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A B S T R A C T   

This work presents a three-year continuous observation of ozone (O3) and fine particle (PM2.5), as well as their 
precursors in Qingdao, China, from September 2018 to August 2021. The annual concentrations of O3 and PM2.5 
were measured as 35.9–44.5 ppbv and 31.6–34.2 μg m− 3, respectively. Analysis of the interannual variations of 
O3 and PM2.5 concentration indicated the effective control measures for PM2.5 and O3 pollution in Qingdao in 
recent years. Nevertheless, we still observed 85 O3 episodes and 80 PM2.5 episodes during the whole observation. 
And it was found that the fraction of secondary inorganic aerosols (SIA) in PM2.5 mass significantly increased 
during PM2.5 episodes. By employing the Lagrangian photochemical trajectory model (LPTM), we investigated 
the roles of local production and regional transport (i.e., short-distance transport and long-distance transport) 
that play in the O3 and SIA formation in these episodes. The contribution of local production, short-distance 
transport, and long-distance transport to O3 concentration was calculated as 36%, 25%, and 39%, respec
tively. Long-distance transport seemed to play a more significant role in the SIA formation, accounting for 56% of 
SIA concentration. Moreover, the calculation results of the relative incremental reactivity (RIR) showed that both 
O3 and SIA formation were mainly affected by NOx and VOCs emissions during the process of long-distance 
transport. The observed unexpectedly high contribution of long-distance transport to O3 and SIA formation 
suggests that more extensive regional joint prevention and control policies on NOx and VOCs emissions are 
warranted to mitigate secondary air pollution.   

1. Introduction 

Ozone (O3) and fine particle (PM2.5) pollution have become major 
environmental problems and aroused widespread concern in China (Zhu 
et al., 2023). In recent years, the Chinese government has implemented a 
series of measures such as the Clean Air Action Plan (2013–2017) (http 
://www.gov.cn/zwgk/2013-09/12/content_2486773.htm) and the 
Blue Sky Protection Campaign (2018–2020) (http://www.gov.cn/zhe 
ngce/content/2018-07/03/content_5303158.htm) to reduce pollution. 
Although PM2.5 pollution control has made remarkable achievements, 
O3 pollution has intensified (Dang and Liao, 2019; Zhai et al., 2019; 
Wang et al., 2022b). Serious regional PM2.5 and O3 episodes still occur 

frequently, especially in the major cities of China, e.g., Beijing, 
Shanghai, Guangzhou and Qingdao (Zhang et al., 2021c; Chen et al., 
2020; Gao et al., 2020; Wang et al., 2022a; Zhang et al., 2021b). A better 
understanding of the causes of O3 and PM2.5 episodes is an important 
step toward developing efficient control strategies against O3 and PM2.5 
pollution. 

O3 a secondary pollutant, is mainly produced by the photochemical 
reactions of volatile organic compounds (VOCs) and nitrogen oxides 
(NOx =NO +NO2). In addition to the local production, O3 concentration 
might also be affected by other regions delivering either O3 itself or its 
precursors (Sun et al., 2019; Wang et al., 2017a, 2017b; Xue et al., 
2014). A lot of field and model studies also explored the contribution of 
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local photochemical formation and regional transport to O3 concentra
tion (Wang et al., 2019; Lyu et al., 2019; Gong et al., 2020; Zhang et al., 
2021e). Wang et al. (2019) revealed the spatial differences in the 
contribution of regional transport to O3 pollution. They found that local 
production dominated O3 pollution in the Pearl River Delta and 
Beijing-Tianjin-Hebei regions, but the transboundary O3 pollution in the 
Yangtze River Delta was significant. Gong et al. (2020) performed a 
quantification study about the transport of O3 from central eastern to 
north China with the GEOS-Chem model, revealing that O3 transport 
from central eastern China can contribute 36% of the enhanced O3 
concentration in North China. Our previous work also traced the sources 
of O3 pollution at Mount Tai by integrating field observation and model 
simulation (Zhang et al., 2021e). Using the Lagrangian photochemical 
trajectory model (LPTM), which was developed on the structure of the 
PTM model by combining the Lagrangian backward trajectory model 
and the MCM box model (Derwent and Jenkin, 1991; Hough and Der
went, 1987), we found that the contribution of transport from outside of 
North China Plain (NCP) to O3 concentration was ~26%. Although 
regional transport is verified to be the major source of O3 concentration, 
there remains the question of whether this enhancement is contributed 
by the input from surrounding areas or air mass coming from a longer 
distance. Moreover, this may have a significant impact on the formu
lation of detailed pollution prevention and control measures. Therefore, 
it is essential to further understand the effects of long-distance transport 
on O3 pollution and their driving forces. 

Secondary inorganic aerosols (SIA), including nitrate (NO3
− ), sulfate 

(SO4
2− ) and ammonium (NH4

+), are critical drivers of severe haze in 
China and account for 30%–60% of the total fine particulate matter 
(PM2.5) mass during the haze events in China (Huang et al., 2014; Zhao 
et al., 2013). Gaseous sulfur dioxide (SO2) and ammonia (NH3) are 
well-known as the precursors of sulfate and ammonium in the atmo
sphere (Fu et al., 2017; Guo et al., 2019; Zhang et al., 2021a). Previous 
studies revealed that the homogeneous reaction of NO2 with OH radicals 
during the daytime and the heterogeneous reactions of NO3 and N2O5 
during the nighttime is the main formation pathways of NO3

− (Brown 
and Stutz, 2012; Wang et al., 2009). For nitrate chemistry, in addition to 
the abundance of its precursors, atmospheric oxidants (such as OH 
radicals and O3) generated by the reaction of NOx and VOCs are also key 
influencing factors. Given the same precursors contained, regional 
transport may also play an important role in producing nitrate like O3. 
Moreover, the successful application of the LPTM model on O3 forma
tion also implies that it may be feasible to quantify the contribution of 
regional transport to the formation of nitrate and other SIA using the 
LPTM model as well. 

Therefore, in this study, we carried out a three-year continuous field 
management (from September 2018 to August 2021) on monitoring the 
concentration of O3 and PM2.5 as well as their precursors in Qingdao, 
one of the major cities in China. The seasonal and interannual variations 
of O3 and PM2.5 was studied. Furthermore, we also developed the LPTM 
model and used it to investigate the role of regional transport, particu
larly for long-distance transport, that plays in O3 and PM2.5 episodes and 
elucidate the detailed mechanism. 

2. Methods 

2.1. Sample collection 

The three-year field observation campaign was performed from 
September 2018 to August 2021 in Qingdao, China. As shown in Fig. 1, 
the observation site is located on a six-floor roof of a building about 15 m 
above the ground in Qingdao (120.67◦E, 36.35◦N). During the 
campaign, the concentrations of PM2.5, O3, NO, NO2, SO2 and CO, as 
well as meteorological parameters (i.e., relative humidity (RH), tem
perature, pressure and wind speed) were obtained from the ambient air 
quality monitoring station of Qingdao. VOCs concentrations were 
measured by online gas chromatography-mass spectrometry (TT24xr, 

Makers, UK; GC–MS, Thermo Scientific, USA). The particle number 
spectrum was recorded by Scanning Mobility Particle Sizer (SMPS, 
GRIMM, Germany) and Wide-range Particle Sizer (WPS, MSP, USA). 
PM2.5 samples were collected by a medium volume air sampler (TH- 
150A, Wuhan Tianhong Instrument, China) and the water-soluble 
inorganic components in PM2.5 were detected by the ion chromatog
raphy (ICS-600, Dionex, USA). More details about the sample collection 
and measurement method can be seen in our previous studies (Zhang 
et al., 2021d; Liu et al., 2021; Yang et al., 2007; Zhu et al., 2021). 

2.2. Lagrangian Photochemical Trajectory Model 

The main sources and mechanisms for O3 and SIA formation in the 
regional transport process were analyzed by the Lagrangian Photo
chemical Trajectory Model (LPTM) (Zhang et al., 2021e), which was 
built based on the coupling of the Lagrangian backward trajectory model 
with the chemical box model. 

Both single backward trajectories and clusters were obtained using 
the HYSPLIT model (Draxler and Hess, 1998; Stein et al., 2015). The 
3-day backward trajectories of selected 16 O3 episode days (defined as 
the daily maximum 8 h average O3 exceeded 75 ppbv) and 28PM2.5 
episode days (defined as the 24 h average PM2.5 exceeded 75 μg m− 3) 
was calculated once a day, with an ending at an altitude of 100 m above 
the observation site. The trajectories of above the O3 episodes and PM2.5 
episodes were classified into a few major clusters using a built-in clus
tering analysis tool within the HYSPLIT model, respectively. The Global 
DATA Assimilation System (GDAS) archived data (1◦) was used to drive 
the HYSPLIT model. Real-time meteorological parameters (temperature 
and RH) and planetary boundary layer (PBL) for the single backward 
trajectories were obtained along with the backward trajectories. 

The LPTM consists of five major modules: input, initialization, 
physical, chemical, and output. The input module was used to read grid 
emission rates of primary pollutants data (CO, SO2, NH3, NOx and non- 
methane VOCs (NMVOCs)) and meteorological data (temperature and 
RH). Three types of primary emission sources including anthropogenic, 
biogenic and biomass burning emissions were considered. The data of 
anthropogenic emissions were obtained from the MEIC inventory 
(Multi-resolution Emission Inventory for China; 0.25◦ × 0.25◦; monthly 
resolution in 2017; http://www.meicmodel.org/; Li et al., 2014). The 
data of biogenic emissions were obtained from the inventory developed 
by the group of Jintai Lin (Global high-resolution natural emissions; 

Fig. 1. Map of Qingdao and the sampling site (36.35◦N, 120.67◦E). The sam
pling site is about 1.3 km away from the coastline in Qingdao. 
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0.25◦ × 0.3125◦; monthly resolution in 2017; www.pku-atmos-acm. 
org/; Weng et al., 2020). And biomass burning emissions data were 
provided by the Global Fire Emission Database (0.25◦ × 0.25◦; monthly 
resolution in 2019 and 2020; http://www.globalfiredata.org/; Akagi 
et al., 2011). For anthropogenic and biological sources, when the air 
mass trajectory was below PBL, the primary pollutants were considered 
as well mixed and their emission rate was calculated; otherwise, their 
emission rate was set to zero. Biomass combustion sources were assumed 
to be well mixed within 2000 m. The initialization module was used to 
set the initial concentrations of major pollutants (CO, SO2, NH3, NOx, 
O3, NMVOCs, NO3

− , SO4
2− , NH4

+ and Cl− etc.), meteorological parameters 
and other related parameters, including H+, liquid water content (LWC) 
and particle radius. For major pollutants, if the air mass trajectory was 
below the PBL, the initial major pollutants were set using the median of 
the observed value in Qingdao on the first day of the trajectory. 
Otherwise, the 10th percentile of the observation data was used. Due to 
the lack of observed NH3, the initial concentration of NH3 was obtained 
from other studies (Meng et al., 2014; Pan et al., 2018; Xiang et al., 
2022). The meteorological parameters were initialized using the data 
obtained along with the backward trajectories. H+ and LWC calculated 
by ISORROPIA–II were initialized using the median value and the par
ticle radius was initialized using the observed median radius. Physical 
and chemical modules incorporated complex physical and chemical 
processes. The physical processes majorly contain regional transport, 
variation of solar radiation intensity, dilution, and dry deposition. The 
chemical process was simulated based on RACM-CAPRAM multiphase 
chemical mechanism. RACM-CAPRAM was constructed by the gas-phase 
chemical mechanism of RACM2 coupled with the liquid-phase chemical 

mechanism of CAPRAM2.4 (Ervens et al., 2003; Goliff et al., 2013). The 
gas-particle partitioning reaction in the RACM-CAPRAM multiphase 
chemical mechanism was parameterized according to the method pro
posed by Schwartz (1986). In the model simulation, the primary pol
lutants emission rate and meteorological parameters were read at the 
time resolution of 1 h, and then the complex chemical reaction and 
physical process of these pollutants were carried out. Finally, the output 
module outputted the selected species concentrations and reaction rates. 

Based on the model simulation, we quantified the contribution of 
local production and regional transport to O3 and SIA concentration in 
the O3 and PM2.5 episodes in Qingdao. In addition, sensitivity analysis 
was performed to decouple the relationship between the regional 
transport and the precursors of O3 or SIA. In this study, two major O3 
precursor groups (i.e., NOx and VOCs) and four SIA precursor groups (i. 
e., NH3, NOx SO2 and VOCs) were considered. 

3. Results and discussion 

3.1. Overview of filed observation 

Fig. 2 shows the time series of major trace gasses (i.e., NO, NO2, CO, 
SO2, O3, VOCs), PM2.5 and meteorological parameters from September 
2018 to August 2021in Qingdao. The mean concentrations of O3, CO, 
SO2, NO, NO2, and PM2.5 were measured as 38.9 ± 19.0 ppbv, 577 ±
296 ppbv, 2.60 ± 1.36 ppbv, 1.78 ± 2.29 ppbv, 9.55 ± 7.85 ppbv and 
32.8 ± 34.3 μg m− 3, respectively. Table S1 lists the annual concentra
tion of these compounds during the observation. It is found that there is 
no obvious change in the annual concentration of PM2.5 from 2019 to 

Fig. 2. Time series of pollutants and meteorological parameters from September 2018 to August 2021 in Qingdao.  

Y. Yang et al.                                                                                                                                                                                                                                    

http://www.pku-atmos-acm.org/
http://www.pku-atmos-acm.org/
http://www.globalfiredata.org/


Applied Geochemistry 155 (2023) 105729

4

2021 (2019 was defined as from September 2018 to August 2019, 2020 
was defined as from September 2019 to August 2020, and 2021 was 
defined as from September 2020 to August 2021). The annual mean 
concentration of PM2.5 from 2019 to 2021 was measured as 31.6 ± 33.4, 
34.2 ± 35.8, and 32.0 ± 33.2 μg m− 3, respectively. The annual mean O3 
concentration from 2019 to 2021 was also measured as 44.5 ± 20.8, 
35.9 ± 17.0 and 37.3 ± 18.5 ppbv, respectively. O3 concentration 

decreased first and then slightly increased. This trend is also consistent 
with the annual variation of NOx concentration, indicating the impor
tance of NOx emission reduction to O3 pollution control. The previous 
study also pointed out the shift in O3 sensitivity from the VOCs limited 
regime to the transitional regime in eastern China (Wang et al., 2021). 

Fig. 3 displays that these pollutants exhibit strong seasonality. O3 
concentration exhibits a distinguished seasonal variation. The peak of 

Fig. 3. Temporal variations of CO, SO2, NO2, NO, PM2.5 and O3 based on hourly measurements at the observation site from September 2018 to August 2021. The box 
plot provides the 5%, 25%, 50%, 75% and 95% of the data, while the dots indicate the mean concentration. (Spring: March, April, May; Summer: Jun, July, August; 
Fall: September, October, November; Winter: December, January, February). 
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seasonal mean O3 concentration shown in summer (45.7 ± 18.6 ppbv) 
may be resulted from the higher temperature and stronger photo
chemical activity, thereby promoting O3 production (Zhang et al., 
2018). For PM2.5, the highest (61.4 ± 51.3 μg m− 3) and lowest (16.9 ±
10.7 μg m− 3) mean seasonal concentration of PM2.5 was observed in 
winter and summer, respectively. This may be attributed to the 
comprehensive effects of exacerbated PM2.5 precursors emission from 
heating and the lower mixing layer in winter (Miao et al., 2015; Zhang 
et al., 2001, 2009). Consistent with the seasonal variation trend of 
PM2.5, the concentrations of gaseous pollutants (CO, NOx, and SO2) 
generally peak in winter and decrease substantially in summer. 

3.2. Analysis of O3 sources 

According to the Grade II standard of the Chinese Ambient Air 
Quality Standards (CAAQS, GB 3095-2012), the O3 pollution was 
defined as the daily maximum 8 h average of O3 concentration 
exceeding 75 ppbv in this study. Although annual mean O3 concentra
tions decreased due to the effective control measures, we still observed 
85 O3 episodes during the whole three-year campaign. Fig. S1(a) dis
played that O3 episode days mainly occurred in summer, especially in 
2019 summer, accounting for about 19% of the total O3 episode days (16 
days). As mentioned above, O3 is a secondary pollutant produced by 
photochemical reactions of VOCs and NOx (Wang et al., 2017b). In 
addition to the local production, O3 concentration can also be affected 
by other regions delivering either O3 itself or its precursors. Given the 
frequent O3 episodes occurring in 2019 summer, a total of 16 O3 epi
sodes in this period were selected to study how O3 pollution was 
contributed by the local formation and regional transport (hereafter 
called Case 1). The non-negligible effects of transportation on O3 
pollution were also verified by the results of the backward trajectories of 
air mass (Fig. S2). The 3-day backward trajectories indicated that air 
masses passed through the polluted areas (e.g., Yangtze River Delta) 

before arriving at the observation site during these O3 episode days. 
In this study, we employed the LPTM model to quantify the contri

bution of local formation and regional transport to O3 concentration for 
Case 1. This model was successfully applied to quantify the contribution 
of regional transport and local production to O3 concentration in Mt. Tai 
in our previous work (Zhang et al., 2021e). Before the quantification 
study, the accuracy of the O3 concentration simulated by the LPTM 
model was examined. As shown in Fig. 4, the modeling LPTM concen
tration of O3, Ox, NOx and CO was in agreement with the observation 
data and showed a strong correlation (R2: 0.43–0.85) with the obser
vation data. Moreover, the relevant evaluation indicators, such as mean 
fractional bias (MFB) and mean fractional error (MFE), were also in line 
with the benchmark (MFB: 15%; MFE: 35%) recommended by the 
USEPA (2007) (Table S2). These results indicated that LPTM simulation 
results could be used for further calculation about the contribution of 
local production and regional transport to O3 concentration in Qingdao. 

The contributions of the local production and regional transport to 
O3 concentrations were calculated by the regional O3 formation poten
tial (ROFP) (Zhang et al., 2021e). The ROFP of the air mass passing 
through a specific region can be expressed as equation (E1): 

ROFP=O3 MAX − O3 MIN (E1)  

Where O3MAX refers to the maximum hourly O3 concentration simulated 
by LPTM on the last day of the receptor region, and O3MIN refers to the 
minimum hourly O3 concentration simulated by LPTM before the 
appearance of O3MAX in the receptor region. Ox (Ox = O3 + NO2) instead 
of O3 was used to calculate ROFP to eliminate the influence of NO 
titration and represent a good measure of O3 production (Jain et al., 
2022). The ROFP of local (Qingdao) and other regions is calculated as 
23.7 ± 28.1 and 36.4 ± 26.9 ppbv, respectively. Local production and 
transport can contribute to 36% and 64% of O3 concentration in Qing
dao, respectively, implying the significant influence of regional 

Fig. 4. Comparison of (a) O3, (b) Ox, (c) NOx, and (d) CO between field observations and LPTM simulations for the 16 O3 episodes in 2019 summer.  
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transport on O3 pollution in Qingdao. 
We further specify the contribution of regional transport by dividing 

it into short-distance and long-distance transport. Short-distance trans
port represents the contribution of the area less than 200 km away from 
Qingdao (Fig. S3). Otherwise, it is called long-distance transport. The 
range of short-distance transport defined is approximate to the region of 
the Yangtze River Delta, one of the major urban agglomerations in 
China. As shown in Fig. 5(a), the short-distance transport contributes 
25% of O3 concentration in Case 1. The contribution of long-distance 
transport (39%) is 1.5 times larger than that of short-distance trans
port. This value is also higher than that of local production (36%), 
suggesting the significant role of long-distance transport in O3 formation 
in Qingdao. 

The detailed mechanisms for the influence of long-distance transport 
are further investigated. According to the results of the 3-day backward 
trajectories of 16 O3 episodes, the air masses arriving in Qingdao were 
assembled into three clusters that mainly came from the northeast 
(Cluster-1), southeast (Cluster-2) and southwest (Cluster-3) of Qingdao 
(Fig. 6(a)). Given that NOx and VOCs are the major precursors for O3 
formation, the relative incremental reactivity (RIR) value of NOx and 
VOCs for O3 formation was estimated in the areas where air mass clus
ters pass through. The RIR here is defined as the ratio of the percent 
decrease in the O3 concentrations in Qingdao to the percent decrease in 
the emissions of the target O3 precursors over a specific source region 
that can be expressed as equation (E2): 

RIRO3 (X)=

[
CO3 (X) − CO3 (X − ΔX)

]/
CO3 (X)

ΔX/X
(E2)  

Where CO3 is the O3 concentration in Qingdao simulated by LPTM, X 
represents the emission rate of the specific precursor (NOx or VOCs); ΔX 
is the hypothetical change of the emission rate of X (10% in this study in 
accordance with the previous studies (Wang et al., 2018; Shen et al., 
2021; Zheng et al., 2023)). The positive RIR values indicate that the 
emission reduction of such precursor inhibits the O3 formation, and the 
negative values indicate the reduction of its precursor promotes O3 
formation. Fig. 6(b) shows the RIR values of O3 affected by NOx and 
VOCs over long-distance transport. Although the frequency of Cluster-3 
air masses approaches 50%, NOx and VOCs carried by Cluster-3 have a 
negligible impact on O3 concentration in Qingdao. O3 concentration 
seems to be pronouncedly affected by air masses from Cluster-2 air mass. 
These air masses from the southeast may pass through the Yangtze River 
Delta, where industry and ports are located, with the large emission of 
NOx and VOCs. Data from the MEIC inventory shows that NOx and VOCs 
emitted per unit area in the Yangtze River Delta are 4.5 and 5.2 times the 
national average, respectively (An et al., 2021). Therefore, the collab
orative emission reduction of NOx and VOCs, especially for the Yangtze 
River Delta, may be important to alleviate O3 pollution in Qingdao. 

3.3. Analysis of SIA sources 

During the campaign, it was also found that there were still 80 days 
of PM2.5 concentration over the Grade II CAAQS for PM2.5 (75 μg m− 3 for 
24 h average). The highest number of PM2.5 episode days is observed in 
2020 winter, with a total of 28 days (Fig. S1(b)). It is worth noting that, 
among the PM2.5 episodes, the proportion of SIA also significantly 
increased in addition to concentration compared to non-PM2.5 episode 
days (Table 1). The concentrations of SIA comprise about half of the 
PM2.5 mass in these episode days. Previous studies pointed out that 
regional transport can also serve as a potentially important source of SIA 
formation (Du et al., 2020; Lim et al., 2020; Zhong et al., 2022). The 
results of 3-day backward trajectories during the PM2.5 episodes support 
the speculation that SIA formation in Qingdao may be related to the 
regional transport (Fig. S4). Thus, we also used the LPTM model to 
explore the role of local production and transport on SIA formation in 
Qingdao by selecting the PM2.5 episodes that occurred in 2020 winter as 
the case (Case 2). As shown in Fig. 7, the modeling LPTM concentration 
of CO, SO2, and NOx was comparable to the observation data with strong 
correlations (R2: 0.42–0.76). The relevant evaluation indicators of MFB 
and MFE were also in line with the benchmark (MFB: 50%; MFE: 75%) 
recommended by the USEPA (2007) (Table S3). The results of the un
certainties analysis indicate that the LPTM model could reproduce the 
increased process of SIA concentration for Case 2 and undergo further 
simulation. 

The importance of local production and regional transport to SIA 
concentrations were assessed by the calculation result of the regional 
SIA formation potential (RSIAFP) using the equation (E3): 

RSIAFP= SIAMAX − SIAMIN (E3)  

Where SIAMAX refers to the maximum hourly SIA concentration simu
lated by LPTM on the last day of the receptor region, and SIAMIN refers to 
the minimum hourly SIA concentration simulated by LPTM before the 
appearance of SIAMAX in the receptor region. The RSIAFP of local pro
duction and regional transport was calculated as 7.34 ± 11.45 and 
31.28 ± 34.41 μg m− 3, respectively. The value of regional transport 
calculated is about four times higher than that of the local production, 
indicating the important contribution of regional transport to SIA con
centration for Case 2. Analogously, the specific contributions from short- 
distance and long-distance transport were further identified. It is found 
that the role of long-distance transport that plays in PM2.5 episodes 
seems to be more important than that in the O3 episodes. As shown in 
Fig. 5(b), long-distance transport can contribute to 56% of SIA con
centration, dominating the SIA formation in Qingdao. Long-distance 
transport also significantly contributes to the formation of SIA compo
nents, calculated as 61% for NO3

− , 54% for NH4
+ and 49% for SO4

2− , 
respectively (Fig. S5). 

Fig. 5. Contribution ratio of local, short-distance transport and long-distance transport to the LPTM-simulated (a) Ox concentrations during the O3 episodes in 2019 
summer and (b) SIA concentrations during the PM2.5 episodes in 2020 winter in Qingdao. 
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In analogous to O3, RIR values of SIA are calculated to evaluate the 
role of its precursors (SO2, NOx, NH3 and VOCs) that play during long- 
distance transport. Air masses can also be assembled into three clus
ters during the 28 PM2.5 episode days according to the corresponding 3- 
day backward trajectory (Fig. 8(a)). And then, the response of LPTM- 
simulated SIA in Qingdao to the SIA precursors in a specific source re
gion that air masses clusters are passed was calculated by equation (E4): 

RIRSIA(X)=
[CSIA(X) − CSIA(X − ΔX)]/CSIA(X)

ΔX/X
(E4)  

Where CSIA is the SIA concentration in Qingdao simulated by LPTM, X 
represents the emission rate of the specific precursor (SO2, NOx NH3 or 
VOCs); ΔX is the hypothetical change of the emission rate of X (10% in 
this study). As shown in Fig. 8(b), it was found that the reductions of SO2 
and NH3 likely have an insignificantly important influence on SIA con
centration. This may arise from the acidity of particle changes accom
panying the reduction of sulfate or NH4

+, and subsequently aid the 

formation of other SIA components, thereby maintaining SIA at a con
stant. Previous filed studies observed the enhanced particulate acidity 
resulted from NH3 emission reduction, thereby facilitating the 
enhancement of nitrate formation by reducing ClNO2 production from 
NO2

+ (a product of N2O5 heterogeneous uptake) and Cl− (Roberts et al., 
2008; Wen et al., 2018). It is noted that SIA concentration is significantly 
affected by the reduction of either NOx or VOCs. For Cluster-1 and 
Cluster-3 air masses, SIA formation was most sensitive to NOx reduction 
(Fig. 8). NOx emission reduction plays a double-edged role in SIA for
mation. On the one hand, NOx reduction decreased the concentration of 
HNO3, which is not conducive to the conversion of HNO3 and NH3 to 
particulate NH4NO3, resulting in the decrease of NO3

− and NH4
+ con

centration (Wen et al., 2018). On the other hand, the reduction of NOx 
can increase the concentration of O3 and H2O2 and then promote the 
aqueous-phase formation of SO4

2− (Tsimpidi et al., 2008). Although an 
increase in SO4

2− somewhat offsets the benefit of reduced NO3
− , NOx 

reduction may still be effective in SIA concentration decrease (Fig. S6). 
For air masses Clusrer-2, SIA formation is most sensitive to VOCs 
reduction rather than NOx. VOCs reduction could effectively reduce the 
concentration of atmospheric oxidants, inhibiting the formation of NO3

− , 
SO4

2− and NH4
+. The high sensitivity of SIA to VOCs reduction also in

dicates the importance of reducing atmospheric oxidation levels for SIA 
and PM2.5 pollution control in winter. 

4. Conclusions 

This work presents a three-year continuous observation of O3 and 
PM2.5 in Qingdao, China, from September 2018 to August 2021. It is 
found that both PM2.5 and O3 exhibit strong seasonality. PM2.5 generally 
peaks in winter and decreases substantially in summer, while O3 shows 
the converse trend. Furthermore, the interannual variation of PM2.5 and 

Fig. 6. (a) The 3-day backward trajectories of principle air mass clusters arriving in Qingdao during the 16 O3 episodes. (b) RIRs of O3 calculated at 10% of NOx and 
VOCs reduction in the air mass clusters during long-distance transport. 

Table 1 
Concentrations of the SIA components and PM2.5 as well as SIA/PM2.5 ratio in 
PM2.5 episodes and non-PM2.5 episodes in the 2019 winter.  

Species (μg m− 3) PM2.5 episode days non-PM2.5 episode 
days 

All days 

PM2.5 133.2 ± 39.8 42.3 ± 16.7 85.1 ± 54.9 
SO4

2- 14.05 ± 7.57 3.81 ± 2.20 8.63 ± 7.43 
NO3

− 33.10 ± 18.44 8.89 ± 7.79 20.28 ±
18.28 

NH4
+ 14.92 ± 7.98 3.82 ± 3.07 9.04 ± 8.07 

SIA 62.07 ± 33.31 16.51 ± 12.95 37.95 ±
33.45 

SIA/PM2.5 46% ± 21% 35% ± 15% 40% ± 19%  

Fig. 7. Comparison of (a) SO2, (b) NOx and (c) CO between field observations and LPTM simulations for the 28 PM2.5 episodes in 2020 winter.  
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O3 concentrations was also investigated. The annual mean concentra
tions of O3 and PM2.5 were 35.9–44.5 ppbv and 31.6–34.2 μg m− 3, 
respectively. Analysis of the interannual variation of O3 and PM2.5 
concentration indicates the effective control measures for PM2.5 and O3 
pollution in Qingdao in recent years. However, we still observed 85 O3 
episodes and 80 PM2.5 episodes during the whole observation, suggest
ing the importance of understanding the causes of O3 and PM2.5 episodes 
to further improve air quality. 

Based on observational data, we employed the LPTM to quantify the 
contribution of local photochemical formation and regional transport to 
O3 concentration during O3 episodes. The average contribution of local 
production, short-distance transport, and long-distance transport to O3 
concentration was calculated as 36%, 25%, and 39%, respectively, 
during the O3 episodes in 2019 summer. This result suggests the 
potentially important role of long-distance transport in O3 concentration 
increased when O3 episodes occurred. We also performed for the first 
time to apply LPTM to investigate the sources of SIA given that they are 
also secondary pollutants and their formation may also be affected by 
the local production and regional transport. A higher contribution of 
long-distance transport to SIA formation was observed (56%). Long- 
distance transport may play a previously underrated role in O3 and 
PM2.5 pollution in Qingdao. Furthermore, the analysis of the relative 
incremental reactivity (RIR) shows that both O3 and SIA formation are 
mainly affected by NOx and VOCs emissions during the process of long- 
distance transport. These findings highlight the importance of regional 
transport, particularly for long-distance transport, for O3 and PM2.5 
production, and provide valuable insight into the formulation of control 
measures for O3 and PM2.5 in a typical Chinese major city. Although the 
results of selected cases in this study prove the significant contribution 
of regional transport to O3 and SIA in Qingdao, the temporal variation of 
regional transport contribution to O3 and SIA in Qingdao is unclear. In 
the future, we will continue to conduct observations in Qingdao to 
explore the influence of regional transport on the long-term change 
trend of O3 and SIA in Qingdao. 
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