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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The observed proportion of NO3
− in 

PM2.5 has been decreasing in recent 
years. 

• Evolution of meteorology, NO3
− , its 

precursors/intermedia products are 
addressed. 

• The contributions of eight NO3
− forma-

tion pathways were calculated. 
• To control O3 could also reduce NO3

− in 
addition to direct NOx and NH3 
reduction. 

• Daytime maximum O3 has close rela-
tionship with daytime/nighttime 
maximum HNO3.  
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A B S T R A C T   

The long-term downward trend of NOX concentrations does not reflect the reduction of nitrate (NO3
− ) in Taiwan. 

Instead, the proportion of NO3
− in PM2.5 increased in recent years. To probe the increasing importance of NO3

−

in PM2.5, this study applied the WRF/CMAQ modeling system to implement a simulation from 16 March 2017 to 
30 April 2017, in which 5 p.m.2.5 events with daily average concentrations ≥35 μg m− 3 and their corresponding 
correlation coefficients (R) of simulated and observed PM2.5 above 0.6 were selected for analysis. During the 
daytime, the reaction of NO2 and OH contributed more than 90% of the total HNO3. After sunset, the high 
concentrations of NO3 and N2O5 peaked, followed soon by the simultaneous rise of NO3

− , aerosol water content, 
and HNO3 concentrations around midnight, which indicated that the heterogeneous reaction was the main 
formation mechanism of NO3

− , accounting for approximately 30%–90% of total HNO3. At nighttime, the 
daytime-formed gaseous phase NO3

− condensed, and low wind and low boundary layer height favored accu-
mulation; therefore, PM2.5 peaked around the midnight period to the early morning. The sensitivity test showed 
that doubling and halving the NOX and NH3 emissions could directly lead to the highest production and 
reduction of NO3

− , respectively, followed by doubling and halving NMHC emissions, which caused the highest 
and lowest O3 concentrations. The correlation analysis of the simulation results showed that the daytime 
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maximum O3 and HNO3 were highly correlated. The relationships between daytime maximum O3, nighttime 
maximum NO3, N2O5, and HNO3 in pairs were also moderately to highly correlated. This study implies that in 
addition to direct reduction of NOX or NH3 emissions, controlling O3 is possibly another useful strategy to reduce 
NO3

− . Because NOX emission reduction could conflict with controlling O3, this study suggests to re-examine the 
determination of NOX-limited and VOCS-limited regions in order to develop strategies for reducing NOX emission 
and O3 simultaneously.   

1. Introduction 

Many epidemiological studies have shown that exposure to PM2.5 
(particulate matter with an aerodynamic diameter less than 2.5 μm) can 
harm physiological functions, can increase the risk of death, can result in 
delayed development, and can reduce immunity and retard growth in 
newborn and young children (Loftus et al., 2015). Moreover, PM2.5 also 
absorbs and scatters solar radiation (Pani et al., 2016), harms visibility 
(Chen et al., 2014), affects the radiation budget and balance of the at-
mosphere, and changes the global climate (Wang and Chen, 2016; Song 
et al., 2019). Therefore, research on the formation of PM2.5 is very 
important. 

Among PM2.5 species, NO3
− is an important species. Ge et al. (2017) 

discussed the formation of NO3
− in major cities in China (Nanjing, 

Beijing, and Lanzhou) and used the correlation between NO3
− and 

temperature (T), relative humidity (RH) and solar radiation to classify 
the formation of NO3

− into Type I-thermodynamics driven, Type 
II-photochemistry driven, and Type III-PBL (planetary boundary layer) 
dynamics driven. The characteristics of Type I thermodynamics are that 
NO3

− has a very good relationship with the dissociation constants (KPs) 
of NH4NO3 and RH but a poor correlation with temperature. For Type II, 
NO3

− has a good correlation with temperature but a poor correlation 
with KP or RH. For Type III, the correlation between NO3

− and KP, RH or 
T is very poor. In addition, NO3

− in the upper atmosphere is transported 
downward and lifts the NO3

− concentration near the surface after the 
top of the boundary layer develops in the morning, which may be more 
obvious over complex terrain (Yao et al., 2014). Cheng et al. (2016) 
studied haze events in Beijing and found that the cause of PM2.5 episodes 
was heterogeneous reactions on the surface of aerosols. Because the 
water content is high in PM2.5, the formation of NO3

− is a positive 
feedback mechanism. This mechanism can be explained by the research 
of Sun et al. (2018), who found that an increase in the proportion of 
NH4NO3 in PM2.5 can reduce the mutual deliquescence relative hu-
midity (MDRH) of particles, which provides a suitable liquid shell for 
heterogeneous reactions when the RH is above 60%. Kuprov et al. 
(2009) suggested that the daytime oxidation reaction of hydroxyl radi-
cals (OH) and NO2 was the major NO3

− formation pathway in the Salt 
Lake Valley. The daytime-formed NO3

− could condense during night-
time. Baasandorj et al. (2017) employed measurements in winter in the 
Salt Lake Valley and suggested that Kuprov’s findings was based on 
surface observations. They found N2O5 converted to HNO3 during the 
nighttime and in the early morning in the upper lever of the persistent 
cold-air pools. In their case study of observations, aerosol concentrations 
increased up to 200 m and even reached 400 m along the basin sidewall. 

Air-quality modeling is a useful tool to study NO3
− formation 

mechanisms. For example, Kim et al. (2014) applied the Community 
Multiscale Air Quality (CMAQ, Byun and Schere, 2006) model to esti-
mate the NO3

− production contributions over the Ohio River Valley and 
southern Greak Lakes. The total NO3

− in the lower troposphere was 
attributed to three pathways: 57% was from the heterogeneous con-
version of dinitrogen pentoxide (N2O5), 28% was from the oxidation 
reaction of OH and NO2, and 15% was from the homogeneous conver-
sion of N2O5. Qu et al. (2019) utilized the WRF-Chem (Weather Research 
and Forecasting – Chemistry, Grell et al., 2005) model to simulate the 
NO3

− formation mechanisms over the North China Plain and found that 
the heterogeneous hydrolysis of N2O5 was the cause of high NO3

− in 
southwestern Hebei Province in China during summer, while the 

photolysis of nitrous acid (HONO) produced abundant OH radicals and 
led to high NO3

− in southern Beijing and southeastern Hebei Province 
during winter. Kelley et al. (2021) applied a statistical fit of an efficient 
polynomial function in a response surface model to CMAQ simulations 
over the eastern U.S. for January and July 2016. Their nonlinear 
response showed that reduced NH3 and nitrogen oxide (NOX) emissions 
reduced the NO3

− concentration in the northern U.S. In January, NH3 
emission reductions were more effective than NOX emission reductions. 
NH3 emission reductions effectively reduced NO3

− concentrations in 
January but increased secondary organic aerosol concentrations in July. 
Sulfur dioxide (SO2) and volatile organic compounds (VOC) emission 
reductions have a relatively small influence on NO3

− , while SO2 re-
ductions might not benefit NO3

− in the northern U.S. Zhai et al. (2021) 
illustrated the nitrate component of PM2.5 did not respond effectively to 
decreasing NOX emissions during winter haze events in the North China 
Plain. They applied the GEOS-Chem model (Bey et al., 2001) to repro-
duce the increasing NO3

− over 2013–2018 and suggested NH3 emission 
reduction would be more effective than NOX or VOC emission reduction 
for decreasing NO3

− . Thunis et al. (2021) applied the EMEP air quality 
model (Simpson et al., 2012) to study the response of PM2.5 to changes in 
combinations of NOX and NH3 emissions in the Po Basin, Italy. Their 
simulation results suggest a secondary PM2.5 increase when NOX emis-
sion reductions are applied in NOX-rich areas, which is caused by the 
increased ozone (O3). 

This study simulated local PM2.5 events from 16 March 2017 to 30 
April 2017 to probe the formation mechanisms of NO3

− , estimated the 
contributions to HNO3 from eight formation pathways, conducted 
sensitivity tests to examine the response of O3 and PM2.5 species to major 
gaseous emissions, and evaluated the correlation of precursors, inter-
mediate products and the final product: HNO3. An introduction to the 
measurements, modeling design, regulation of modeling evaluation, and 
the HNO3 formation pathways of the modeling is given in Section 2. The 
results and discussion, including the long term trend of gaseous air 
pollutants and PM2.5 species, modeling performance, temporal evolu-
tion of NO3

− and related species in PM2.5 events, contributions of HNO3 
formation pathways, and the relationship of HNO3 and its precursors or 
intermediate products, are provided in Section 3, and the conclusion is 
presented in Section 4. 

2. Research methods 

2.1. Description of automatic air quality monitoring and manual sampling 
for long-term trend analysis 

A long-term (2003–2020) trend of gaseous precursors, O3, and PM2.5 
was based on data collected from representative air quality sites in 
western Taiwan (indicated by the green triangles in Fig. 1): Banqiao (BQ 
in Fig. 1), Zhongming (ZM in Fig. 1), Tainan (TN in Fig. 1), and Xiaogang 
(XG in Fig. 1). According to the Taiwan Environmental Protection 
Agency (TWEPA) announcement, SO2, NOX, O3 and nonmethane hy-
drocarbon (NMHC) were automatically measured with an Ecotech 9850 
(Ecotech Monitoring Solution PVT, Ltd), an Ecotech 9841, an Ecotech 
9810, and a Horiba-APHA 360 (Horiba, Ltd), respectively. PM2.5 was 
measured with a Met-One BAM-1020 (Met One Instruments, Inc.) at BQ, 
ZM, and TN and with a VEREWA-F701 (DURAG GROUP) at XG. In 
addition, NH3 was measured with a Serinus-44 (Ecotech Monitoring 
Solution PVT, Ltd) at Xinzhuang (XZ in Fig. 1), Lunbei (LB in Fig. 1), 
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Chenzhen (CZ in Fig. 1), and Daliao (DaL in Fig. 1). The above air quality 
sites are routinely maintained by the Taiwan Environmental Protection 
Agency. 

In addition to automatic monitoring, this study also displayed the 
PM2.5 species of manually collected samples for two sampling periods. 
Sampling period I was from 2003 to 2009 (Chou et al., 2008, 2010) at 7 
p.m.2.5 sampling sites (indicated by the yellow stars in Fig. 1): National 
Taiwan University (NTU in Fig. 1); National Chung Hsing University 
(NCHU in Fig. 1); TN and Pingtung (PT in Fig. 1). For sampling period II 
from 2015 to 2019, Lee et al. (2020) sampled PM2.5 at BQ, ZM, Douliu 
(DL in Fig. 1), Chiayi (CY in Fig. 1), XG, and HL, which are all indicated 
as crosses in white circles in Fig. 1. MG and HL can be considered 
country sites located in the middle of the Taiwan Strait and on the 
eastern coast of Taiwan, respectively, and they are mainly influenced by 
the background oceanic atmosphere. NTU, BQ, NCHU, ZM, CY, TN, and 
XG can be considered urban sites because they are located in densely 
populated areas with hundreds of thousands to millions of people and 
where mobile and anthropogenic/business activities are the main 
sources. XG is a special site because it is located in Kaohsiung city near 
the Kaohsiung harbor and influenced by many industrial parks in the 
neighborhood. PT and DL can be considered rural sites because they are 
located in small cities where tens of thousands of people live, and sur-
rounding agriculture is the main economic activity contributing to 
pollution along with urban automobile sources. 

For sampling period I, the PM2.5 samples were collected with PTFE 
membrane filters and analyzed for water soluble ions, such as sodium 
ions (Na+), potassium ions (K+), NH4

+, calcium ions (Ca2+), magnesium 
ions (Mg2+), chlorine ions (Cl− ), NO3

− , and SO4
2− , by ion chromatog-

raphy (IC, Dionex DX100) and OC/EC (organic carbon/elemental car-
bon) by a DRI-2001A carbonaceous aerosol analyzer, following the 
Interagency Monitoring of PROtected Visual Environments (IMPROVE) 
thermo-optical reflectance (TOR) protocol (Chow et al., 2001). The 
sampling and analytical methods can be found in Chou et al. (2008, 
2010). In the first three years, the sampling was randomly conducted 
several times a month but later fixed on the last week of each month. 
Due to rain, sampling device malfunctions, and sample analysis acci-
dents, the numbers of sampling data were different for each site, as 
indicated in Table 1. 

For sampling period II, the PM2.5 sampling frequency was every six 
days, and each sample was collected for 24 h (00:00 LST– 24:00 LST, Lee 

et al., 2020). The samples for mass weighing were collected with a 
MetOne E-FRM sampler (Met One Instruments, Inc.), which complies 
with the U.S. EPA certification RFPS-0315-221. Samples for chemical 
analysis were collected with MetOne SASS PM2.5 samplers, which are 
also used in the U.S. Chemical Speciation Network (CSN). The Teflon 
and quartz filters in the samplers were used for water soluble ions and 
carbon analysis, respectively. For manual sampling, unless Chou et al. 
(2008) and Lee et al. (2020) found any mistakes in the analytical pro-
cess, all data were reserved for further analysis. 

2.2. Modeling design 

During the crossover between the southwestern and northeastern 
monsoon seasons, e.g., April and May and September and October, 
respectively, the PM2.5 level is usually high due to local pollution 
(Chuang et al., 2008). This study used the WRF/CMAQ model to simu-
late the PM2.5 episodes from 16 March 2017 to 30 April 2017. Two 
classical local PM2.5 events occurring at the CY and DL sites on 
approximately 19 and 25 April 2017, respectively, were selected for 
detailed analysis. In addition, 7 p.m.2.5 samples were collected on 20 and 
26 March, and 1, 7, 13, 19, and 25 April 2017 were chosen to analyze the 
attribution of NO3

− formation pathways. Sensitivity tests of the response 
of O3, NO3

− , SO4
2− , OC, and NH4

+ to the change in precursors and the 
correlation of HNO3 and its precursors and intermediate products were 
implemented. The WRF/CMAQ modeling system consisted of the WRF 
(Skamarock et al., 2008) meteorological model and CMAQ chemical 
transport model. The model versions for WRF and CMAQ used in this 
study were 3.9.1 and 5.2.1, respectively. 

The simulation was designed as two nested domains with horizontal 
resolutions of 9 and 3 km, as illustrated in the left subfigure in Fig. 1. The 
first domain covered East Asia, and the second covered Taiwan, part of 
the Asian continent (Fujian Province) and surrounding waters. The 
vertical layers contained 45 layers with 24 layers below 3000 m and 16 
layers below 1000 m, specifically, 0, 25, 50, 75, 100, 135, 180, 230, 290, 
360, 440, 525, 625, 730, 850, and 1000 m over water (not fixed values, 
which may change due to temperature and pressure). Therefore, the 
vertical resolution should have well resolved the boundary layer. 

The initial meteorological field for WRF modeling was from NCEP 
GFS (National Centers for Environmental Prediction, Global Forecast 
System) reanalysis data with a horizontal resolution of 0.25◦ × 0.25◦. 

Fig. 1. Domains of simulation range (left) and geographic locations of Taiwan CWB (Central Weather Bureau) meteorological sites ( ): BQ, HC, FY, TN, KH, YL, HL, 
and MG; TWEPA (Taiwan Environmental Protection Agency) air quality monitoring sites ( ): BQ, HC, FY, TN, XG, YL, HL, MG, ZM, XZ, LB, CZ, DaL; PM2.5 sampling 
sites for sampling period I ( ):NTU, NHCU, TN, and PT; and PM2.5 sampling sites for sampling period II ( ): BQ, ZM, DL, CY, XG, and HL (right). 
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Moreover, four-dimensional data assimilation with grid and observation 
nudging was applied for the first and second domains, respectively, to 
obtain better meteorological modeling output. The anthropogenic 
emissions for the Asian region (outside Taiwan) and Taiwan Island were 
from MIX v1.1 (Multiresolution Emission Inventory for China version 
1.1, Li et al., 2017) and TEDS 10.0 (Taiwan Emission Data System 
version 10.0, TWEPA, 2017), which were based on 2010 and 2016, 
respectively. The MIX emissions of SO2, NOX, NMHC, NH3, CO, PM10, 
and PM2.5 covering the Chinese mainland were adjusted with changes of 
− 62%, − 17%, 11%, 1%, − 27%, − 38%, and − 35%, respectively, ac-
cording to the annual changes between 2010 and 2017 (Zheng et al., 
2018). For other regions except the Chinese mainland and Taiwan, 
anthropogenic emissions remained unchanged. The biogenic emissions 
for Asian regions (outside Taiwan) and Taiwan were from MEGAN v2.10 
(Model of Emissions of Gases and Aerosols from Nature version 2.10, 
Guenther et al., 2012) and BEIS v3.61 (Biogenic Emission Inventory 
System version 3.61, Vukovich and Pierce, 2002), respectively. The 
latter was used because we collected the relatively complete vegetation 
distribution database in Taiwan and applied the SMOKE v4.6 (Sparse 
Matrix Operator Kernel Emissions version 4.6, Houyoux and Vukovich, 
1999) emission system. The modeling configuration was the same as 
that of Chuang et al. (2017) and can be found in Supplement Table S1. 

2.3. Evaluation of modeling 

The evaluation of air quality modeling results has three parts: 
meteorological modeling, general air pollutants of air quality modeling, 
and PM2.5 species of air quality modeling. The formulas for the statistical 
evaluation indices are listed in Supplement Table S2. 

For meteorological modeling evaluation, the present study chose 
sites in BQ, HC, FY, TN, Kaohsing (KH in Fig. 1), Ylian (YL in Fig. 1), 
Hualien (HL in Fig. 1), and MG (blue crosses in Fig. 1) to evaluate surface 
temperature, wind direction, wind speed, and RH. The Propeller Wind 
Direction Anemometer (Komatsu’s Geophysical Instruments), Isuzu 
Seisakusho 3–3122 Quartz Precision Thermo-Hygrograph (Isuzu Seisa-
kusho Co., Ltd.), and R.M. Young 05103 Pt-Electrical Resistance Ther-
mometer (R.M. Young Company) were used to monitor the wind speed/ 
direction, relative humidity and air temperature, respectively. The 
measurement equipment was under routine calibration by the Taiwan 
CWB (Central Weather Bureau, https://www.cwb.gov.tw/Data 
/knowledge/announce/MIC.pdf). These observations were evaluated 
with indices such as the mean bias (MB), mean average gross error 
(MAGE), root mean square error (RMSE), wind normalized mean bias 
(WNMB), and wind normalized mean error (WNME). 

For the evaluation of general pollutants of air quality modeling, we 
also chose the BQ, HC, FY, TN, XG, YL, HL, and MG sites (green triangles 

in Fig. 1), where the PM2.5, SO2, NO2, and NMHC were evaluated with 
the mean fractional bias (MFB), mean fractional error (MFE), R, and 
index of agreement (IOA). The measurement instruments of the air 
pollutants installed at the above sites were the same as those described 
in Section 2.1. 

For the evaluation of PM2.5 species of air quality modeling, obser-
vations came from six manual sampling sites: BQ, ZM, DL, CY, XG, and 
HL (crosses in white circles in Fig. 1), which were collected and analyzed 
by Lee et al. (2020). For each site, only 7 p.m.2.5 samples were collected 
from 16 March 2017 to 30 April 2017, i.e., 20 and 26 March and 1, 7, 13, 
19, and 25 April 2017. Metrics such as R, NMB, and NME were used for 
evaluation. 

All statistical evaluation indices mentioned above were based on the 
“air quality simulation norm” regulated by the TWEPA (2016), except 
for the IOA, which was from Emery et al. (2001). The meteorological 
modeling results for the entire simulation period were evaluated. 
However, since the first ten days were considered the spin-up of the 
chemical simulation, only the CMAQ modeling results from 26 March 
2017 to 30 April 2017 were evaluated. For PM2.5 species of air quality 
modeling, we only compared PM2.5 samples observed at the aforemen-
tioned six sampling sites on the seven days with simulated PM2.5 species. 

2.4. Formation pathways and rate of change of HNO3 

We used the integrated reaction rate (IRR) tool in CMAQ to estimate 
the rate of change of HNO3 that was attributed to eight pathways in the 
cb05e51_ae6_aq mechanism of CMAQv5.2.1. The rate of change of 
HNO3 was estimated from eight formation pathways: oxidation reaction 
of OH and NO2 (R1), nighttime heterogeneous reaction of N2O5 (R2), 
nighttime homogeneous reaction of N2O5 (R3a, R3b), reaction of hy-
drocarbons and NO3 radicals (R4), reduction reaction of organic nitrate 
(R5), reaction of NO and HO2 radicals (R6), reaction of NO3 and HO2 
radicals (R7), and heterogeneous reaction of NO2 on the surface of 
aerosols (R8). The chemical equations for these eight formation path-
ways are written as follows:  

NO2(g) + OH(g) → HNO3(g)                                                          (R1)  

N2O5(g) + H2O(l) → 2HNO3(aq)                                                     (R2)  

N2O5(g) + H2O(g) → 2HNO3(g)                                                    (R3a)  

N2O5(g) + 2H2O(g) → 2HNO3(g) + H2O(g)                                   (R3b)  

HCs(g) + NO3 → HNO3(g)                                                             (R4)  

RNO3(aq) → HNO3(aq)                                                                  (R5)  

NO(g) + HO2 → HNO3(g)                                                              (R6) 

Table 1 
p.m.2.5 and their respective PM2.5 species concentrations for PM2.5 episodes in which the daily PM2.5 conc. ≥ 35 μg m− 3 on sampling days during sampling period I and 
II.  

Sampling 
period 

Site No. of samples PM2.5 SO4
2- NO3

− NH4
+ K++Mg2++Ca2+ Na++Cl− OC EC Others  

CFG 96 45.8 ± 9.5 14.6 ± 5.3 1.5 ± 1.5 4.4 ± 1.8 1.0 ± 0.6 1.4 ± 1.3 6.0 ± 1.9 1.9 ± 0.8 15.8 ± 6.9 
I NTU 116 50.2 ± 12.5 12.0 ± 4.7 3.1 ± 2.3 5.0 ± 1.9 0.7 ± 0.5 0.4 ± 0.4 7.5 ± 2.3 3.1 ± 1.2 18.7 ± 7.4  

NCHU 174 56.1 ± 22.6 11.5 ± 5.6 5.6 ± 4.7 6.0 ± 3.3 0.9 ± 0.5 1.2 ± 1.0 10.4 ± 5.2 3.9 ± 1.8 16.8 ± 12.5 
2003 TN 63 60.0 ± 15.6 12.1 ± 4.7 7.5 ± 5.0 6.5 ± 2.4 1.1 ± 0.9 1.2 ± 1.1 9.1 ± 2.7 3.2 ± 0.9 19.9 ± 9.9 
| PT 147 57.4 ± 16.0 10.1 ± 3.9 6.9 ± 4.6 5.7 ± 2.2 1.0 ± 0.5 1.4 ± 1.0 10.0 ± 3.1 2.4 ± 1.0 20.0 ± 9.0 
2009 HL 37 45.5 ± 7.7 14.9 ± 3.7 1.2 ± 0.8 5.2 ± 1.4 1.7 ± 1.2 0.8 ± 0.9 6.5 ± 2.2 2.3 ± 0.8 12.9 ± 5.7  

MG 61 46.6 ± 36.6 9.9 ± 4.0 1.1 ± 1.4 2.9 ± 1.8 1.8 ± 1.3 2.4 ± 1.8 3.8 ± 2.0 1.6 ± 0.6 18.9 ± 8.8 
II BQ 20 43.7 ± 12.9 10.3 ± 3.8 5.5 ± 4.0 4.9 ± 2.1 0.4 ± 0.3 0.7 ± 0.5 7.5 ± 2.1 1.9 ± 0.6 12.3 ± 5.2  

ZM 41 47.2 ± 12.8 9.7 ± 2.9 8.9 ± 4.0 5.6 ± 1.3 0.4 ± 0.2 1.2 ± 0.7 7.6 ± 2.2 1.9 ± 1.7 11.9 ± 5.3 
2015 DL 59 46.7 ± 9.4 7.6 ± 2.5 9.9 ± 4.5 5.2 ± 1.6 0.5 ± 0.2 1.5 ± 0.7 8.4 ± 2.0 1.7 ± 0.5 12.1 ± 4.6 
| CY 56 49.0 ± 11.1 7.9 ± 2.4 11.6 ± 4.6 5.8 ± 1.6 0.5 ± 0.3 1.8 ± 0.8 7.7 ± 1.7 1.7 ± 0.7 12.1 ± 5.0 
2019 XG 67 47.0 ± 10.5 7.8 ± 2.9 11.2 ± 3.7 5.5 ± 1.3 0.4 ± 0.2 1.4 ± 0.6 7.7 ± 1.6 2.0 ± 0.9 11.0 ± 4.4 

Note: unit of PM2.5 conc. is μg m− 3; values for PM2.5 components are the percentage of total PM2.5; data of sampling I is from Chou et al. (2008) who collected samples 
at the last week of each month from 2003 to 2009; data of sampling period II is from Lee et al. (2020) who collected samples every six days from 2015 to 2019; “Others” 
means unresolved components. 
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NO3 + HO2 → HNO3(g)                                                                (R7)  

NO2(g) + H2O(l) → 0.5*HONO(aq) + 0.5*HNO3(aq)                         (R8)  

3. Results and discussion 

3.1. Evaluation of meteorological and air quality modeling results 

The goal of this study is to study the NO3
− formation mechanisms 

and to attempt to determine how NO3
− is formed during PM2.5 events by 

applying air quality modeling. Evaluating the performance of the 
simulation results is an important step before further analysis. As 
mentioned in Section 2.3, the model evaluation includes three parts: 
meteorological modeling, general air pollutants of air quality modeling, 
and PM2.5 species of air quality modeling. 

From Supplement Table S3, the evaluation of meteorological 
modeling shows that the surface temperature performed well. Even 
though the temperature at the KH site was slightly underestimated, 
probably because it was located near the seashore and influenced by sea 
water, it still complied with the benchmark (Supplement Fig. S1). For 
wind speed, the modeling results were slightly overestimated at the MG 
site, possibly because it was in the middle of the Taiwan Strait, where 
there is a strong tunnel effect between mountains in Taiwan and Fujian 
(the province across the Taiwan Strait facing Taiwan), but all other sites 
on Taiwan Island performed well (Fig. S2). The simulated wind direction 
performed well at all sites (Fig. S3). Although there was no benchmark 
for relative humidity, the bias and error of this modeling item for all sites 
were very small (Fig. S4). 

The chemical modeling performance showed that PM2.5 was slightly 
underestimated at the HL and MG sites (Table S4, Fig. S5). The under-
estimation for these two sites could have been due to overestimated 
wind speed, uncertainty of emissions, and possibly underestimation of 
background concentrations. For SO2 (Fig. S6), the bias and error per-
formed well except for MG, but the R values were not sufficiently high 
for all sites because both the simulated and observed values were low 
and concentrated in scatter plots such that good regression lines were 
not easily satisfied. The simulated NO2 was slightly underestimated at 
the XG and MG sites and overestimated at the YL and HL sites but was 
basically acceptable (Fig. S7). For NMHC, R values were good for all sites 
except for FY, which could have been due to the trend of NMHC emis-
sions around FY in the simulation being far from reality. The underes-
timation of the simulated NMHC at XG (Fig. S8) was possibly related to 
the uncertainty of emissions in Kaohsiung Harbor. 

From 16 March 2017 to 30 April 2017, there were 7 p.m.2.5 samples 
for each of the six sites: BQ, ZM, DL, CY, XG, and HL. Although the 
simulations for 20 March and 27 March were within the spin-up of the 
simulation from 16 March to 26 March, these two days were also 
included for evaluations of PM2.5 species to increase the amount of data 
for the representativeness of statistical evaluation. The comparison of 
observed and simulated PM2.5 species is shown in Fig. 2. Obviously, the 
simulations were more or less underestimated or overestimated due to 
uncertainty in emissions or in the meteorological or chemical simula-
tions. Most discrepancies occurred at DL and CY on 13 April 2017. The 
severe underestimation of simulated PM2.5 at these two sites on that day 
was due to overestimated rainfall (Fig. S9). The scatter plots of simu-
lated and observed PM2.5 and PM2.5 species are shown in Fig. S10. For 
most points, the simulated SO4

2− , OC, Na++Cl− , and K++Mg2++Ca2+

were underestimated. The remaining PM2.5 species were simulated well, 
but obviously, there were still a few significant discrepancies, which 
were due to the uncertainty of emission inventory or meteorological or 
chemical modeling. Compared with the benchmarks recommended by 
Emery et al. (2017) and Huang et al. (2021), the performance of metrics 
met almost all criteria standards, as indicated in Table S5. 

3.2. The long-term trend of gaseous pollutants and PM2.5 species 

The long-term trends of PM2.5 and gaseous pollutants monitored at 
four representative air quality sites over western Taiwan are illustrated 
in Fig. 3. It is obvious that PM2.5, SO2, NOX, and NMHC showed 
downtrends from 2003 to 2020. NH3 decreased annually at XZ, CZ, and 
DaL but increased at LB. O3 remained approximately at the mean level in 
the long term. It seems that the reduction in NOX and NMHC did not 
result in the expected decrease in O3 concentrations. 

For the long-term trend analysis of PM2.5 species, we combined the 
data of manual PM2.5 samples collected for two sampling periods 
described in Section 2.1. For example, the PM2.5 species at the NTU and 
BQ sites in Taipei city were linked to represent the long-term trend of 
PM2.5 species in northern Taiwan. Similarly, we combined the PM2.5 
species at the NCHU and ZM sites in central Taiwan, TN and CY sites in 
southwestern Taiwan and PT and XG sites in southern Taiwan to present 
the long-term trend in separate regions. 

The long-term trend of the proportion of PM2.5 species in PM2.5 from 
sampling period I: 2005–2009 (Chou et al., 2008, 2010) and sampling 
period II: 2015–2019 (Lee et al., 2020) are illustrated in Fig. 4. Note that 
there was a temporal gap between these two sampling periods; there-
fore, the trend is not continuous in the subfigures of Fig. 3. For all PM2.5 
episodes (daily PM2.5 conc. ≥ 35 μg m− 3) recorded in Chou et al. (2008, 
2010), i.e., during sampling period I, SO4

2− was the highest among the 
PM2.5 species, followed by OC and NH4

+ (Table 1). However, in recent 
years, during sampling period II, NO3

− has become the major PM2.5 
species during PM2.5 episodes, especially in southwestern and southern 
Taiwan. Obviously, the long-term trend of the proportion of NO3

− in 
PM2.5 was increasing at all sampling sites in western Taiwan. Similar to 
O3, the downward trend of NOX concentration was also not consistent 
with the trend of NO3

− . 

3.3. Temporal evolution of meteorology, NO3
− and its related precursors 

and intermediate products during classical PM2.5 events 

In the following section, we intended to simulate the temporal evo-
lution of the NO3

− formation process. However, hourly measurements of 
PM2.5 species were lacking in this study. Thus, we conservatively 
analyzed well-simulated PM2.5 events for this study. First, we selected 
PM2.5 events with daily average concentrations ≥35 μg m− 3 (Table S6). 
Second, we calculated the R of 72 pairs of hourly observed and simu-
lated PM2.5 concentrations from the day before the sampling day to the 
day after (Table S7). Then, we determined the qualified PM2.5 events of 
daily average concentration ≥35 μg m− 3 and their corresponding R 
values were above 0.6: at the CY site on 1 April, at the ZM and DL sites on 
April 19, and at the BQ and CY sites on 25 April for the analysis of NO3

−

formation. Among these 5 p.m.2.5 events, we selected two occurring at 
CY on 25 April 2017 and at DL on 19 April 2017 because observed high 
NO3

− concentrations were recorded at these two events during the 
simulation period for discussing the temporal evolution of NO3

− and 
related species. The days before and after the sampling day were also 
included for discussion. It is noted that the hourly PM2.5 species, HNO3, 
OH, nitrate radical (NO3), peroxyl radical (HO2), N2O5, HONO, aerosol 
water content (the following is represented by AH2O), peroxyacetyl 
nitrate (PAN), C3 and higher peroxyacetyl nitrate (PANX), lumped alkyl 
nitrate (NTR), and peroxynitric acid (PNA, HNO4), were from simulation 
results without verification of observations. 

3.3.1. PM2.5 events occurring at CY on approximately 25 April 2017 
On 24 April, an anticyclone moved to Japan from the Asian conti-

nent. Peripheral circulation prevailed eastward in eastern Taiwan 
(Fig. S11a). On 25 April 2017, the aforementioned anticyclone moved 
further eastward, and its peripheral circulation prevailed southeastern 
wind around Taiwan (Fig. S11b). The high mountains in Taiwan blocked 
the prevailing eastern or southeastern wind; therefore, calm wind 
formed on the leeward side of the mountains, i.e., western Taiwan. The 
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Fig. 2. The manually observed and modeled PM2.5 species at six sampling sites (BQ/ZM/DL/CY/XG/XL) on seven sampling days: (a) 20 March (b) 26 March (c) 1 
April (d) 7 April (e) 13 April (f) 19 April (g) 25 April 2017. 
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Fig. 3. The long-term trend of annual concentrations for (a) PM2.5 (b) SO2 (c) NOX (d) NMHC (e) NH3 (f) O3 from 2003 to 2020; the three short horizontal whiskers 
on the line symbols represent annual maximum, annual average, and annual minimum of the corresponding monthly averages in each year. For (a)–(e), the monthly 
average is calculated by the average of daily average in each month, but for (f) O3, the monthly average is calculated by the average of daily maximum in each month. 
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Fig. 4. The long-term trend of proportion of PM2.5 species: (1) SO4
2− (2) NO3

− (3) NH4
+ (4) K++Mg2++Ca2+ (5) Na++Cl− (6) OC (7) EC (8) others in PM2.5 at (a) 

NCU/BQ (b) NCHU/ZM (c) TN/CY (d) PT/XG sites for sampling period I (2005–2009, black dots) and sampling period II (2015–2019, red dots). The regression lines 
are drawn in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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calm wind environment favored the accumulation of PM2.5, which was 
reproduced well by the simulation (Fig. S12a – S12j). On 26 April 2017, 
an anticyclone over the Asian continent moved southeastward. Northern 
and northeastern winds prevailed over Korea, the coast of mainland 
China, the East China Sea, Taiwan, and the northern South China Sea 
(Fig. S11c). The strong wind quickly diluted the accumulated PM2.5 in 
Taiwan (Fig. S12k-S12l). 

From Fig. 5a–e, it is obvious that the near-surface simulated wind 
speed, wind direction, temperature, and RH were very close to the ob-
servations. The calm wind and low PBLH (planetary boundary layer 
height) around the midnight period both favored the accumulation of 
PM2.5 (Fig. 5a and f). Although a simulated PBLH of approximately 80 m 
around the midnight period was unidentified because there was no 
measurement for this event, the PBLH below 80 m had already been 
recorded in many places in Taiwan (Chang et al., 2006; Ho, 2015). The 
CY site was located on the Jianan Plain (southwestern Taiwan), where a 
low PBLH occurred in a clear sky during nighttime period due to radi-
ative cooling. 

The simulated PM2.5 caught the daily maximum at 00:00 25 April 
and 00:00 26 April well but was underestimated for the remaining time 
(Fig. 5f). The near-zero concentration that occurred on 16:00 on 25 April 
was due to unexpected simulated rainfall (Fig. 5d; actually, there was no 
rainfall at that time on record). The simulated PM2.5 reached 92 μg m− 3 

at 01:00 on 25 April and 96 μg m− 3 at 00:00 on 26 April (Fig. 5f, the 
actual observed PM2.5 was 98 μg m− 3 at 00:00 and 101 μg m− 3 at 07:00 
on 25 April and 89 μg m− 3 at 00:00 on 26 April). The simulated O3 was 
slightly overestimated from the afternoon of 25 April to the early 
morning of 26 April but was close to the observations for the remaining 
time (Fig. 5g). The simulated O3 concentrations were 94 ppb at 12:00 on 
24 April and 107 ppb at 13:00 on 25 April (actual O3 was 70 ppb at 12:00 
on 24 April and 86 ppb at 12:00 on 25 April). Simulated NO and NO2 
performed well but occasionally overestimated (Fig. 5h and i). In 
contrast, simulated SO2 was frequently underestimated (Fig. 5j). 

Fig. 5l shows that the proportion of NO3
− in PM2.5 was highest 

among PM2.5 species at night. NO3
− contributed the most to PM2.5 and 

synchronously changed with PM2.5. O3 changed synchronously with OH 
and HNO3 (Fig. 5m). The daytime-produced O3 oxidized NO2 and pro-
duced NO3, which subsequently formed N2O5 at night (Fig. 5n). AH2O, 
NO3

− , and HONO synchronously peaked at midnight, which indicates 
that heterogeneous reactions were the main formation mechanism of 
NO3

− (Fig. 5o). Small amounts of peroxy-oxidized nitrates, such as NTR, 
PNA, PAN, and PANX, peaked at both noon and midnight. 

3.3.2. PM2.5 events occurring at DL on approximately 19 April 2017 
In the morning of 18 April 2017, a cold front passed Taiwan, but the 

anticyclone over the Asian continent did not follow closely (Fig. S13a). 
Soon, the anticyclone moved quickly to the East China Sea on 19 April 
(Fig. S13b). The peripheral circulation of the anticyclone prevailed 
southeastern wind in eastern Taiwan. Due to mountains blocking the 
prevailing wind, the low wind condition on the leeward side was 
favorable for PM2.5 accumulation (Figs. S14d–S14f). On the next day, a 
cold front formed from the East China Sea to southern China. Taiwan 
was located in the warm area ahead of the cold front (Fig. S13c). 
However, the observed temperature during the daytime on 20 April was 
slightly lower than that on 19 April (Fig. 6c), which explains some of the 
cold air from the Asian continent had already crossed the cold front and 
arrived at Taiwan. The mix of cold and warm conditions could have 
occurred at midnight on 19 April since rainfall was observed from 22:00 
on 19 April to 00:00 on 20 April (Fig. 6d). 

Although the simulated wind speed was overestimated during the 
daytime on 18 and 19 April, the simulated wind speed was very close to 
the observed wind during the nighttime (Fig. 6a). The overestimated 
wind in the afternoon of 19 April probably led to the underestimation of 
synchronous PM2.5 (Fig. 6f). Even though the simulated and observed 
temperatures were close to each other (Fig. 6c), RH was underestimated 
from the afternoon on 19 April to the night of 20 April (Fig. 6d–e). The 

underestimation of RH might be one of the reasons for the underesti-
mation of synchronous NO3

− and thus PM2.5 from the afternoon of 19 
April to the night of 20 April (Fig. 6f). 

Although the simulated maximum O3 was close to observations at 
noon on 19 April, it was slightly overestimated around noon on 18 April 
and obviously overestimated on 20 April (Fig. 6g). NO was over-
estimated around the morning rush hour on 18 April and 20 April 
(Fig. 6h). The obvious overestimated O3 on 20 April caused the subse-
quent underestimation of NO in the afternoon (Fig. 6h) and over-
estimation of NO2 in the evening of that day (Fig. 6i). 

From 18 to 20 April, the unresolved PM2.5 (other in Fig. 6k, this was 
the unresolved species that could not be analyzed by ion chromatog-
raphy or carbon analyzer, such as metals, silicate, carbonate, phosphate, 
etc.) was the major PM2.5 species except from the night of 18 April to the 
morning of 19 April and around noon on 20 April, in which NO3

− was 
the major species (Fig. 6k). The trend of NO3

− was almost the same as 
that of PM2.5 (Fig. 6k and f). The high O3 concentration along with high 
HNO3 and OH and low NO2 concentrations revealed that the abundant 
HNO3 was from photochemical reactions (Fig. 6l). However, the day-
time NO3

− was not as high as expected (Fig. 6k, n), which was due to the 
high daytime temperature that caused NO3

− to tend to exist in the gas 
phase instead of the aerosol phase. 

From night on the 18th to early morning on the 19th, the tempera-
ture was lower than that during the daytime, and NO3

− in the gas phase 
tended to condense to the aerosol phase. Therefore, HNO3 was very low, 
and NO3

− was relatively high. O3 formed during the daytime was 
titrated by NO at night and formed NO2 that further reacted with O3 and 
formed NO3 radicals (Fig. 6m). NO3 rapidly reacted with NO2 and 
formed N2O5 (Fig. 6m). Moreover, the heterogeneous reaction of AH2O 
(Fig. 6n) and N2O5 formed HNO3 (Fig. 6l). The RH was also high on that 
night, which formed higher AH2O on PM2.5 (Fig. 6n). Around midnight, 
HNO3 was low, but NO3

− was high, which indicates that HNO3 had 
already reacted with NH3 and formed NH4NO3 on existing particles or 
that daytime NO3

− condensed to the aerosol phase. AH2O benefited the 
heterogeneous reactions, which could have been the major formation 
pathway for the formation of NO3

− at approximately midnight. When 
the AH2O concentration increased from midnight on the 18th to early 
morning on the 19th (Fig. 6o), NO3

− also increased and exceeded SO4
2−

and “other” simultaneously (Fig. 6k). From the afternoon on the 19th to 
the afternoon on the 20th, the simulated RH was underestimated 
(Fig. 6e); thus, the AH2O was also low (Fig. 6n), which did not benefit 
the heterogeneous reaction. 

Because the deliquescent relative humidities of NO3
− and SO4

2−

were 64.6% and 80.7%, respectively, and the proportion of NO3
− in 

PM2.5 was higher than that of SO4
2− , the mutual deliquescent relative 

humidity of their mixture would have been early 60% (Sun et al., 2018). 
Thus, in the high humidity environment (observed and simulated RHs 
were both higher than 80% at approximately midnight on the 18th), the 
PM2.5 was highly hygroscopic. Abundant AH2O on the surface of parti-
cles benefited heterogeneous reactions. In addition, from night on the 
18th to early morning on the 19th, HONO increased along with AH2O. It 
is possible that HONO was also formed through heterogeneous re-
actions. This kind of nocturnal HONO could be one of the sources of OH 
during the next day (Perner and Platt, 1979). 

However, it seems that the NO3
− formation process was not as 

evident from the night of the 19th to the early morning of the 20th 
(Fig. 6k). The most notable characteristic is that only a very small 
amount of N2O5 was formed at that time (Fig. 6m). The lower N2O5 
formation was due to fewer NO3 radicals formed (Fig. 6m). 

3.4. Sensitivity tests of different precursor emissions 

In this section, we targeted 5 p.m.2.5 events in which the PM2.5 daily 
average concentration ≥35 μg m− 3 and the R values of hourly observed 
and simulated PM2.5 concentrations were above 0.6: CY on 1 April, ZM 
and DL on April 19, and BQ and CY on 25 April (Table S6, Table S7). This 
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Fig. 5. The temporal evolution of (a) WD/WS, PBLH (b) wind vector (c) Temperature (d) Rainfall (e) Relative humidity (f) PM2.5 (g) O3 (h) NO (i) NO2 (j) SO2 (k) 
NMHC (l) Percentage composition of PM2.5 species in total PM2.5 (m) HNO3, OH (n) NO3, HO2, N2O5 (o) NO3

− , AH2O, HONO (p) PNA, PAN, PANX, and NTR at the CY 
site from 00:00 (LST) 24 April to 00:00 27 April 2017. 
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Fig. 6. The temporal evolution of (a) WD/WS, PBLH (b) wind vector (c) Temperature (d) Rainfall (e) Relative humidity (f) PM2.5 (g) O3 (h) NO (i) NO2 (j) SO2 (k) 
Percentage composition of PM2.5 species in total PM2.5 (l) HNO3, OH (m) NO3, HO2, N2O5 (n) NO3

− , AH2O, HONO (o) PNA, PAN, PANX, and NTR at the DL site from 
00:00 (LST) 18 April to 00:00 21 April 2017. 
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study conducted eight sensitivity tests and compared them with the base 
case. They included NMHC emissions multiplied by 2 and 0.5, denoted 
NMHC:200% and NMHC:50%, respectively. The other tests are denoted 
NOX: 200% and NOX: 50%, SO2: 200% and SO2: 50%, and NH3: 200% 
and NH3: 50%, in which the emissions were also multiplied by 2 and 0.5, 
respectively. Because the responses of NO3

− and other major PM2.5 
species formation could be influenced by each other, the following 
discussion is not limited to NO3

− but also the responses of O3 and other 
PM2.5 species, such as SO4

2− , OC, and NH4
+, to changes in precursor 

emissions. 
As illustrated in Fig. 7a1-a5, the increase in NMHC emissions 

(NMHC:200%) increased the most O3 around noon at most sites, prob-
ably because these sites were located in VOCS-limited regions (Chang 

and Chen, 2002: urban cities in the northern Taiwan air shed, central 
Taiwan air shed, Kaohsiung-Pingtung air shed (in southern Taiwan), and 
Yulin-Chaiyi-Tainan (in southwestern Taiwan) air shed; Shiu et al., 
2007: southern Taiwan; Chuang et al., 2013: Taoyuan city (in northern 
Taiwan); and Chang et al. (2021): northern Taiwan). For the above-
mentioned 5 p.m.2.5 events, including the day before and after 
(Fig. 7a1-7a5), the 3-day (applicable for the following in this section) 
average O3 concentration increased by 12.4%⁓26.3%. Similarly, the 
decrease in NOX emissions (NOX:50%) had a similar effect, which led to 
high O3 at noon followed by NMHC:200% and increased the average O3 
concentration by 4.6%⁓23.1%. In contrast, since most sites were 
located in VOCS-limited regions, NOX:200% caused the least O3, fol-
lowed by NMHC:50%, The average O3 concentrations increased by 

Fig. 7. The response of (a) O3 (b) NO3
− at the (1) CY site on 1 April (2) ZM site on 19 April (3) DL site on 19 April (4) CY site on 19 April (5) BQ site on 25 April to the 

changes in NMHC, NOX, SO2, and NH3 emissions, the day before and after are also included; 200% and 50% indicate that the emissions were multiplied by 2 and 0.5, 
respectively. 
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30.6%⁓52.5% and 10.2%⁓19.8%, respectively. In addition, the 
simulation showed that the increase/decrease in SO2 emissions led to a 
very small amount of less/more O3 production. Similarly, increa-
sed/decreased NH3 emissions also led to very small amounts of less/-
more O3. This implies that more O3 was consumed by more NOX, SO2 or 
NH3 emissions during the formation of secondary inorganic aerosols, but 
more O3 was produced by more NMHC emission during the formation of 
secondary organic aerosols (Seinfeld and Pandis, 2006). 

In Fig. 7b1-7b5, it is obvious that doubling NOX emissions 
(NOX:200%) or doubling NH3 emissions (NH3:200%) directly caused the 
greatest increase in the NO3

− concentration, especially from night to the 
next morning. In average, NO3

− concentration increased by 47.6% 
⁓82.4% for the 5 p.m.2.5 events. Although increased NOX emission 
could reduce O3 concentration in VOCS-limited areas, it could also in-
crease NO3

− concentration. The increased NH3 emission could also in-
crease NO3

− by 41.4%⁓66.7%. In contrast, halving the NOX emissions 
(NOX:50%) led to the lowest NO3

− concentration (decrease of 47.1% 
⁓60.8%), followed by halving the NH3 emissions (NH3:50%, decrease 
of 39.9%⁓45.9%). The reason for this is that NH4NO3 is the major 
compound for NO3

− , which is directly related to the major precursors 
NOX and NH3. If NOX and NH3 emissions remained the same as in the 
base case, the NMHC:200% leading to the highest O3 at noon led to more 
production of NO3

− than in the remaining cases. It is found that the most 
positive impact of NMHC:200% on NO3

− occurred mainly when NO3
−

concentration peaked at nighttime and contributed to an increase of 
about 5%⁓15%. In contrast, the NMHC:50% produced less NO3

− than 
the remaining cases. Halving NOX emissions could have led to a reduc-
tion in NO3

− , but it could also have led to high O3 and therefore NO3
− , 

because it is not always that reducing NOX emissions would decrease 
NO3

− (Pye et al., 2009). Apparently, the effect of NOX:50% had a greater 
reduction in NO3

− than production due to high O3. Therefore, it is 
possible that there was a balancing point between the reduction and 
production of NO3

− for a specific decrease in NOX emissions. To find 
such a balancing point would need many scenarios of sensitivity tests to 
the changes in the emissions of precursors. Moreover, the balancing 
points could be different in various areas, which could be a complicated 
issue. Apparently, a comprehensive design is needed to solve this diffi-
cult issue in the future. 

Doubling of NMHC emissions (NMHC:200%) increased O3 and led to 
the most formation of OC (Fig. S15a1-a5), which was due to the addi-
tional formation of SOA. The NMHC:200% increased OC concentration 
by 4.7%⁓12.2% in average. While halving of NOX emissions (NOX:50%) 
may have positive or negative impact on SOA. It is found the most in-
crease of SOA for NOX:50% occurred usually from 07:00 to 13:00, the 
highest at noon. In contrast, the doubling of NOX emissions (NOX:200%) 
decreased O3 and led to the least formation of OC, followed by halving of 
NMHC emissions (NMHC:50%). The NOX:200% decreased OC concen-
tration by 10.9%⁓19.6% in average, usually the highest at noon as well. 
On average, the formation of NO3

− (Fig. 7b1-7b5) was higher than that 
of OC for the NMHC and NOX emission change tests during the PM2.5 
event (Fig. S15a1-a5). The change in SO2 emissions (SO2:200% and 
SO2:50%) and change in NH3 emissions (NH3:200% and NH3:50%) had 
very small effects on the formation of OC. 

An increase or decrease in SO2 emissions would have directly led to 
an increase or decrease in SO4

2− formation. The average increase of 
SO4

2− concentration was 32.3%⁓54.6%. In addition, theoretically, an 
increase in NOX emissions (NOX:200%) would have produced abundant 
HNO3, which competes for NH3 with H2SO4 and hinders the formation of 
ammonium sulfate; a decrease in NOX emissions (NOX:50%) would have 
produced less HNO3 and would have benefited the formation of 
ammonium sulfate. From Fig. S15b1-b5, it is not absolute, but for most 
times, doubling NOx emissions led to less SO4

2− . Similarly, more/less 
NH3 emissions led to more/less SO4

2− , but relatively more/less NMHC 
had less effect on SO4

2− formation. 
The increase or decrease in NH3 emissions was not absolutely related 

to the highest or lowest formation of NH4
+, as illustrated in Fig. S15c1- 

c5. The NH3:200% and NH3:50% increased and decreased NH4
+ by 

22.0%⁓36.2% and 22.2%⁓29.3% in average, respectively. Instead, 
NH4

+ formation was also positively correlated with NOX and SO2 
emissions, which explains the corresponding production/reduction of 
NH4NO3 and ammonium sulfate. The SO2:200% and SO2:50% increased 
and decreased NH4

+ by 21.9%⁓26.5% and 12.0%⁓18.9% in average, 
respectively; NOX:200% and NOX:50% increased and decreased NH4

+ by 
16.6%⁓57.8% and 15.4%⁓39.8% in average, respectively. In contrast, 
the modification of NMHC emissions had less influence on the formation 
of NH4

+. 

3.5. Pathways attributed to HNO3 formation during PM2.5 events 

Again, the discussion of HNO3 formation pathways is limited to those 
5 p.m.2.5 events: CY on 1 April, ZM and DL on April 19, and BQ and CY 
on 25 April in this section. The formulas listed in Section 2.4 are the 
HNO3 formation pathways considered in the simulation. 

From Fig. 8a–e, it is obvious that the oxidation reaction of OH and 
NO2 (R1, HNO3_OHNO2) accounted for more than 90% of HNO3 for-
mation during the daytime, and the proportion of the oxidation reaction 
contribution during the daytime was approximately the same at 
different sites/latitudes. However, the attribution of the oxidation re-
action to HNO3 formation during the nighttime was more or less at 
different sites/latitudes during different PM2.5 events. Since HO2 was 
mainly produced during the daytime (Figs. 5n and 6m), the gain of 
HNO3 from the reaction of NO and HO2 radicals (R6, HNO3_NOHO2) was 
approximately 3% during the daytime and less than 1% at night. 

From evening to the next early morning, the heterogeneous reaction 
of N2O5 (R2, HET_N2O5) was the main contributor to HNO3 formation, 
from 30% to more than 90%, as illustrated in Fig. 8a–e. The contribution 
was the highest at CY exceeding 90% of the total HNO3 during the 
nighttime, which was probably because CY was located in a lower lati-
tude area than the DL, ZM, and BQ sites. The homogeneous reaction of 
N2O5 (R3, HNO3_N2O5) also mainly occurred at night due to high rela-
tive humidity and probably contributed from nearly zero to 11% of the 
total HNO3 production. The reaction of hydrocarbons and NO3 radicals 
(R4, HET_HCNO3) also contributed more HNO3 at night than during the 
day because NO3 was produced more and AH2O was higher at night than 
during the day. 

The gain of HNO3 from the reduction reaction of organic nitrate (R5, 
HNO3_NO3HC) reached nearly zero to 14% at night, which was higher 
than that produced during the daytime, which was less than 3% of the 
total HNO3 production because NO3 was produced more at night than 
during the day. Although the reaction of NO3 and HO2 radicals (R7, 
HNO3_NO3HO2) produced more HNO3 at night, the contribution to 
HNO3 was less than 1%, which can almost be ignored compared with 
other formation pathways. The reaction of NO3 and HO2 radicals (R7, 
HNO3_NO3HO2) also produced more HNO3 at night, and the contribu-
tion to HNO3 was usually less than 1%, which can almost be ignored. 

From Fig. 8f–j, it is obvious that gas-phase HNO3 was more than or 
comparable to aerosol-phase NO3

− (ANO3 in Fig. 8f–j) during the day-
time. When the temperature decreased from noon to night, HNO3 
gradually decreased; in contrast, ANO3 was produced considerably 
during the nighttime. The ANO3 concentration during the nighttime was 
much higher than or equal to the total NO3

− (ANO3+HNO3) during the 
daytime. This explains why heterogeneous reactions during nighttime 
were the main cause of high NO3

− (or PM2.5) concentrations in these 
PM2.5 events. 

3.6. The relationship of daytime and nighttime simulated HNO3 and its 
precursors 

From the analysis in Sections 3.3 to 3.5, we can conclude that the 
oxidation reaction of NO2 and OH during the daytime and the hetero-
geneous reaction of N2O5 during the nighttime were the major contri-
butions to HNO3. Thus, this study attempts to test the correlations 
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between precursors and intermediate products that participate in the 
formation of the final product, HNO3, via these two pathways. We 
selected the simulated maximum values of the species participating in 
these two pathways from two periods: daytime (06:00–18:00) and 
nighttime (18:00–06:00). Then, we determined the linear relationships 
between them for daytime and nighttime periods individually. Because 
O3 was low during the nighttime, the daytime maximum O3 was also 
used in the correlation analysis for the nighttime period. The statistical 
significance of the linear regressions is listed in Table S8. 

For the daytime oxidation reactions, it was found that the R value 
between O3 and HNO3 (Fig. 9a2-e2) was between 0.71 and 0.94, obvi-
ously higher than the other combinations including O3–OH (0.04–0.42, 
Fig. 9a1-e1), OH–HNO3 (− 0.06–0.45, Fig. 9a3-e3), and NO2–HNO3 

(0.03–0.44, Fig. 9a4-e4). This explains the higher O3 reached around the 
noon period, and the higher HNO3 formed almost at the same time. In 
contrast, the daytime maximum NO2 concentration around the morning 
rush hour was not highly correlated with daytime-formatted HNO3. 

For the nighttime heterogeneous reaction, the highest R value exists 
between NO3 and N2O5, from 0.73 to 0.96 (Fig. 10a3-e3), followed by 
NO3 and HNO3 from 0.31 to 0.82 (Fig. 10a6-e6), N2O5 and HNO3 from 
0.40 to 0.81 (Fig. 10a7-e7), then O3 and NO3, from 0.49 to 0.70 
(Fig. 10a1-e1), O3 and N2O5 from 0.47 to 0.75 (Fig. 10a2-e2), and O3 
and HNO3 from 0.34 to 0.68 (Fig. 10a5-e5). From the above, we can see 
that the daytime maximum O3 was moderately to highly correlated with 
the nighttime species on the pathway of heterogeneous reactions. This 
implies that daytime-formed O3 participating in the formation of 

Fig. 8. Attribution to (a) HNO3 formation pathways and (b) aerosol phase (ANO3)/gas phase (HNO3) nitrate at (1) CY site on 1 April (2) ZM site on 19 April (3) DL 
site on 19 April (4) CY site on 19 April (5) BQ site on 25 April, the day before and after are also included. 
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nighttime HNO3 was significant. In contrast, the correlations between 
NO2 and N2O5 (0.26–0.68, Fig. 10a4-e4) and between NO2 and HNO3 
(0.27–0.54, Fig. 10a9-e9) were low. The maximum NO2 concentration 
around the evening rush hour or midnight was not highly correlated 
with nighttime maximum concentrations of intermediate products or 
HNO3. For the selected PM2.5 events, the simulation indicated that 
daytime maximum O3 was significantly related to daytime HNO3 and 
nighttime HNO3 instead of NO2. This implies that O3 could have played a 
more important role in HNO3 formation. 

4. Conclusions 

From the long-term trend of NO3
− concentration and the proportion 

of NO3
− in PM2.5, we have realized the increasing importance of NO3

− in 
recent years. The present study applied air-quality modeling to analyze 
the NO3

− formation mechanisms and attempted to suggest the control 
direction. We addressed the temporal evolution of meteorological con-
ditions, NO3

− formation and its precursors and intermediate products. 
Then, we estimated the contribution of NO3

− formation pathways, 
conducted a sensitivity test to determine the response of O3 and major 
PM2.5 species to changes in precursor emissions, and analyzed the cor-
relation of HNO3 and its precursors and intermediate products partici-
pating in the major daytime and nighttime NO3

− formation pathways. 
This study conducted a retrospective simulation, in which 5 p.m.2.5 

events in which the daily average concentrations were ≥35 μg m− 3 and 
their corresponding R values of simulated and observed PM2.5 were 
above 0.6. Two of the PM2.5 events were selected to discuss the temporal 
evolution of the NO3

− formation process. In the simulation, low wind 

speed and low PBLH were deterministic for the accumulation of PM2.5 at 
night. At approximately noon, the trends of OH and HNO3 were almost 
the same because the oxidation reaction of OH and NO2 (R1) was the 
main NO3

− formation mechanism during the daytime. During the 
midnight period, N2O5, AH2O, NO3-, and HONO synchronously peaked, 
which indicates that the heterogeneous reaction of N2O5 (R2) was 
obviously the main formation mechanism of NO3-. For the aforemen-
tioned 5 p.m.2.5 events, we conducted a sensitivity test to determine 
their impact on different NMHC, NOX, SO2, and NH3 emissions on the 
formation of O3 and major PM2.5 species. Doubling (200%) and halving 
(50%) the NOX and NH3 emissions could directly lead to the highest and 
lowest production of NO3

− , followed by the NMHC, which influenced 
the production of O3 the most. This suggests that in addition to the direct 
change in precursor emissions, O3 was also an important factor for NO3

−

formation during these PM2.5 events. 
Among the eight HNO3 formation pathways, during the daytime, the 

reaction of NO2 and OH (R1) accounted for more than 90% of the total 
HNO3 at that moment. From nighttime to the early morning, the het-
erogeneous reaction of N2O5 (R2) could account for approximately 
30%–90% of the total HNO3, followed by the reduction reaction of 
organic nitrate (R5) from nearly zero to 14% of the contribution to 
HNO3 and the homogeneous reaction of N2O5 (R3a, R3b) from 
approximately zero to 11%. The next reaction was that of HCs and NO3 
radicals (R4), followed by the heterogeneous reaction of NO2 on the 
surface of aerosols (R8) and reaction of NO and HO2 radicals (R6), which 
each accounted for less than 3% of the formed HNO3. The reaction of 
NO3 and HO2 (R7) only contributed less than 1% of the formed HNO3. 

For the major formation pathways during daytime, i.e., oxidation 

Fig. 9. The scatter plots of daytime (06:00–18:00) maximum HNO3 and its main precursors and intermedia products at (a) BQ (b) ZM (c) DL (d) CY (e) XG sites for 
(1) O3–OH (2) O3–HNO3 (3) OH–HNO3 (4) NO2–HNO3. All species are daytime maximum concentrations. 
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Fig. 10. The scatter plots of nighttime (18:00–06:00) maximum HNO3 and its main precursors and intermedia products at (a) BQ (b) ZM (c) DL (d) CY (e) XG sites for 
(1) O3–NO3 (2) O3–N2O5 (3) NO3–N2O5 (4) NO2–N2O5 (5) O3–HNO3 (6) NO3–HNO3 (7) N2O5–HNO3 (8) AH2O–HNO3 (9) NO2–HNO3. All species are nighttime 
maximum concentrations except O3 is daytime maximum concentration. 
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reactions, the R value between daytime maximum O3 and daytime 
maximum HNO3 was between 0.71 and 0.94, obviously higher than that 
for O3–OH, OH–HNO3, and NO2–HNO3. For nighttime heterogeneous 
reactions, it was found that the relationships between daytime 
maximum O3 and nighttime maximum NO3, N2O5, and HNO3 were 
moderately to highly correlated. Instead, NO2 was poorly to moderately 
correlated with those intermediate products and HNO3. This implies that 
regardless of the daytime or nighttime, O3 always played an important 
role in HNO3 formation and could be even more important than the 
precursor NO2. 

The sensitivity test shows that if NOX reduction is strengthened, 
NO3

− would decrease accordingly, thus reducing PM2.5 in Taiwan. 
However, the long-term observation reveals the NOx concentrations/ 
emission reduction in the last decade did not reduce NO3

− . The present 
simulation results have demonstrated O3 plays an important role in the 
NO3

− formation, which may echo the results of Thunis et al. (2021) that 
the reduction in NOX emissions could increase O3 in some NOX-rich 
areas and lead to a transitionary increase in PM2.5 in winter in Europe. 
Therefore, we suggest to re-examine the NOX-limited and VOC-limited 
areas because NOX reduction could directly reduce NO3

− or possibly 
increase the O3 concentration in VOCS-limited regions and then lead to 
NO3

− formation. How to reduce NOX emissions and reduce O3 concen-
trations at the same time is a challenge because these two strategies 
could conflict if the NOX emission reduction is not correct in amount or 
in location. Therefore, further in-depth studies are needed for this 
difficult issue. 
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