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ABSTRACT

Severe hazepisodes are important environmental issues, and the rapid formation and evolution mechanisms of such
episodes over complex terrain remain poorly understood. The Sichuan Basin (SCB) periodically experienced heavy haze
pollution during the winter of 2016, ithh the maximum regional average PM oncent r at i on pgmchi ng
In this study, we characterize a severe haze episode in the SCB from 20 to 30 January 2017 using comprehensive
measurements and model analyses. The evolution of this spisoele shows clear stages, with graduaj fiNcreases
under stagnant weather conditions in Stage | (aerosol accumulation stage) and with explesiviecilslses mainly
associated with crodsorder transport from the southern SCB in Stage Il (rapichdtion stage). The process analysis
results indicated that primary emissions and aerosol processes were the major sourcesinftitdde urban regions,
whereas vertical transport and dry deposition generally acted as sinks efIRMhe presence &outhwesterly synoptic
winds, the aerosols emitted from the southern SCB were transported to Chengdu and the surrounding areas througt
horizontal transport and accounted for 66% of the Pédncentration in Chengdu during Stage Ill. Our results reveal the
detailed formation mechanism of a severe haze episode in the SCB under the effects of regional transport and synoptic
forcing patterns to improve the understanding of haze formation in areas with complex terrain.

Keywords:Air quality; Haze pollutionProcess analysis; Sichuan Basin.

INTRODUCTION largechallenges remain, especially regarding the formation

and evolution mechanisms of episodes of continuously high

Due to rapid economic development and the accelerati®M, s, which are poorly understoodtenget al, 2015;Li

of urbanization in China, regional haze pollution characterizeat al, 2017;).
by high fine particle (PMs) concentrations has become a Because of serious haze pollution resulting from high
serious environmental issue (ClamdYao, 2008; Leetal, anthropogenic emissions and unfavorable meteorological
2011) . To mitigate haze @muditidng the Sicinuan Basih (§CB)fhasibecoméané df thet i o
Prevention and ContrcAct i on Pl an ( AP RdStAdlitétityacinsters in KEna over the last few years
AiNati onal Ten Measur es o weZhaoetiain018e Extensiveestldids yave been cddductad e s e
State Council in 2013 to improve the air quality in Chinato explore the source and formation of haze pollution in the
Although the control measures have been genaadigessfii  SCB (Tian et al, 2017;Qiao et al, 201%). Based on the

National Centers for Environmental Prediction (NCEP)

reanalysis data and clustering analysis method, eswai.

(2020) classified the circulation patterns during periods of

* Corresponding authsr continuous pollution in the SCB and found that a weak-high
E-mail addressyagiong@imde.ac.cfY. Lu); pressuresystem located in the SCB could enhance pollution
zxs_dream@yeah.néX. Zhu) by suppressing the planetary boundary layer height (PBLH).
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By analyzing the chemical composition of Pd/Songet al.  determined from samples collected on the roof of the Chengdu
(2019) reported that the secondary conversion of 8Oy  Environmental Science Research Institute (approximately
and nonmethane hydrocarbons (NMHCSs) to sulfate, nitraB m above the ground) in Qingyang District, Chengdu
and secondary organic aerosols (SOASs), respectively, ma@®°560, 104058), from 1 to 31 January 2017. This site
significant contributions to persistent haze episodes in tijeeferenced as the CDAES site below) is a typical urban site
SCB. The meteorological conditions in the SCB duringhat is close to the mixed commercial and residential area of
winter are characterized lhygh relative humidity and low Chengdu Second Ring Road (Fig. S1). At this sampling site,
temperature, which favor the hygroscopic growth of fin@an insitu gas and aerosol cpwsition monitor (IGAC/S
particles and accelerate secondary transformations fradl) was used to measure the wa@uble ions (SG',
gaseous precursors to inorganic ions (Kegal, 2020). NOs', and NH*) in PMzson an hourly basis. Previous studies
Additionally, the complex basin topography of thisioeg have verified the accuracy of such monitoring through
was found to increase the accumulation of ;RMnd comparison with the commonly used annular denuder
intensify haze formation by reducing the wind speed arglstem, and the results showed good agree(iYening et
increasing the relative humidity (Zhaetal, 2019). Several al., 2016;Tao et al, 2018) Hourly concentrations of OC
studies employed the CTM model to investigate the sourcaad EC in PMswere monitored using a Sunset Laboratory
of PM;s. Zhanget al.(2016) utilized HJL satellite data and Model4 OGEC field analyzer with detection limits of
simulation results from the WREhem model to explore the 0.4pug Cm'3 for OC and 0.2 pg @ '3 for EC. The organic
formation of a haze event and found that low mean ventilationatter (OM) content was calculated by multiplying the OC
coefficients and decrease in PBLH were conducive to tlmntent by a factor of 1.4. The hourly concentration of BC
occurrence of severe haze events. Usirgpurceoriented in PM.s was monitored at a wavelength of 670 nm using a
version of the Community Multiscale Air Quality (CMAQ) 5012 multiangle absorption photometer (MAAP, Thermo
model, Qiacet al.(201%) quantified the relative contributions Fisher Coporation). Additional details were described in
from regions inside the SCB to the Pddoncentration; they previous field studies (Sorej al, 2018; Yanget al, 2020).
concluded that the transport of secondary inorganic aerosols
(SIAs) and their precursors made significant contributions WRF-CMAQ Simulation
haze pollution during the winter. However, previous stdie The Weather Research and Forecasting (WRF, version
focused on only monitored air pollutants, and thenfidion  3.9.1) model was applied to simulate meteorological fields,
and evolution mechanisms of severe haze pollution in tlead CMAQ v5.2.1 was utilized to simulate air pollutants in
SCB remain unclear. Consequently, thorough investigatiotise SCBduring winter The simulation period started on 15
involving the quantitative assessment of contributions fromanuary 2017 and ended dnJanuary 2017. The first 5 days
local emissions and regional transport to severe haze episodese discarded to account for spip and not included in
are urgenty neededChenet al, 2014; Lucet al,, 2020) the analysis. FigS2 illustrates the tripleested domain with

In the present study, we integrate comprehensive moigjtorihorizontal resolutions of 27 km, 9 km and 3 km. The outer
data and the Weather Research and ForecaStingmunity domain covers all of East Asia, and thedndomain covers
Multiscale Air Quality (WRFCMAQ) modeling system to the SCB as shown in Fig..1Here, we analyzed only the
investigate the sources and formatiorechanisms of an inner domain to minimize the bias from lateral boundary
extreme regional haze episode in the SCB during the winteonditions. The vertical dimension had a resolution of
of 2016. The paper is organized as follows. In Sect. 2, tl3® sigma layers.
model configuration is described. In Sect. 3, the model The meteorological inputs for the WRF simulations were
performance is evaluated by comparison with observationsbtained from the NCEP Final (FNL) 1.0° x 1.0° reanalysis
The famation and evolution mechanisms of the severe hadata (http://dss.ucar.edu/datasets/ds083.2/). To improve the
pollution are presented in Sect. 4. The conclusions are givetdel performance, analysis nudging and observation rqudgin

in Sect. 5. were adopted, and foutimensional data assimilation (FDIDA
data were obtained from the NCEP Automated Data

METHODS Processing (ADP) Operational Global Surface (ds461.0) and
Upper (ds351.0) Observations. The state variables for the

ObservationaData watervapor mixing ratio, potential temperature, ariddmwvere

The simulated meteorological parameters, includingudged with strengths of 1 x'3065 x 16° and 5 x 1§ ',
temperature, relative humidity, wind speed (Vé8Y wind respectively (Wet al, 2020; Xinget al, 2017). The initial
direction, are compared with hourly observation datand boundary conditions for the CMAQ simulation were
recorded at four typical national standard basic weathebtained from the MOZAR® global chemical transport
stations (Chengdu, Meishan, Ziyang and Neijiang), whiclhodel(Emmonset al,, 2010) We obtained the anthropogenic
were obtained from the China Meteorological Data Servicemissions of air pollutants, with a grid resolution of 0.25°
Center (http://data.cmen/en). The hourly observed surface0.25°, from the Multiresolution Emission Inventory for
PM s concentrations over the SCB were collected from th€hina (MEIC) in 2016, which was developed by Tsinghua
China National Urban Air Quality Retime Publishing University (Zhenget al, 2018) To reduce the uncertainty
Platform (http://113.108.142.147:20035/). The hourly masattributed to the outdated spatial surrogates in the spatial
concentrations of SO, NOs', NHs*, black carbon (BC), temporal emission allocation process, we utilized the
elemental carbon (EC) and organic carbon (OC) wemopulation distribution data from the LandScan 2017 database
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Fig. 1. Average simulated surface B¥toncentrations in domain | of China (a) and the Sichuan Basin (SCB) (b) in January
2017.
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and GDP data from the database of the National Bureau sdurces (denoted EMIS), aerosol processes (denoted AERO),
Statistics of China (NBSC) to allocate the emissions to ttioud processes (denoted CLDS), dry deposition (denoted
grid cells(Denget al, 2020) The Model of Emissions of GasesDDEP), horizontal advection (denoted HADV), framtal

and Aerosols from Nature (MEGAN, version 2.1) waed diffusion (denoted HDIF), vertical advection (denoted
to calculate the biapic emissiongGuentheret al, 2012) ZADV) and vertical diffusion (denoted VDIF). It should be
The options for the physical and chemical parameterizationsted that horizontal transport (denoted HTRA) is defined

of the WRFCMAQ model are listed in Table 1. as the sum of horizontal advection and horizontal diffusion,
and vertical tranzort (denoted VTRA) is defined as the sum
Numerical Experiments of vertical advection and vertical diffusion.

Four sensitivity experiments were performed to quantify
the contributions of locatmissions and regional transportMODEL EVALUATION
during the studied episode, as shown in Table 2. In the
BASE simulation, all anthropogenic and biogenic emissiorngleteorological Parameters
were included. In the NAnth experiment, only biogenic ~ We evaluated the performance of the WRF model to
emissions were included. In the No@Dth experimentthe  demonstrate the capability of the modeling system through
anthropogenic emissions in Chengdu city were turned off. krerification statistics, including the normalized mean bias
contrast, we considered only anthropogenic emissions (NMB), the index of agreement (IOA), and the root mean
Chengdu city in the OnlyCIAnth experiment. Based on the square error (RMSE), for the hourlyn2 temperature (T2),
above experiments, the relative contribution from region&-m relative humidity (RH2), 1:tn wind speed (WS10) and
transport was detatined by comparing the simulation 10-m wind direction (WD10) at the ChengdMeishan,
results of BASE to those of OnlyGBnth. The contribution Ziyang and Neijiang meteorological stations. As shown in
from local emissions to the PM concentration was Table 3, the simulated T2 and RH2 agreed well with the
identified by subtracting the NoCGBnth results from the observations, with IOA values higher than 0.80, indicating

BASE results. that the model successfully captured the variation in T2 and
RH2 in thesdour cities. For WS10 and WD10, the model
Process Analysis displayed negative bias, with NMB values ranging from

Process analysis (PAa diagnostic method incorporated16.69 42.36 and from 28.786.29, respectively. This bias
into the CMAQ model and includes integrated process rateaybe attributed tohe complex basin terrain and planetary
(IPR) analysis and integrated reaction rate (IRR) analysimundary layer parameterization. Overtilese compariss
(Byun and Ching, 1999). The IPR method has been widely usgldarly demonstrate that the WRF model adequately
to track the hourly relative contribution§ ghysical/chemida reproducedhe meteorological conditions.
processes to PM concentrations in previous studi@ao
et al, 2014; Faret al, 2015; Huanget al, 2016) In this PM2sand its Chemical Components
study, the IPR method was used to assess the processes thiig. 2 shows the time series of simulated hourly,PM
influence simulated Pl concentrations. The nine types ofconcentrations in the BASE simulation and the observed
processes are gakase chemistry (denoted CHEM), emissiorPM, s levels in the four cities from 20 to 30 January 2017.
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Table 1.Modeling configuration used for the WREMAQ simulations

Model attribution Configuration

Simulation period 15 January 2016 to 31 January 201-d&y spinup period)
Domain Sichuan Basin; Center = 30°N, 104°E

Horizontal resolution 27 km/9 km/3 km

Vertical resolution 30 layers from the surface to 50 hPa

Microphysics Lin scheme

PBL physicsscheme Yonsei University (YSU) scheme

Shortwave and longwave radiation Rapid Radiative Transfer Model for GCMs (RRTMG)
Land surface model Noah land surface model

Gasphase chemistry Carbon bond chemical reaction mechanism (CBO06)
Aerosol module/size AERO6/3 modes

Table 2. Statistical metrics for comparing the observations and simulations

Simulation Description

BASE All anthropogenic and biogenic emissions are included
No-Anth Only biogenic emissions are included

NoCD-Anth Anthropogenic emissioria Chengdu city are excluded
OnlyCD-Anth Considers only anthropogenic emissions in Chengdu city

Table 3. Statistical metrics between the observations and simulations

Chengdu Meishan Zigong Neijiang
2-m Temperature NMB 16.62 13.69 19.68 111.36
RMSE 4.16 2.12 6.47 6.81
IOA 0.94 0.97 0.91 0.91
2-m Relative Humidity NMB 16.69 110.49 111.2 113.2
RMSE 15.81 14.64 12.28 16.49
IOA 0.86 0.80 0.89 0.79
10-m Wind Speed NMB 16.69 22.85 37.41 42.36
RMSE 2.03 2.19 3.32 2.94
IOA 0.72 0.62 0.66 0.69
10-m Wind Direction NMB 28.79 36.29 35.78 29.46
RMSE 46.97 56.81 42.23 49.44
I0A 0.60 0.56 0.64 0.58

Generally, the CMAQ model reasonably reproduced thieventories, and the failure to capture relevant changes in

temporal evolution of the observed Pitoncentrations in meteorologichconditions (Zhenget al, 2015).

the four cities, with IOAs of 0.89, 0.84, 0.80, and 0.93 and

mean biases df12.3pug m'3, 116.8ug mi3 123.6pug ni* RESULTS AND DISCUSSION

andi 5.8 ug m?3 for Chengdu, Meishan, Ziyang and Neiign

respectively. In general, the CMAQ model captured th8patiotemporaEvolution of Severe Haze Forméain

peaksand temporal variations in the BMconcentrations  The weather conditions and air pollutant concentrations

from 20 to 28 January in these cities but underestimated time four highly polluted cities during this episode are

peak PM s concentration on 28 January in Zigong. presented in Figd4. During this severe haze episode, the
Fig. 3 compares the simulated and observed OMZ SO PM. s concentrations in these cities all reached peak values

NO3', and NH* concentrations at the CDAES site averagedn January 28th; notably, the surface JRMoncentration

from 20 to 30 January 2017. The CMAQ model underestimatedpidly increased from 10@g ni®to more than 60Qg m*

the concentrations of OM, $® and NQ' by 0.8ug mi3, in less than a day in Neijiang and Zigong; these peaks were

2.3ug n3, and 5.jug M3, respectively, but overestimated the highest values recorded in 2017. The weather conditions

the NH* concentration by 1.3ug ni®. For OM, the in the SCB were characterized by persistent high relative

underestimatiomay have been attributed to the lack of SOAumidity greater than 90% and low WS10 (less thans3)m

parameterizations in the AEROOG6 aerosol module. The bidsring this period.

associated with SIAs (including NH SQ? and NQ') has Fig. 5 shows the spatial distributions of the simulated

also been noted in previous studies and potentially derivdaily mean surface PM concentrations within the SCB

from the lack of heterogeneous reactions in the chemistisom 20 to 28 January 2017. Before the haze episode (e.g.,

mechanisms in the models, the allocation bias for emissiam January 20), the daily RMconcentration in most areas
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Fig. 2. Comparison of the observed (blue line) and simulated (black dots) hourly surfageddentrations in four cities
in the Sichuan Basin (SCB) from 20 January to 30 January 2017.
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Fig. 3. Comparison of the observed and simuladadace
mass concentrations (ug $nof SQ? (red), NQ' (blue),
NH4* (purple), OM (orange) at CDAES sit80°561,
104°09%) averagedver20i 30 January 2017. Medrases
(MB, unit: pg m?3) are alsdisted for each species (colored

numbers).

of the SCB was less than 100 pg omder a prevailing clean

NH; = +1.3
NO; = -5.1
SO,% =-2.3
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particles within the low mixing layer. Consequently, a high

PMzs belt formed over the western SCB, with the daily

mean PMconcentration exceeding 14@ mi®. During his

stage, a uniform pressure field continuously controlledtmo
regions of the SCB, resulting in BiMconcentrations higher
than 120ug ni®. However, on 26 January, the SCB was
affected by effective convection caused by synoptic conditions,

resulting ina temporary decrease in the concentraifd®M, s

due to wet scavenging by precipitation. On 27 January, the

weather pattern over the SCB was characterized by strong

anticyclonic circulation. Moreover, the SCB is located
behind a ridge centered in eastéitbetan (Fig. S@)), which
causes the prevailing regional wind field to transition to strong
southeasterly winds. Therefore, air masses wansported
from south to north, leading to a significant inceeas the

PMgz s concentration in Chengdu and the surrounding areas,

with the maximum daily mean value exceeding @g0ni3.

After 28 January, the SCB was affected by northerly winds

that brought dry and clean air masses into the basin. The

PM; s concentrations in most areas of the SCB decreased to

40i 100ug nid,

Based on the evolution pattern of simulated .BM
concentrations over the SCB, we divide this episode into
four stages:

() The aerosol accumulation stage (2B January). In
Stage |, thalaily mean PM;s concentrations averaged
over the SCB slowly increased from 30.8 to 24@ymi3,
and these levels persisted for five days.

southerly air flow. On 21 January, a uniform pressure fielfll) The clearance stage (26 January). Thedlghcentrations
was present over the basin, and the regional average WS was in the SCB decreased to g@ ni3, which was caused

less than 3 ng'l. The boundaryayer became stable (see

by precipitation.

Fig. S3), which was favorable for constraining the aerosdlll) The rapid formation stage (228 January). During this
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Fig. 4. Evolution of the observed PM PMy, and gaseous pollutant concentrationsy 2mperature (T2);-fh relative
humidity (RH2); 16m wind speed (WS10); and 4@ wind direction (WD10) in January 2017 in four cities: (a) Chengdu,
(b) Meishan, (c) Neijiang, and (d) Zigong.

stage, the daily average Rbconcentrations in most Contributions fromLocal EmissionsversusRegional
cities of the SCB reachwahspaithe fAheavily pollutedo ai
quality threshold value (24 average PMsconcentration Previous studies havadicated that local anthropogenic
> 150 pgm'3). In Neijiang and Leshan, the BM emissions are the major source of high,Rbbncentrations
concentration even reached 897 and 724mifg during severe haze episodes in the SE&net al, 2020)
respectively. Despite the dominant contribution from local emissions, the

(IV) The aerosol dispersion stage (31 January). In this contribution of regional transport to Bl concentrations
stage, the Pl concentration gradually decreasedhas not been fully quantified in the SCB (Zlda@l, 2019).
dramatically to low levels (502 pugm'®) with Regional transport is responsible for more than 30% of the
increasing WS10. PM; s concentration variations in the SCB during winter



