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1. Model Configuration  

CMAQ version 5.1 with the SAPRC07tic gas mechanism and AERO6i aerosol mechanism 

was used in this study. The state-of-the-art N2O5 heterogeneous chemistry and HONO chemistry 

have been incorporated. Firstly, we have updated the calculation of heterogeneous uptake 

coefficient of N2O5 (γN2O5) on aerosols and the ClNO2 yield (ΦClNO2) based on a new observation-

based empirical parameterization, shown as equation [1] and [2].  
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Where c is the mean molecular speed of N2O5; Va/Sa is the particle volume to surface area ratio; 

KH is the Henry’s law coefficient. Detailed method and data to derive this parameterization can be 

found in Yu et al. 1 Secondly, comprehensive HONO sources have been considered, including 

HONO emissions from vehicles, gas-phase reaction of NO and OH, RH-dependent and light-

enhancing effects on heterogeneous reactions, photolysis of particulate nitrate in the atmosphere, 

and photolysis of HNO3 and nitrate deposited on surfaces 2. Here, we updated the estimation for 

the photolysis rates of deposited nitrate ( 3DNOJ )3, as below.  
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Where 
3HNOD is the deposited nitrate, and JHNO3-CMAQ is the photolysis rate of gaseous HNO3 

calculated online in CMAQ. Additionally, the uptake of HO2 on the aerosol surface has been also 

incorporated into CMAQ 4, 5. The online photolysis module in CMAQ is used to allow the 

calculation of actinic fluxes and photolysis rates based on the changes in particle concentrations. 

Two nesting domains were used with their horizontal resolutions being 36 and 12km, 

respectively, and the land area in the innermost domain covers the NCP region (Fig. S2). These 

domains are based on a Lambert projection with two true latitudes of 25°N and 40°N. The 

meteorological field was generated by the Weather Research and Forecasting Model (WRF) 

version 4.0, whose physical options are same as Fu et al. 6 Data assimilation has been performed 

using the NCEP Automated Data Processing (ADP) Upper and Surface Air Observational Weather 

Data (ds351.0 and ds461.0). 



 S3 

The Chinese anthropogenic emission data for 2010 and 2015 were from Zhao et al. 7, which 

developed the emission inventory based on a bottom-up method with detailed Chinese local data. 

The 2017 anthropogenic emission data was generated by updating the 2015 data based on the ratio 

of 2017 emission to 2015 emission for China reported in Zheng et al. 8 In order to better represent 

vertical distribution of emissions, the emission heights of large industrial sources (e.g. power 

plants, cement plants, and iron and steel plants) were identified through obtaining the heights of 

stacks and calculating the plume rising heights under different weather conditions. 

2. Model Evaluation  

The observation data from the National Climatic Data Center (NCDC) was used to evaluate 

the reliability of the meteorological prediction. Table S1 summarizes the statistical performance 

for 10-m wind speed (WS10), 10-m wind direction (WD10), 2-m temperature (T2) and 2-m 

humidity (H2), and the results indicate the Weather Research and Forecasting Model (WRF) used 

in this study generally well reproduced these key surface meteorological parameters. 

Measurements of mixing height are scarce in China, and we cannot obtain the observation data for 

our study period (1-31 Dec. 2017). However, several previous studies9, 10 have indicated that the 

WRF model can generally reproduce the variation of observed mixing heights during winter in the 

NCP region. In the present study, the WRF simulated monthly average daily maximum mixing 

height was ~1025m (with day-to-day maximum mixing height ranging from ~1600m to ~600m) 

during 1-31 Dec. 2017, which are in similar range of previously winter observations9-12 in the NCP 

region, and the model well simulated the negative correlation between the mixing height and PM2.5 

concentrations (Fig. S3).  

We evaluated the model performance for fine particle nitrate based on the daily average 

observations at 28 sites in the North China Plain (Fig. 1c) during 1-31 December, 2017. The 

revised CMAQ model can well capture the observed spatial and temporal variability of nitrate (Fig. 

1c-e). The normalized mean bias (NMB) and correlation coefficient can reach 0.2% and 0.76, 

respectively. The model can generally reproduce the increasing NO3
- concentrations with 

aggravating pollution (Fig. 1f), with an overestimation of 0.68 µg/m3 (10.4%) under clean 

conditions (daily PM2.5 < 75µg/m3) and an underestimation of 3.61 µg/m3 (7.9%) under heavily 

polluted conditions (daily PM2.5 >150µg/m3). The model can also reproduce the increasing trend 

of NO3
- percentage in PM2.5 with aggravating pollution, although the simulated percentages are a 
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little higher than the observations due to the underestimation of OC and PM2.5. We evaluated the 

model performance for O3, NO2 and PM2.5 based on the hourly observations at 614 official 

monitoring sites in the NCP region from the China Ministry of Ecology and Environment (MEE) 

(Fig. S2). As shown in Table S2, The NMBs of O3, NO2 and PM2.5 predictions are 12.8%, 4.9% 

and -2.5%, respectively, and the correlation coefficients (R) are all above 0.55, which are 

reasonably acceptable. The model can well capture the diurnal profiles and day-to-day variations 

of O3, NO2 and PM2.5 (Fig.S4). Additionally, we compared the simulations of OH, HO2, and their 

precursors (e.g. HONO, HCHO and H2O2) with field observations reported in the NCP region 

(Table S3). OH and HO2 observations in China are limited, especially in winter. Tan et al. 13 

reported average OH and HO2 levels at noon time to be 2.36 × 106 cm−3 and 0.52 × 108 cm−3 in 

Beijing during January to March, 2016, which were much higher than several observations in the 

foreign countries. Our model can reproduce the high OH and HO2 levels well. Meanwhile, the 

simulations also agree well with the surface observations of HONO, HCHO and H2O2 reported in 

the NCP region 14-19. The model simulated vertical HONO profile (Fig S7b) compared reasonably 

well with previously observed one in Beijing20. 

 

Tables and Figures 

 

Figure S1 A schematic picture of complex reactions involving photochemical oxidants and 

nitrogen species. 
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Figure S2 Model domains. Red dots represent official monitoring sites in the NCP region from 

the China Ministry of Ecology and Environment (MEE). 

 

 

Figure S3 Simulated average hourly mixing height in the NCP region during 1-31 Dec. 2017 (blue 

line) and observed average hourly PM2.5 concentrations at 614 official monitoring sites in the NCP 

region (black dots). 
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Figure S4 Simulated and observed diurnal profile and day-to-day variations of (a-b) O3, (c-d) NO2 

and (e-f) PM2.5 at official monitoring sites in the NCP region. 
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Figure S5 (a) Surface spatial and (b) vertical distribution of gas ratio (GR=
([NH3]+[NH4

+])-2×[SO4
2-]

[NO3
- ]+[HNO3]

  ). 

GR>1 indicates NH3-rich conditions, 0<GR<1 indicates NH3-neutral conditions, and GR<0 

indicates NH3-poor conditions.  

 

 

Figure S6 Spatial distributions of monthly average production rates at the surface layer for (a) 

HNO3, (b) O3, and (c) OH 
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Figure S7 (a) Vertical distributions of the simulated average HONO levels in the NCP region and 

Beijing site (39.98◦ N, 116.38◦ E). (b) Vertical distributions of simulated (10:00am, 1-31 Dec. 2017) 

and observed (10:15am of 21 January 2009) at Beijing site. 

 

Figure S8 Variations of (a) relatively humidity, (b) the total downward irradiance at the surface, 

(c) HONO concentrations, (d) HCHO mixing ratios, and (e) VOCs mixing ratios, under different 

nitrate pollution levels. Three nitrate pollution levels are divided based on simulated daily average 

surface nitrate concentrations over the NCP region, with the concentration ranges of <10 µg/m3, 

10–20 µg/m3, and > 20 µg/m3. 

0

200

400

600

800

1000

1200

0 0.5 1 1.5 2 2.5 3

H
ei

g
h
ts

 (
m

)

HONO levels (ppb)

Regional average

Beijing

0

200

400

600

800

1000

1200

0 0.5 1 1.5 2 2.5

H
ei

g
h
ts

 (
m

)

HONO levels (ppb)

SIM_10am Dec. 2017

OBS_10:15am 21.Jan, 2009

a b

0

10

20

30

40

50

60

<10 10~20 >20

R
el

at
iv

e 
h

u
m

id
it

y
 w

it
h

in
 1

0
 l

ay
er

s 
 (

%
)

Daily surface nitrate concentration (µg/m3)

RH

0

10

20

30

40

50

60

70

80

90

100

<10 10~20 >20

T
o

ta
l 

d
o

w
n

w
ar

d
 i

rr
ad

ia
n

ce
 a

t 
th

e 
su

rf
ac

e 
(W

/m
2
)

Daily surface nitrate concentration (µg/m3)

The downward irradiance

0

0.05

0.1

0.15

0.2

0.25

0.3

<10 10~20 >20

H
O

N
O

 c
o

n
ce

n
tr

at
io

n
s 

w
it

h
in

 1
0

 l
ay

er
s 

 (
p

p
b

)

Daily surface nitrate concentration (µg/m3)

HONO

0

2

4

6

8

10

12

14

16

18

<10 10~20 >20

V
O

C
s 

co
n

ce
n

tr
at

io
n

s 
w

it
h

in
 1

0
 l

ay
er

s 
 (

p
p

b
)

Daily surface nitrate concentration (µg/m3)

VOC

0

0.2

0.4

0.6

0.8

1

1.2

1.4

<10 10~20 >20

H
C

H
O

 c
o

n
ce

n
tr

at
io

n
s 

w
it

h
in

 1
0

 l
ay

er
s 

 (
p

p
b

)

Daily surface nitrate concentration (µg/m3)

HCHO

a b

c d e

VOCs



 S9 

 

 

Figure S9 Changes in the simulated surface NOX mixing ratios (ppb) due to emissions reductions 

during 2010-2017 (difference between the simulation 2017Emis and 2010Emis). 

 

 

Figure S10 Oxidants changes over the NCP region from the simulations “2017Emis” and 

“2010Emis”. (a) Vertical profile for average O3 mixing ratios. (b) Vertical profile for average OH 

mixing ratios. 
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Figure S11 Annual variations of observed average O3 mixing ratios in winter at the monitoring 

sites from the China Ministry of Ecology and Environment (MEE) from 2013 to 2018.  

 

 

Figure S12 Simulated surface and vertical ratios of production rates of H2O2 to HNO3 

(PH2O2
/PHNO3

) for the simulation “2010Emis” (a-b) and “2017Emis” (c-d). According to Zhang et 

al. 21, PH2O2
/PHNO3

 of <0.06, 0.06–0.2, and >0.2 correspond to VOC-limited, transition, and NOx-

limited conditions, respectively. 
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Table S1 Model performance statistics for meteorological variables in the innermost domain 

covering the NCP region 

Variable T2 (°C) H2 (g/kg) WS10 (m/s) WD10  (°) 

Mean OBS 4.0 4.0 2.7 241.1 

Mean SIM 4.3 3.9 2.9 237.3 

Bias 0.3 -0.1 0.2 -3.8 

NMB (%) 9.3 -2.0 7.8  

NME (%) 35.4 14.7 44.4  

 

Table S2 Model performance for O3, PM2.5 and NO2 at 614 monitoring sites in the NCP region 

 OBS (µg/m3) SIM (µg/m3) Bias (µg/m3) NMB R 

O3  31.3 35.3 4.0 12.8% 0.56 

PM2.5 75.7 73.8 -1.9 -2.5% 0.65 

NO2 54.3 57 2.7 4.9% 0.58 

 



 S12 

Table S3 Comparisons between simulated and observed OH, HO2, HONO, H2O2, and HCHO over the NCP region from previous studies 

Species Location Obs. period Obs.  average Sim. average Reference 

OH (106 cm−3) Huairou_Beijing Jan-Mar, 2016 
2.36 

 (noontime, polluted) 

2.3  

(noontime) 
Tan et al. 13 

HO2 (108 cm−3) Huairou_Beijing Jan-Mar, 2016 
0.52  

(noontime, polluted) 

0.49  

(noontime) 
Tan et al. 13 

HONO (ppb) ICCAS_Beijing Dec, 2014 1.34 2.40 Tong et al. 16 

 CEE_Beijing Jan, 2016 1.05 2.40 Wang et al. 17 

 EPA_Beijing Feb-March, 2015 1.99 2.40 Zhang et al. 19 

 Jinan_Shandong Dec-Feb, 2016 1.75 1.92 Li et al. 14 

H2O2 (ppb) Beijing Jan, 2016 0.25 0.34 Ye et al. 18 

 Wangdu_Hebei Dec, 2017 0.23 0.32 Ye et al. 18 

HCHO (ppb) Beijing Dec, 2014 4.20 5.97 Song et al. 15 

 

Table S4 Scenario design for model simulations 

Simulations Emissions Purpose 

2017Emis emissions in 2017 
investigate the role of photochemical oxidants in the formation and 

aggravation of winter NO3
- pollution 

2010Emis emissions in 2010 
examine the response of NO3

- concentrations to emissions reduction 

during 2010-2017 and its driving factors 

2017Emis-30%VOC 
2017Emis + an additional 30% 

VOC emission reduction  

quantify the response of NO3
- concentrations if VOC emissions had 

been simultaneously reduced by 30% during 2010-2017 
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