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ARTICLE INFO ABSTRACT

Handling Editor: Xavier Querol Tropospheric ozone (O3) pollution has been becoming prominent in North China Plain (NCP) in China since last
decade. In order to clarify the source contribution and formation mechanism of Og, the critical precursors of

Keywords: volatile organic compounds (VOCs) were measured with both on-line and off-line methods in Luoyang City in

VOCs . summer of 2019. The concentrations of nitrogen oxides (NOy, sum of NO and NO,) and O3 were simultaneously

;rgpmphem ozone monitored. Fifty-seven VOCs measured in U.S. Photochemical Assessment Monitoring Station (PAMS) showed

WR){?- CHEM daily concentrations in a range of 14.5 + 5.33 to 29.2 + 11.2 ppbv in Luoyang, which were comparable with

those in other Chinese megacities. The mass compositions of VOCs were determined, with comparatively low
proportions of alkanes (<50%) but high fractions of photoreactive alkenes and alkyne. Source apportionment of
VOCs was conducted by Hybrid Environmental Receptor Model (HERM). The results indicated that industrial
(38.5%) and traffic (32.0%) were the two dominated pollution sources of VOCs in the urban, while the biogenic
and residential sources had contributions of 15.8% and 13.8%, respectively. To further measure the O3 formation
sensitivity and its source attribution, the WRF-CHEM model was adopted in this study. The variation of O3
between the observation and the stimulation using the local emission inventory showed an index of agreement
(IOA) of 0.85. The simulation conducted by WRF-CHEM indicated an average of 43.5% of the O3 was associated
with the regional transportation, revealing the importance of inter-regional prevention and control policy. Traffic
and biogenic emissions were the two major pollution sources to an Os episode occurred from July 21 to July 27,
2019 (when O3 concentration over 150 pg m™>) in Luoyang, with average contributions of 22.9% and 18.3%,
respectively. The O3 isopleths proved that its formation in the atmosphere of Luoyang was in transitional regime
and collectively controlled by both VOCs and NOy. This was different from the observations in main cities of NCP
before implantations of strict emission controls. The isopleths additionally designated that the O3 formation
regime would move forward or shift to NOy regime after a reduction of over 45% during the episode. Similar
patterns were also reported in other Chinese megacities such as Beijing and Shanghai, due to the tightening of the
NOy control policies. Our results do support that the simultaneous controls of NOy and VOCs were effective in
reductions of tropospheric O3 in Luoyang. Meanwhile, joint regional control policies on the emissions of NOy and
VOCs can potentially overwhelm the current O3 pollutions in China.

Pollution control

1. Introduction heavy industry centers in China, has been suffering severe ozone (O3)
pollutions since last decade (Lyu et al., 2019; Wang et al., 2017a). High
North China Plain (NCP), as one of the well-developed region and tropospheric O3 concentrations were demonstrated serious adverse
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impacts on human health, global climate and atmosphere (Shao et al.,
2016; Shen et al., 2014). It is well known that volatile organic com-
pounds (VOCs) and nitrogen oxides (NOy) are the two key precursors to
the tropospheric Os formation with complex chemical mechanism
(Pollack et al., 2012). The VOCs concentrations varied with emission
intensities of pollution sources and meteorological conditions, while the
latter factor greatly influences chemical transformation and further
impacts the O3 production (Carter, 2009). Moreover, the ratio of VOCs
to NOy in atmospheric would govern the photochemical processes which
play even more crucial role on the Og formations (Luecken et al., 2018;
Tan et al., 2018). Therefore, it is important to conduct localized source
apportionment and determine the O sensitivity to VOCs and NOy. These
could assist to establish effective control strategies.

Numerous studies have been conducted on the observations of
ambient VOCs. Offline sampling method was mostly adopted in deter-
mination of spatial distributions of VOCs (Ho et al., 2018; Yamada,
2013) due to its portability and accessibility. However, the collection
efficiencies might be impacted by the multiple parameters (Ho et al.,
2017, 2018). Online VOCs sampling technology is becoming popular
(Cui et al., 2016). However, the extremely high costs (i.e., instrumen-
tation, installation and maintenance) limit its applications on the
extensive monitoring campaigns. Many previous studies were troubled
with the selection of a proper sampling method, thereupon left certain
uncertainties and limitations for subsequent chemical analysis.

Receptor models are frequently applied in VOCs source apportion-
ments (Liu et al., 2008b). Even though the massive usages, positive
matrix factorization (PMF) and chemical mass balance (CMB) both
showed demerits. PMF needs large data sets while CMB requires precise
localized VOCs profiles (Hopke, 2016). A new model combining PMF
and CMB, namely Hybrid Environmental Receptor Model (HERM), has
been developed and demonstrated its superiority in particulate matter
(PM) apportionments (Chen and Cao, 2018). Currently, the HERM is
rarely used in source apportionment with VOCs data sets.

Weather Research and Forecasting Model with Chemistry (WRF-
CHEM) was selected in this study to conduct O3 source attribution and
sensitivity tests. The WRF-CHEM model could resolve meteorology and
physical/chemical processes on the pollutant at the same time (Argha-
vani etal., 2019; Ryu et al., 2019; Su et al., 2017). Furthermore, with the
assist of localized emission inventory and vast cases, the WRF-CHEM
generally performs well in simulating meteorological parameters and
O3 pollutions against observations in NCP (Guo et al., 2016; Su et al.,
2017; Wang et al., 2016; Wu et al., 2018b; Zhang et al., 2017). Localized
inventory and observation data in Luoyang were input into the WRF-
CHEM model for obtaining a better inversion result. This assists to
interpret O3 episodes and conduct sensitivity studies in Luoyang.

Luoyang, a typical industrial city located in Henan province of China,
is suffering severe O3 pollution. The annual 90th centile maximum 8-h
concentration of O3 ranked top 20 among 364 cities in China since
2016 (Li et al., 2018b). As the city of the second highest gross domestic
production (GDP) in Henan, Luoyang has large numbers of petrochem-
ical and furniture manufacturers which are known large producers to
ambient VOCs (LBS, 2018). In this study, a comprehensive VOC sam-
pling campaign was conducted in urban and rural sites in Luoyang in
summer of 2019. A total of 232 offline VOC samples were collected, and
additionally with an intensive 30-day continuous online monitoring of
VOCs, NOy and Oj3 in an urban city-center. HERM was firstly employed
for the source apportionment with those offline and online VOCs data
sets. In addition, the WRF-CHEM model was adopted in resolving O3
sources and conducting sensitivity measurement.

This study focuses on the variations of atmospheric VOCs and Os,
which are aimed (1) to obtain characteristics and source apportionment
of VOCs in Luoyang and (2) to further investigate the O3 source attri-
bution and formation sensitivity based on the WRF-CHEM model with
the localized data in Luoyang. This paper is organized as follows. Section
2 describes the detailed methodology in VOC measurement and model
configuration. Section 3 shows the discussion on the results, including
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temporal and spatial distributions of VOCs and their source apportion-
ment, source attribution of O3, and O3 sensitivity in Luoyang. A brief
conclusion is presented in Section 4.

2. Methodology
2.1. Offline sampling collection and analysis

Nine sampling sites of which five and four belongs to urban and
suburban, respectively, were selected in this study (Fig. 1). Their loca-
tions are representatives to the regions, where were far away from
obvious pollution sources. One-hour integrated sample was collected at
four time-intervals (i.e., 08:00-09:00, 15:00-16.:00, 18:00-19:00 and
23:00-00:00 LT) in each sampling day between 7th June 2019 and 13th
June 2019.

Ambient air was collected onto a stainless-steel multi-beds tube filled
with Tenax-TA, Carbograph 1-TD, and Carboxen 1003 (C3-DXXX-5266,
Markes International Ltd., Llantrisant, UK) using a low-flow module
pump (ACTI-VOC, Markes International Ltd.) at a flowrate of 50 mL
min~! for 60 min. No breakthrough was observed under the given
flowrate and loading. The sampling inlet was set 1 m above the rooftop
which were at the same building of National Air Quality Monitoring
Station of China. A disposal Teflon filter and potassium iodide (KI)-
coated copper tube were installed in the air upstream to remove any
influences from particulate matters and Os, respectively. One-tenth of
parallel sampling were conducted to evaluate the precisions of sampling
method. All of the absorbent tube samples were properly shipped and
stored in the laboratory before analysis.

The absorbent tubes were analyzed using a thermal desorption (TD)
unit (Series 2 UNITY-xr system, Markes International Ltd.) coupled with
a gas chromatograph (GC)/flame ionization detector (FID)/mass spec-
trometric detector (MSD) (Models 7890A/5977B, Agilent, Santa Clara,
CA, USA). Certified Photochemical Assessment Monitoring Stations
(PAMS) standard gas mixtures (Restek Corporation, Bellefonte, PA,
USA) were used for the calibrations. A multipoint calibration curve was
established to quantify each target compound with a linearity of >
0.999. The minimum detection limits (MDLs) for the 57 PAMS VOCs
analytes were in the range of 0.008-0.326 ppbv with a sampling volume
of 3 L (Table S1). The measurement precisions for the analysis of eight
replicates of standard samples at 2 ppbv was < 5%. Duplicate samples
showed the reproducibility was > 95%. Additional details on sampling
and analytical methods were described in Section S1.

2.2. Other gaseous measurements

The hourly near-surface NOx and O3 concentrations in Luoyang city
were monitored using Thermo Scientific™ Model 49i and Thermo Sci-
entific™ Model 42, respectively, which were managed by the National
or Provincial Air Quality Monitoring Station of China. The nine sampling
sites were selected for offline VOC sampling, where NOy and O3 data
were available (Fig. 1). The open data (from June 7 to August 10, 2019)
and QA/QC information can be downloaded in the official website of
http://www.aqistudy.cn/. All the concentrations of the gases were
consistently reported in volume-base unit (i.e., ppbv).

2.3. Online measurement

An online VOC monitoring system (TH-300B, Tianhong Inc., Wuhan,
China) was employed for continuous measurements of VOCs in an urban
site (Jianxi-west) of Luoyang from July 6 to August 10, 2019. This
sampling site was representative for urban areas of Luoyang. The in-
strument consisted of an ultralow-temperature pre-concentrator and a
GC/FID/MSD, which was set up 1 m above a five-story height rooftop.
The sampling flowrate was set as 60 mL min !, and the time resolution
of each data point was 5 min. A complete working cycle of the online
system includes five steps, including (i) sample collection, (ii) cryo-
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Fig. 1. Maps show the nine sampling sites selected in Luoyang in this study (five urban sites, including Jianxi-west district (JXW), Jianxi-east district (JXE), Laocheng
district (LC), Luolong district (LL) and and High-tech district (HT); and four suburban sites, Yichuan county (YC), Yiyang county (YY), Xin’an county (XA), and Jili

District (JL).

trapping, (iii) TD releases of analytes, (iv) quantifications by GC/FID/
MSD, and (v) heating and anti-blowing purification. Fifty-seven PAMS
VOCs were quantified, consistent to those quantified by the offline
method. The detailed working flow and instrumental parameters were
shown in Section S2.

2.4. Source apportionment of VOCs by HERM

HERM is built upon the ME-2 (multilinear engine) solution to EV-
CMB (effective variance Chemical Mass Balance) problems, but differs
from the current CMB software (i.e., U.S.EPA CMB v8.2). The model
shows ability to analyze one or multiple samples in a single run, inherit
non-negativity constraints, and tolerate to collinearity. HERM could also
solve profiles that are not assigned a priori or some species that are
missing in the profiles and the priority of it compared with EV-CMB and
ME-2. Further information about the algorithms of HERM was shown in
Section S3. While HERM was being ran, five fixed profiles with the 57
PAMS VOCs were selected as data input (Table 1).

2.5. WRF-CHEM model

A special version of regional WRF-CHEM model (Version 3.5.1) was
used to investigate the Og formation and source attributions in North
China Plain and Luoyang city during the study period (Li et al., 2011,
2012, 2010). The calculation using the WRF-CHEM model accounted
multiple parameters, including dynamical inputs (i.e. winds, tempera-
ture, clouds and boundary layer), transport (i.e. advection, convection
and diffusion), dry deposition (Wesely, 2007), wet deposition, gas-phase
chemistry, radiation, and photolysis rates (Tie et al., 2007). Besides, the
WRF-CHEM model used in this study contained the following physical
schemes in calculation, namely the Goddard longwave and shortwave
radiation parameterization (Dudhia, 1989), the WSM 6-class graupel
microphysics scheme (Hong and Lim, 2006), the Mellor-Yamada-Janji
(MYJ) turbulent kinetic energy (TKE) planetary boundary layer (PBL)
scheme (Jani¢, 2001), the unified Noah land-surface model (Chen and
Dudhia, 2001) and Monin-Obukhov surface layer scheme (Janic, 2001).
The chemical scheme (CHEM) coupled with WRF in this study is a
version of Grell et al. (2005), modified by Tie et al. (2007), and further
developed by Li et al. (2010); (2011; 2012;). This specific model in-
cludes a new and flexible gas-phase chemical module and the Models-3
community multi-scale air quality (CMAQ, version 4.6) aerosol module
developed by the U.S.EPA (Binkowski and Roselle, 2003). Detailed

information on the WRF-CHEM model can be found in elsewhere (Li
etal., 2011, 2012, 2010).

A high O3 pollution episode occurred in Luoyang between July 21
and July 27, 2019 was simulated using the WRF-CHEM model. The
model adopts one grid with horizontal resolution of 10 km and 35 sigma
levels in the vertical direction, and the grid cells used for the domain are
350 x 350 (Fig. 2). The anthropogenic emissions were obtained from the
Multi-resolution Emission Inventory of China (MEIC) developed by
Zhang et al. (2009), including five sectors of agriculture, industry, power
generation, residential and transportation. The National Centers for
Environmental Prediction (NCEP) reanalysis data were used to obtain
the meteorological initial and boundary conditions. The chemical initial
and lateral boundary conditions in the WRF-Chem modeling were
created from the global chemical model outputs. The model outputs
from MOZART (Model for Ozone and Related chemical Tracers, Version
4) provided by the UCAR/NCAR (Nation Center for Atmospheric
Research and University Corporation for Atmospheric Research) are
available in different time periods. These have widely been used in
previous studies for chemical initial and boundary conditions of regional
chemical transportation model simulations (Feng et al., 2018; Le et al.,
2020; Wu et al., 2020).

In order to further learn the formation process during the high O3
concentration level period in Luoyang, a fine-grid simulation was per-
formed using the WRF-CHEM model as well. The center point of the
model simulation area was 112.10°E, 34.25°N, while the simulation
area grid was 150 x 150 with a resolution of 2 km. Chemical initial and
boundary conditions were obtained from the output of the above large-
scale simulation. The SAPRC-99 chemical mechanism (Statewide Air
Pollution Research Center, version 1999) was employed for the simu-
lation of VOCs and NOs, in the gas-phase atmospheric reactions (Zhang
et al., 2009). The emission inventory used in the WRF-CHEM model was
collected from the pollutant emission survey data provided by the
Environmental Protection Department of Luoyang City in 2018. It has
been standardized by the framework of mosaic inventory provided by
MIX (an Asian anthropogenic emission inventory to support Model Inter-
Comparison Study for Asia and the Task Force on Hemispheric Transport
of Air Pollution). The emission inventory covers five sources including
electricity, industry, traffic, agriculture, and residential emissions (Li
etal., 2017a). Biogenic sources were quantified using the online MEGAN
(Model of Emissions of Gases and Aerosol from Nature, version 2.0)
(Guenther et al., 2006). Details of the model configurations are given in
Table S2. The simulation domain is shown in Fig. 2.



J. Sun et al.

Table 1
Source profile information used and outputted in HERM (%).
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Gasoline vehicle!  Diesel vehicle>  Industrial coal 3

Solvent usage *  Petrochemical industry HERM output-1 HERM output-2
4

MEAN S.D. MEAN S.D. MEAN S.D. MEAN S.D. MEAN S.D. MEAN S.D. MEAN S.D.
Ethane 3.59 0.75 0.29 0.05 17.57 7.98 n.a. n.a. 6.21 1.07 8.09 2.62 12.65 2.50
Propane 0.37 0.05 0.84 0.65 6.67 4.10 0.07 0.01 15.89 2.74 19.36 2.62 9.95 1.12
i-Butane 0.53 0.02 0.01 0.01 n.a. n.a. 0.05 0.01 5.61 0.97 0.75 0.37 1.17 0.25
n-Butane 1.25 0.16 0.01 0.01 0.63 0.66 0.07 0.01 9.04 1.56 0.80 0.12 1.25 0.08
Cyclopentane 0.22 0.05 0.01 0.01 n.a. n.a. 0.09 0.03 0.73 0.13 0.02 0.01 0.04 0.00
i-Pentane 6.95 0.83 0.89 0.84 1.11 0.51 0.07 0.02 3.20 0.55 0.59 0.22 0.92 0.15
n-Pentane 1.21 0.14 0.01 0.00 1.39 1.41 0.05 0.03 5.09 0.88 0.19 0.06 0.30 0.04
Methylcyclopentane 0.65 0.07 0.01 0.00 0.27 0.21 0.09 0.03 0.91 0.16 0.02 0.02 0.02 0.01
Cyclohexane 0.87 0.10 0.01 0.00 0.13 0.11 0.07 0.03 0.42 0.08 0.00 0.00 0.00 0.00
2,2-Dimethylbutane 0.02 0.02 0.01 0.01 n.a. n.a. 0.00 0.00 0.14 0.03 0.04 0.01 0.06 0.01
2,3-Dimethylbutane 0.01 0.01 0.02 0.01 0.12 0.16 0.19 0.06 0.19 0.04 0.05 0.02 0.07 0.01
2-Methylpentane 3.33 0.04 0.02 0.03 0.61 0.56 0.87 0.33 1.90 0.33 0.08 0.02 0.12 0.01
3-Methylpentane 1.63 0.15 0.00 0.00 0.19 0.17 0.72 0.29 3.30 0.57 0.07 0.02 0.11 0.01
n-Hexane 1.02 0.13 0.20 0.19 1.02 0.92 1.26 0.46 3.12 0.54 0.25 0.04 0.40 0.03
Methylcyclohexane 0.45 0.03 0.01 0.00 0.09 0.10 0.14 0.04 0.72 0.13 0.01 0.01 0.02 0.00
2,3-DimethylPentane 0.46 0.05 0.01 0.00 0.33 0.35 0.00 0.00 0.35 0.06 0.01 0.01 0.02 0.00
2,4-Dimethylpentane 0.34 0.02 0.02 0.03 n.a. n.a. n.a. n.a. 0.05 0.01 0.01 0.01 0.01 0.01
2-Methylhexane 1.70 0.37 0.02 0.01 0.13 0.19 0.07 0.02 0.49 0.09 0.19 0.07 0.30 0.05
3-Methylhexane 1.74 0.34 0.01 0.00 n.a. n.a. 0.09 0.02 0.64 0.11 0.07 0.02 0.11 0.01
n-Heptane 0.75 0.03 0.77 0.66 1.22 0.72 0.24 0.06 1.85 0.32 0.08 0.01 0.13 0.01
2,2,4-Trimethylpentane 0.61 0.08 0.01 0.00 n.a. n.a. n.a. n.a. 0.01 0.00 0.04 0.00 0.07 0.00
2,3,4-Trimethylpentane ~ 0.48 0.06 0.01 0.00 n.a. n.a. n.a. n.a. 0.03 0.01 0.01 0.01 0.02 0.00
2-Methylheptane 1.06 0.17 0.01 0.00 0.49 0.25 0.20 0.06 0.27 0.05 0.02 0.01 0.03 0.00
3-Methylheptane 0.94 0.09 0.01 0.00 0.18 0.11 0.09 0.02 0.09 0.02 0.02 0.01 0.03 0.00
n-Octane 0.26 0.04 0.01 0.00 0.86 0.41 1.01 0.23 0.66 0.12 0.09 0.06 0.14 0.04
n-Nonane 0.21 0.02 0.01 0.00 0.50 0.44 1.41 0.41 0.17 0.03 0.02 0.02 0.03 0.01
n-Decane 0.24 0.04 0.74 0.36 0.56 0.20 0.82 0.39 0.08 0.02 0.04 0.06 0.07 0.04
n-Un.a.ecane 0.22 0.02 8.33 2.20 0.54 0.18 0.19 0.09 0.07 0.01 0.02 0.01 0.04 0.01
Ethene 12.36 1.03 16.47 2.95 13.22 7.89 n.a. n.a. 8.18 1.41 18.14 4.77 12.73 3.24
Propene 4.92 0.63 0.01 0.01 9.29 1.42 0.02 0.00 12.82 2.21 4.28 1.52 6.70 1.04
1,3-butadiene 0.92 0.07 n.a. n.a. n.a. n.a. n.a. n.a. 0.03 0.01 0.32 0.09 0.51 0.06
1-Butene 2.28 0.13 1.46 1.04 1.53 0.88 0.00 0.00 3.63 0.63 1.18 0.25 1.84 0.17
cis-2-Butene 0.31 0.03 0.01 0.01 1.93 1.59 n.a. n.a. 0.63 0.11 0.25 0.05 0.39 0.03
trans-2-Butene 0.38 0.03 0.02 0.02 1.07 0.61 n.a. n.a. 0.69 0.12 0.36 0.11 0.57 0.07
Isoprene 0.31 0.08 2.35 2.21 n.a. n.a. 0.02 0.01 0.02 0.00 0.49 0.11 31.93 4.99
1-Pentene 0.26 0.06 0.01 0.01 0.75 0.51 n.a. n.a. 1.37 0.24 0.12 0.04 0.19 0.02
cis-2-Pentene 0.21 0.02 0.01 0.00 0.09 0.13 n.a. n.a. 0.16 0.03 0.03 0.01 0.05 0.01
trans-2-Pentene 0.13 0.02 0.01 0.00 0.07 0.10 n.a. n.a. 0.35 0.06 0.03 0.01 0.05 0.01
1-Hexene 0.20 0.02 0.03 0.02 0.56 0.40 n.a. n.a. 1.42 0.25 0.06 0.02 0.09 0.01
Ethyne 5.08 1.19 5.17 0.93 6.32 1.13 n.a. n.a. 0.95 0.17 27.89 1.41 12.35 0.96
Benzene 9.25 0.81 0.01 0.00 16.98 5.47 0.46 0.13 3.27 0.57 10.27 1.79 0.43 1.22
Toluene 11.80 0.66 4.89 2.44 7.66 1.28 13.99 2.04 3.50 0.60 3.68 0.49 1.06 0.33
m/p-Xylene 0.21 0.01 3.74 1.56 2.33 0.13 13.77 1.02 0.49 0.09 0.49 0.20 0.77 0.13
Ethylbenzene 1.63 0.38 3.27 1.32 0.93 0.14 27.80 2.14 0.66 0.12 0.33 0.11 0.52 0.07
o-Xylene n.a. n.a. 4.81 1.67 0.83 0.11 7.89 0.54 0.18 0.03 0.20 0.09 0.31 0.06
Styrene 0.56 0.08 13.09 7.54 0.05 0.03 12.66 2.52 0.05 0.01 0.33 0.06 0.52 0.04
1,2,3-Trimethylbenzene 2.27 0.22 1.32 0.32 0.23 0.06 1.01 0.22 0.03 0.01 0.06 0.04 0.09 0.03
1,2,4-Trimethylbenzene  4.07 0.26 5.05 2.03 0.38 0.07 1.89 0.35 0.08 0.02 0.09 0.05 0.14 0.03
1,3,5-Trimethylbenzene  0.40 0.02 0.17 0.08 0.13 0.02 0.89 0.20 0.02 0.00 0.06 0.04 0.10 0.03
i-Propylbenzene 0.57 0.14 4.03 1.97 0.02 0.03 2.85 0.48 0.01 0.00 0.02 0.01 0.04 0.00
m-Ethyltoluene 1.24 0.13 0.01 0.00 0.30 0.03 5.25 1.12 0.06 0.02 0.10 0.05 0.16 0.03
n-Propylbenzene 0.35 0.03 12.48 7.49 0.08 0.07 n.a. n.a. 0.03 0.01 0.03 0.01 0.05 0.00
o-Ethyltoluene 1.15 0.24 6.09 3.85 0.15 0.04 1.14 0.24 0.04 0.01 0.05 0.03 0.08 0.02
p-Ethyltoluene 2.19 0.12 0.01 0.00 0.13 0.02 1.98 0.43 0.03 0.01 0.05 0.02 0.08 0.02
m-Diethylbenzene 1.39 0.15 2.29 1.92 0.09 0.12 0.12 0.03 0.01 0.00 0.11 0.27 0.17 0.18
p-Diethylbenzene 4.43 0.89 0.83 0.85 0.26 0.09 0.44 0.11 0.02 0.01 0.01 0.01 0.02 0.01

n.a. denotes not detected or below detection limit.
1. Wang et al., 2013; 2. Tsai et al., 2012; 3. Liu et al., 2008; 4. This study.

2.6. Statistical methods for comparisons

Mean bias (MB), root mean square error (RMSE) and the index of
agreement (IOA) were used to assess the WRF-CHEM model veracity in
simulating air pollutants against measurements with the equations of:

MB = 37, (P — 0) (D)

1

2

RMSE = |1V (P — 01)* | (iD)

OA =1 - 2om®0
>or.([P-0f +[oi-o0]?

where P; and O; are the calculated and observed pollutant concen-
trations, respectively, N is the total number of the predictions used for
comparisons, and o are the averages of the prediction and observation,
respectively. The IOA ranged from O to 1 in the calculation. The IOA
more approaching to 1 represents a higher agreement between the
prediction and observation values.
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Fig. 2. WRF-CHEM simulation domain with topography. The filled circles represent centers of cities with ambient monitoring sites, and the size of circles denotes the
number of ambient monitoring sites of cities. The red and blue filled circles show the cities with air pollutant observations since 2013 and 2015, respectively. (a)
Simulation domain of eastern China; (b) simulation domain of Luoyang city. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

3. Results and discussion
3.1. Spatial and temporal distribution of PAMS VOCs in Luoyang

The average mixing ratios of 57 PAMS VOCs, O3, and NOy at the
sampling sites are illustrated in Fig. 3. Obvious spatial distribution was
seen between the urban and suburban areas. For the five urban sites, the
total PAMS VOCs (TVOCs) concentrations ranged from 14.5 + 5.33 ppbv
(Luolong district) to 29.2 + 11.2 ppbv (Laocheng district). The distance
between the highest and lowest sites was less than 10 km, but their
concentration differences showed a factor of two. In comparison, the
urban sites of Laocheng and Jianxi-west districts with relatively higher
TVOC concentrations had common characteristics. These two sites were
classified as old towns, located at downwind, and had high population
and traffic densities. For the suburban, the spatial differences were even
much obvious than those observed in the urban. The highest TVOC
concentration of 37.6 + 14.0 ppbv was observed in Jili district where
many petroleum-industries were found and was far away from the

downtown Luoyang. The lowest level was seen in Yichuan county, with
an average concentration of 12.0 + 4.36 ppbv. Correspondingly, lower
NOy concentrations were seen at the suburban sites (18.2 + 5.17 ppbv
on average) than the urban sites (27.2 + 3.32 ppbv on average). How-
ever, the O3 concentrations did not show good correlations between the
precursors of TVOC and NOy at the nine sampling sites. The spatial
distribution of O3 were also inconsistent to the values of ozone forma-
tion potentials (OFP) (calculation method was described in Section S4)
calculated at each site (Table S3). These represent that the study of the
O3 sensitivity is important in Luoyang city.

Intensive temporal variation was demonstrated with the online
measurement. Fig. S1 shows the time series of the concentrations of
TVOCs, NOy and Os in Jianxi-east district located in urban Luoyang from
July 6 to August 9, 2019. The concentrations of VOCs and NOy ranged
from 11.4 to 96.2 ppbv and 4.00 to 102 ppbv, respectively, while an
average 8-hour Oz concentration of 137.8 + 34.9 pg m~> was seen
throughout the monitoring period. The diurnal variations of the TVOCs
and NOy were similar but were reversible with Os. Such observations are
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Fig. 3. The average mixing ratios of PAMS VOCs (ppbv) in nine sampling sites measured with offline method.
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consistent with those reported in the literature (Hui et al., 2018). The
daily average VOC concentrations and their composition were compared
with those measured in other Chinese megacities (Fig. S2). As the
smallest scale among the six megacities, Luoyang showed moderate
level of TVOCs (20.9 + 10.3 ppbv) which was slightly lower than those
in Guangzhou (27.0 + 14.9 ppbv) and Shanghai (23.8 + 14.7 ppbv) (p >
0.05), and comparable with those in Beijing (22.5 + 12.8 ppbv) and
Wuhan (21.7 + 18.9 ppbv) (Huang et al., 2017; Hui et al., 2020; Liu
et al., 2019; Wei et al., 2018). It is worth noting that the average TVOC
concentration in Luoyang was even higher than that in Xi’an (19.0 +
18.9 ppbv) (Sun et al., 2019). Considering that Xi’an was only ~ 300 km
away from Luoyang and had a higher population size and numbers of
vehicles and industries, the poor diffusion condition in Luoyang would
be a possible reason for the high VOC levels. Regarding to VOC chemical
fractions, a unique finding is that the proportion of alkanes in Luoyang
was ~ 50% of TVOCs which was much lower than that in the other cities
(62%-70%) (Gu et al., 2019; Liu et al., 2019). Accordingly, the pro-
portions of alkenes and alkyne were relatively high. This feature could
reflect the characteristics of the energy structure in Luoyang where
petrochemical industries and coal combustion (both emit large propor-
tion of alkenes and alkyne) are predominant (An et al., 2012). It also
elucidated that the high O3 concentrations in Luoyang could be resulted
from the high photochemical activities of alkenes and alkyne (Shao
et al., 2016).

Fig. 4 shows statistical hourly-average variations of VOCs, NOy and
O3 in nine sampling sites of Luoyang. As mentioned above, the diurnal
patterns of VOCs and NOy were similar (R?=0.80, p < 0.05) but reverse
with O3 (R? = -0.63 and —0.46 for VOCs and NOy, p < 0.05). It could be
simply explained by the fact that both VOCs and NOy are crucial pre-
cursors for the O3 production (Pollack et al., 2012; Wang et al., 2017b).
In addition, ambient VOCs can lead to the formation of peroxy radical
(RO3%) which is further disrupted the dynamic balance of NO-O3-NO»
reactions (Hui et al., 2020). This also leaded relatively weak correlations
between O3z and NOy. On the other hand, similar diurnal variations of
TVOCs were seen among the monitoring period (Table S4), with the
lowest and highest concentrations at 14:00-15:00 LT and 08:00-09:00
LT, respectively. The pattern was closely associated with photochemical
reaction processes, meteorological conditions and emission sources (Hui
et al., 2020). Obvious increases of TVOCs (especially for aromatics and
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alkyne) and NOy were showed at 04:00-05:00 LT. This could be
explained by the emissions from vehicles (e.g., heavy-duty trucks) at
nighttime or before dawn. Alkenes, alkyne and aromatics all showed
over 100% diurnal variations (max/min), much higher than that of al-
kanes which had the lowest photochemical activities (Kumar et al.,
2018). An exception was observed for isoprene which is a well-known
biogenic VOC (BVOC). The concentrations of isoprene were much
higher in the daytime than nighttime, correlated with both ambient
temperature and light intensity. This reflected the characteristic of
BVOC emissions (Mo et al., 2018). Diurnal PBL variation is a non-
negligible factor in influencing diurnal pattern of VOCs, NOyx and O3
despite in different modes (Ding et al., 2008). In detail, the enhancement
of PBL in the afternoon was a crucial parameter for the decreases of NOy
and VOCs. In comparison, due to the vertical distribution of O3 in
troposphere, higher concentrations of O3 in upper troposphere could
contribute to the surface O3 in the afternoon, when the peak O3 level was
seen during 15:00-18:00 (LT) with relatively stronger photochemical
reactions and regional transportation than other time intervals (Gaudel
et al., 2018).

3.2. VOC source apportionment

Five VOCs source profiles, including gasoline vehicle emission, diesel
vehicle emission, industrial coal combustion, solvent usage and petro-
chemical industry, were obtained from literatures (Liu et al., 2008a; Tsai
et al., 2012; Wang et al., 2013). The data collected from the field mea-
surement (i.e., 57 PAMS VOCs shown in Table 1) was input in the HERM
model and a sampling survey was conducted to verify the representa-
tiveness of the source profiles in literature. Cases with Q value (repro-
duction of the number of degrees of freedom in calculation) over 1000
and a R? > 0.80 were kept for further calculation after several trials of
iterative operation. Two profiles with uncertainties (namely Output-1
and Output-2) were generated by the HERM calculation. The HERM
Output-1 showed high abundances of propane, ethene, ethyne and
benzene, conforming the features of coals and natural gas combustions
and thus being identified as residential combustion source (An et al.,
2017; Zhang et al., 2016). For the HERM Output-2, it was dominated
with dramatically high abundances of isoprene and short-chain hydro-
carbons, and thus acknowledged as biogenic source (Kelly et al., 2018;
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Fig. 4. Statistical hourly-average concentration variations of VOCs, NOx and O3 of nine monitoring station in Luoyang.



J. Sun et al.

Kleindienst et al., 2007).

The source apportionment results in urban and suburban are shown
in Fig. 5. The seven sources were identified in both urban and suburban
but showed quite different distributions among the regions. Industry
(expressed as the sum of petrochemical industry, solvent and industrial
coal combustion) and traffic (expressed as the sum of gasoline and diesel
vehicle emissions) were the two most dominant VOCs sources in
Luoyang, with a total contribution of > 70%. Higher contributions of
traffic were found in urban (32.0%) than suburban (20.9%), but a
reverse phenomenon was seen for industry with the contributions of
38.5% and 50.1% for urban and suburban, respectively. It is under-
standable that the vehicle density in urban were much higher than that
in suburban (Kumar et al., 2018; Zhang et al., 2016). Besides, according
to the figures shown in the Luoyang’s Statistical Year Book 2018 (LBS,
2018), the industries were majorly located in suburban, hypothetically
explained the higher contribution of the industrial source than urban.
An extreme case was seen in Jili district where the contribution of
petrochemical industry was as high as 40.2% (Fig. S3). Many petro-
chemical plants located within the district and produced chemical
products which have been converted from natural resources such as
petroleum or crude oil. The contributions of residential sources were
slightly higher in urban (13.8%) than suburban (10.0%), attributed with
the higher population density in the city center. For biogenic source, it is
not surprise that higher contribution was seen in suburban (19.0%) than
urban (15.8%). For the countryside site of Yiyang county, the contri-
bution of biogenic source was even high as 35.4% that could be
explained by the strong input of vegetation to some extent (Fig. S3).

The consistency of the source apportionments with the data collected
by the online- and offline-based VOCs measurements was accessed at

a) Urban average

Petrochemical Residential

9.7% - 13.8%

Solvent
17.2%
Biogenic
15.8%
Coal ‘
11.6% Diesel
9.9%
Gasoline
22.1%
C) Jianxi-east district
Petrochemical Residintial
13.1% 9.5%
Biogenic
10.8%
Solvent lzi;i/el
22.5% 1%
: Gasoline
Coal 21.5%
15.9%
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Jianxi-east district. In general, good agreements on the source contri-
butions were obtained between the two sets of data (Fig. 5). The offline-
based method showed a slightly lower contributions of residential
sources (9.4%) than the online method (13.5%). However, higher
contribution of biogenic source was showed in offline (10.8%) than
online (5.1%) methods. It should be noted that the samples collected by
the offline method were time-selective (i.e., four time-interval a day),
potentially not reflecting the entire residential emission strength (e.g.,
without accounting the cooking emission during lunch time) (Lee et al.,
2002). In addition, most of the offline samples were collected at day-
time, thus the contributions of biogenic sources might be overestimated
due to their diurnal emission characteristics (Li et al., 2018a; Mo et al.,
2018). The contributions of industrial and transportation sources be-
tween the two methods were comparable, suggesting that the time-
selective offline sampling was adoptable and effective to account their
contributions.

3.3. WRF-CHEM model performance

In order to examine the accuracy of stimulations using the WRF-
CHEM model, the results were compared with the hourly measure-
ment of O3 and NO; in the central-eastern China and Luoyang City
(shown in Fig. S4 and Fig. 6, respectively). The average geopotential
height wind filed at 500 hPa from July 21 to 27, 2019 (Fig. S4) that
illustrated the effects of the meteorological conditions on the air quality.
Generally, most areas in the central-eastern China (including NCP and
eastern China) were located behind the trough and with center at 130
°E. During the study period, the central-eastern China was mainly
controlled by the subtropical high at 500 hPa located in the western

b) Suburban average

Residential
10.0%

21.3%

Biogenic
19.0%
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12.8%
Diesel
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Coal Gasoline
16.0% 13.7%
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15.8% 13.5%
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Coal
16.4%

Fig. 5. VOC source apportionment results for (a) urban average with offline data, (b) suburban average with offline data, (c) Jianxi-east with offline data and (d)

Jianxi-east with online data.
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Pacific, leading to prevailing wind directions of south and south-east. As
shown in Fig. S4, the maximum 8-h average concentrations of O3 of the
NCP were over 100 pg m >, and even exceeded 160 pg m > in few areas,
reflecting severe regional O3 pollution. Fig. S5 illustrates the diurnal
trends of the averages of calculated and observed near-surface O3 con-
centrations at the ambient monitoring sites in the related provinces and
municipalities in the North China Plain during the episode periods. The
O3 concentrations on July 21-22 were underestimated due to the in-
fluence of initial boundary conditions. A small overestimation of O3
concentrations was shown in the morning of July 24-27, possibly
attributed to the underestimation of NO5 emissions in the rush hours.
Averagely, the WRF-CHEM simulation showed good correlations with
the observation data, with IOA up to 0.92, MB and RMSE of —4.9 and
22.4 g m 3, respectively for Os; and IOA of 0.84, MB and RMSE of —0.2
and 5.6 pg m ™~ for NO,. The simulation by the WRF-CHEM model in this
work showed comparable and even above average performance than
similar studies in NCP and central China (Wang et al., 2019b; Wu et al.,
2018a), indicating our application of WRF-CHEM could accurately
simulate the diurnal variations of O3 and NO, concentrations in the NCP.

The daily average O3 concentration was 97.7 ug m >, ranged from 80
to 150 pg m >, during the episode period (Fig. 6). The WRF-CHEM
model slightly overestimated the O3 concentrations with an average of
103.2 pg m~3, which mostly occurred in midnight and early morning.
This could be ascribed with the high uncertainty in NO, emission in-
ventory (also named spatial and temporal disaggregation of the emission
inventory) when obvious NO; peaks were seen at these two sections (as
aforementioned in Section 3.1). This could lead the O3 depleting has not
been well simulated. However, the model obviously underestimated the
O3 peak concentrations in the afternoon on the first episode day (July
21) due to the short spin-up times which may break a integrate meteo-
rological process (Li et al., 2017b). Meteorological conditions were
widely reported to play key roles in the formation, transportation,
diffusion and removal of O3 and other air pollutants (Bei et al., 2010,
2012). In this study, the O3 distribution was highly correlated with wind
directions. The downwind areas showed significantly higher O3 con-
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m > (Fig. 7). Besides, the model could reasonably yield the temporal
variations of NO,, with IOA of 0.62, MB and RMSE of —2.7 pg m~> and
15.2 pg m~3, respectively. These performance in city scale simulation
were comparably lower than those in the regional simulations especially
for NOy, which is possibly caused by the model biases in estimating the
planetary boundary layer (PBL) or unpredicted human activities at
nighttime (Li et al., 2017b, 2010). However, the statistical results were
still fall into the range in the city-scale literatures (Bocquet et al., 2015;
Chen et al., 2013), indicating a satisfied modeling precipitation process
of this study.

3.4. Attribution of O3 sources by WRF

As the importance to establish efficient O3 control strategies, the
sources of O3 formations from either local emission sources or regional
transportations must be defined. The factor separation approach (FSA)
was employed to evaluate the contributions. The approach differentiates
the Os concentrations calculated by two simulation models. One
accounted all emission sources and the other accounted without one or
multiple sources. Four sensitivity simulations including local, trans-
portation, background and interactions were performed, and their esti-
mated contributions among the study period are shown in Table 2. The
results indicated that the external transportation contributed 43.2%
(corresponding to 69 pg m~>) on the day with the maximum daily Os
concentration. In normal days, the local sources had higher contribu-
tions (63.6% on average) to Os than the transportations in Luoyang. It
should be noted that the local sources consisted of both anthropogenic
sources and background, with average contributions of 19.4% and
44.2%, respectively. In addition, the interactions between the local and
transportation sources would lead a decline of the maximum 8-h average

Table 2
Distribution of local and external transportation to maximum 8-h average O3
concentration in Luoyang (%).

. . e Date External Local Interaction  Background
centrations than upwind areas on specific dates such as July 21, 22 and transportation contribution &
27. Extremely low wind speed occurred on July 23-25 promoted the P 325 oa oa oy
cumulation of O3, demonstrated by the highest O3 concentrations 07'22 38'2 8'5 :5 ‘8 59'1
(150-200 pg m~>) during the period. Besides of horizontal trans- 07.23 42.6 41 13 54.6
portation, vertical contribution of boundary layer Os is another poten- 07.24 54.0 24.5 -13.2 34.7
tial parameter to the high O3 concentrations in the afternoon. Without 07.25 353 27.1 -2.9 40.5
taken account of this factor, it might lead the underestimation of O3 in 07.26 35.2 16.8 6.9 411

. . 07.27 60.3 18.9 —-8.4 29.2
the simulation on July 21 (Gaudel et al., 2018). The WRF-CHEM model Period 435 10.4 71 44.2
stimulated the IOA as high as 0.85 and slightly overestimated the average
observed O3 concentrations with MB of 5.4 pg m~> and RSME of 37.1 pg
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Fig. 7. Comparison of measured (black dots) and predicted (red line) diurnal profiles of near-surface O3 and NO, averaged nine ambient monitoring stations in
Luoyang from July 21 to July 27, 2019. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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O3 concentration by 7.1% due to the nonlinear effect on the O3 forma-
tion with VOCs and NOy (Xing et al., 2011). According to Fig. S5, the
transportation contribution to O3 in Luoyang in the first two days may
be slightly overestimated due to initial conditions. The average contri-
bution of transportation in next five days (45.5%) still inferred that sole
restriction of local anthropogenic sources was insufficient. The inter-
regional prevention and controls would be thus an effective solution.
Fig. S6 further presented the spatial contributions of the four identified

 (a) Agriculture emissions

1.5 2.0 3.0
O, contribution (%)
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sources on the maximum 8-h average Os concentration in Luoyang. It
revealed that 20-40 pg m™> of O3 was produced by the local emission in
the center of the urban area. Besides, the O3 concentrations in Luoyang
was highly influenced by the external transportation from adjoining
areas to its east and south during the study period.

Local sources in Luoyang were apportioned. Seven simulations were
conducted including one with all six emissions sources (i.e., agricultural,
power plant, biogenic, industry, residential, and traffic) and other six
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with one source absented in sequence. Fig. 8 shows their contributions
on the maximum 8-h average concentration of Os. Traffic and biogenic
sources were the two most important contributors on O3 in Luoyang,
while industrial showed the least contribution. In contrast, the contri-
butions from agricultural source, power plant and residential source
were moderate, accounting for less than 10 pg m™> of Os. Biogenic
source acts as natural Os precursors and accordingly contributed 28.7
pg m > of Oz. Unfortunately, biogenic source cannot be artificially
controlled (Kleindienst et al., 2007; Li et al., 2018a). The daily and
averaged source contributions were summarized in Table 3. The con-
tributions of industrial and power plant were found to be very limited in
Luoyang. One possible explanation was that these two sources emitted
equivalent amounts of NOy and VOCs. While they were removed in the
simulation, the reduction of O3 would be offset by each other (Li et al.,
2017b). Essentially, the emissions from industrial and power plant
sectors were under good control by the local government. In case of both
these two sources were removed from the stimulation, the maximum 8-h
average Os still exceeded 160 pg m ™ on the episode days. The traffic
emission was the most prominent anthropogenic source with an average
contribution of 36.0 pg m ™ to Os in the afternoon. Considering the
rapid growth of numbers of vehicles in China (Wu et al., 2016), traffic
emissions would become more critical in the Og pollution control (Li
et al., 2017a). Apparently, controls of local traffic emissions should be
priorly considered when relevant strategies on the prevention and
control of O3 pollution are being established in Luoyang in summertime.
It should be noted that the FSA used in O3 source attributions introduces
uncertainties to the simulation results and leads to vagueness in
resolving external transportation source. This could be improved with
advanced emission tagging method provided by Lupascu and Butler
(2019) (see Table 4).

3.5. Os sensitivity to VOCs and NOy

As discussed above and shown in literatures, the nonlinear rela-
tionship in formation of atmospheric O3 from VOCs and NOy often
troubled the O3 simulation control (Feng et al., 2016; Lyu et al., 2016;
Verstraeten et al., 2015). Determination of local Og formation sensitivity
to VOC or NOy is thus necessary for establish effective O3 control stra-
tegies. In this study, only anthropogenic emissions would be taken into
account (referred to the emission inventory of Luoyang in 2019),
whereas the biogenic emissions were uncountable. The present emis-
sions of NOy and VOCs were set as baseline with ratio of 100%. Both NOy
and VOC emission ratios were set 10% as gradient from 100% to 0%, and
totally 121 sensitivity simulations were conducted. The O3 concentra-
tion isopleths in the afternoon of summer (i.e., from 12: 00 LT to 19: 00
LT) in Luoyang was shown in Fig. 9. Flex Ratio (FR), defined as NOx
emission ratio when the O3 concentration reached the maximum value
under VOCs baseline, was used to identify the Os regime in Luoyang
(Xing et al., 2011). When FR is less than 1, the O3 formation was sen-
sitive to VOCs. FR higher than 2 represents a NOy-limited regime. In case
of FR between 1 and 2, this indicates a transitional regime which the
reductions of either NOy or VOC would be expected to reduce Os effi-
ciently (Jin and Holloway, 2015).

As shown in Fig. 9, the FR was 1.0 (indicated by red triangle),
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representing that the O3 formation in the atmosphere of Luoyang was in
transitional regime and collectively controlled by NOx and VOCs. In
another word, the reductions of local NOy or VOCs emissions would
overwhelm the O3 concentration in summertime. The isopleths pointed
out that the sole reduction of NOy would not lead the reduction of O3
concentration until 45% of the NOyx emission being cut down. For VOCs,
the O3 concentration would decline if 70% of their emissions could be
reduced. The ridge-line of the isopleths additionally demonstrated that
the reduction in accordance with the anthropogenic VOCs (AVOCs) to
NOy mass concentration ratio of 3:1 was the best fit on mitigating O3
pollution in Luoyang. The sole control of NOy would be only effective
when the O3 concentrations was controlled below 160 pg m 3, meaning
that the O3 formation was under typical NOy-limited regime.

Our results did find some differences with those conducted in NCP.
Xing et al. (2011) reported that Beijing, Tianjin and Shanghai all
exhibited VOCs-limited regime on the O3 formation in 2005 due to the
high levels of NOy emission. However, the shift of O3 formation regimes
from VOC-limited to NOy-limited was not only found in our study. Many
researches also reported that such transitional regime was occupied over
the NCP, Yangtze River Delta (YRD), and the Pearl River Delta (PRD)
regions during the high O3 periods (Jin and Holloway, 2015; Ye et al.,
2016). The possible explanation is that the NOy concentration levels in
China sharply decreased since 2013 when the strict control policies were
implanted (Wang et al., 2019a). On the base of chemical views, the
declines of NOy could lead increases of ambient HOy free radicals (i.e.,
HO’, HO3, RO3) which further shifted the HOy loss routine to HO + RO
/ HO5. The tendency of O3 generation was thus more limited by the
responses of RO; / HO3 + NO (Martin et al., 2004). Therefore, the O3
formation in Chinese cities became more sensitive to NOy in recent
years, and is predicted to stay in transitional regime till 2030 (Jin and
Holloway, 2015). Our finding provides an effective O3 control route to
Luoyang where is being challenged by the inherent controls. The results
also verified the NOy control progress in China and supported strict NOy
control strategies in the future.

4. Conclusion

A comprehensive study on source apportionment of VOCs in Luoyang
was conducted in summertime. Four pollution sources, including in-
dustrial, traffic, biogenic and residential, were apportioned, with
average contributions of 38.4%, 32.0%, 15.8% and 13.8%, respectively.
Good consistency of source apportionment results between online and
offline monitoring demonstrated the effectiveness of the time-selective
sampling scheme. The source apportionment results well explained the
characteristics of ambient VOCs in Luoyang, further provided solid data
basis for the VOC and O3 control. Good consistency on source appor-
tionment results was demonstrated with online and offline measurement
methods. With the application of the WRF-CHEM model, both local
emissions, meteorological factors, concentrations of pollutants, and
their atmospheric reactions were taken account in the simulations. The
model successfully simulated the variation of O3 concentrations in
Luoyang with IOA of 0.85 and MB of 5.4 ug m . The sensitive tests
indicated that 43.5% of the O3 in Luoyang was derived from regional
transportation, while 63.6% was from local emissions but 7.1% was lost

Table 3

Contribution of six local sources to maximum 8-h average O3 concentration in Luoyang (ppbv).
Date O3 concentration Agricultural industry Power plant residential traffic biogenic
07.21 139.2 4.6 1.7 1.8 3.0 28.4 18.3
07.22 102.3 —-4.5 -35 —4.1 -0.8 27.8 17.7
07.23 169.9 -0.7 -1.4 0.4 -0.4 25.1 317
07.24 174.2 2.6 -0.1 0.4 12.4 35.0 22.3
07.25 183.3 -0.2 2.6 7.2 6.3 44.8 32.1
07.26 177.1 12.4 7.4 20.2 5.2 55.1 45.3
07.27 151.0 10.3 —-2.3 9.1 -2.5 35.7 33.7
Period Average 156.7 3.5 0.6 5.0 3.3 36.0 28.7
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Table 4
Contributions of local sources to maximum 8-h average O concentration in Luoyang (ug m~>).
Date 03 concentration Agricultural Industrial Power plant Residential Traffic Biogenic
7/21 139.2 4.6 1.7 1.8 3.0 28.4 18.3
7/22 102.3 -45 -35 4.1 -0.8 27.8 17.7
7/23 169.9 -0.7 -1.4 0.4 -0.4 25.1 31.7
7/24 174.2 2.6 0.1 0.4 12.4 35.0 22.3
7/25 183.3 -0.2 2.6 7.2 6.3 44.8 32.1
7/26 177.1 12.4 7.4 20.2 5.2 55.1 45.3
7/27 151.0 10.3 -2.3 9.1 -2.5 35.7 33.7
Average 156.7 3.5 0.6 5.0 3.3 36.0 28.7
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Fig. 9. The O3 concentration isopleths in Luoyang in the afternoon (12: 00-19:
00 LT) (Triangle is the present status of atmosphere in Luoyang; the arrows
were the emission reduction ratios of NOx and AVOCs; ellipses showed the
typical zone of VOC-sensitive or NOy-sensitive regime).

in the interactions. The extremely high contribution of regional trans-
portation reveled that joint regional control policy is necessary. Traffic
and biogenic were the two most prominent local sources in Luoyang,
while agricultural and residential sources were negligible. The O3 iso-
pleths clearly indicated a transitional regime on the atmospheric for-
mation of Os. It also inferred that the O3 formation would shift to NOy
regime when 45% of NOx could be reduced in Luoyang. Disaggregating
the spatial and temporal emission inventories, applying FSA module,
neglecting of boundary layer vertical O3 transportation and observing
the changes in relatively short episode all feasibly contributed to the
nonnegligible uncertainty of the results in this study, which would be
specifically salved in the tracking study. Despite these, our results were
consistent with the latest studies conducted in the megacities in China
such as Beijing and Shanghai. This indicated that the stricter local and
regional controls would be effective in reducing tropospheric Os in
Luoyang.
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