U.S. May−Dec 2012  pH̅̅ ̅̅  hourly 0.9 ± 0.6 Guo et al. (2015) 

California, U.S. May−Jun 2010  pH̅̅ ̅̅  hourly 1.9 ± 0.5 (PM1) 

2.7 ± 0.3 (PM2.5) 

Guo et al. (2017) 

Georgia, U.S. Autumn 2016  pH̅̅ ̅̅  hourly 2.2 ± 0.6 (PM1) Nah et al. (2018) 

Mexico City, Mexico Mar-Apr 2006  pH̅̅ ̅̅  10 min 3.3 Hennigan et al. (2015) 

Finokalia, Greece Aug−Nov 2012  pH̅̅ ̅̅  30 min 1.3 ± 1.1 (PM1) Bougiatioti et al. (2016) 

Veneto, Greece Dec 2012−Feb 2013  pH̅̅ ̅̅  daily 3.9±0.3 Masiol et al. (2020) 

Jun−Aug 2012 2.2±0.3 

Seoul, South Korea May−Jun 2016  pH̅̅ ̅̅  hourly 2.5 ± 0.7 Kim et al. (2022) 

Indo-Gangetic Plain, India Summer 2018  pH̅̅ ̅̅  daily 2.9 ± 0.7 Sharma et al. (2022) 

Autumn 2018 2.7 ± 0.2 

Winter 2018 3.2 ± 0.3 

Indo-Gangetic Plain, India Winter 2017  pH̅̅ ̅̅  hourly 4.5 ± 0.5 (PM1) 

4.6 ± 0.5 (PM2.5) 

Acharja et al. (2023) 

Beijing, China Winter 2015−2016  not clear hourly 4.2 Liu et al. (2017) 

Beijing, China Dec 2016  pH̅̅ ̅̅  hourly 5.6 ± 0.8 Meng et al. (2020) 

Beijing, China Spring 2016  pH̅̅ ̅̅  hourly 4.4 ± 1.2 Ding et al. (2019) 

Summer 2017 4.5 ± 0.7 

Autumn 2017 3.8 ± 1.2 

Winter 2017 4.3 ± 0.8 

Tianjin, China Dec 2024−Jun 2015  pH̅̅ ̅̅  hourly 4.9 ± 1.4 Shi et al. (2017) 

Gucheng, China Winter 2016  not clear daily 5.3 Chi et al. (2018) 

Zhengzhou, China Winter 2019  pH̅̅ ̅̅  hourly 4.4 ± 1.5 Jiang et al. (2022) 

Shanghai, China Feb 2012  pH̅̅ ̅̅  hourly 2.9 (haze) 

3.1 (clean) 

Kong et al. (2018) 

Shanghai, China Spring 2011−2019  pH̅̅ ̅̅  hourly 3.3 ± 0.5 Zhou et al. (2022) 

Summer 2011−2019 2.9 ± 0.5 

Autumn 2011−2019 3.0 ± 0.5 

Winter 2011−2019 3.6 ± 0.6 
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Shanghai, China Spring 2019−2020  pH̅̅ ̅̅  hourly 3.1 ± 0.5 Fu et al. (2022) 

Summer 2019−2020 2.6 ± 0.5 

Autumn 2019−2020 2.7 ± 0.6 

Winter 2019−2020 3.5 ± 0.4 

Guangzhou, China Nov 2012−Oct 2013  pH̅̅ ̅̅  hourly 2.5 ± 0.7 Jia et al. (2020) 

Shenzhen, China Sep−Oct 2019  pH̅̅ ̅̅  hourly 1.6 ± 0.5 Wang et al. (2022) 

Unless noted, the thermodynamic models used in this table are ISORROPIA-II with the forward mode (using total (gas plus aerosol phase) concentrations as model 85 

inputs) assumption. 

a The 2050 emissions were estimated from a future baseline scenario based on the RCP4.5 pathway. 

b Daily average aerosol pH values were calculated using daily average equilibrium H+ concentrations and AWC based on the CMAQ hourly output. Annual average 

aerosol pH was then calculated by averaging the daily aerosol pH. 

c WRF-Chem used the MOSAIC thermodynamic scheme to predict aerosol pH. 90 
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Table S2. Rate expression and rate coefficients of aqueous-phase reaction of SO2 oxidation by O3 

Oxidants Rate Expression, -d[S(IV)]/dt Reference 

O3 (k0[SO2∙H2O] + k1[HSO3
−] + k2[SO3

2−])[O3(aq)] 

k0 = 2.4 × 104 M−1 s−1 

k1 = 3.7 × 105 M−1 s−1, E/R = 5530 Ka 

k2 = 1.5 × 109 M−1 s−1, E/R = 5280 Ka 

Cheng et al. (2016) 

a According to the Arrhenius equation, the relationship between the kinetic constant k and the temperature T can be expressed as k(T) = k(T0) exp[−
E

R
(

1

T
−

1

T0
)], where 

T0 = 298 K. 

  95 
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Table S3. The calculation of the apparent Henry’s constant (H*) 

Gas-Aqueous Equilibrium for S(IV) 

Equilibrium Constant Symbol H298K (M atm−1)a −∆H298K/R(K) 

SO2(g) ↔ SO2(aq) 

O3(g) ↔ O3 (aq) 

HSO2 

HO3 

1.23 

1.1 × 10−2 

3145.3 

2536.4 

Aqueous-phase Ionization Equilibrium b 

Equilibrium Constant Symbol H298K (M atm−1)a −∆H298K/R(K) 

SO2·H2O ↔H+ + HSO3
− 

HSO3
− ↔H+ + SO3

2− 

KS1 

KS2 

1.3 × 10−2 

6.6 × 10−8 

1960 

1500 

a The Henry’s constant (H) and ionization constant (K) both demonstrate a similar temperature dependence. The H at temperature T is H(T) = H(T0) exp[−
∆H

298K

R
(

1

T
−

1

T0
)], where T0 = 298 K. The same is true for K(T). 

b The effective Henry’s constant (H*) for HSO3
− and SO3

2− are respectively 

HHSO3

-*  = HSO2
 

K
S1

[ H+ ] 
  100 

HSO3

2-
*  = HSO2

 
K

S1
K

S2

[ H+ ]
2
 
  

where HSO2
, K

S1
, and K

S2
 are corresponding values at temperature T. 
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