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Abstract.

To evaluate the environmental effectiveness of the comealsure$or atmospheric pollution
in Shijiazhuangf Ching a largescale controlling experimefir emission sources of atmospheric
pollutants(i.e., atemporary emission control actionECA) wasdesigned and implementedring
November 12016 to January,2017. Under the unfavorably meteorological conditiocmnpared
to the no control action and heating period (NCAHIR) mean concentrations of RPMig, SO,
NO_, andcheamical specie$Si, Al, Ca?*, Mg?*) in PM,.s during thecontrolaction and heating period
(CAHP) still decreasebly 15 % 26 % 5%, 19 %,30.3 %, 4.5 %, 47.0 % and 45.2 Béspectively,
indicating that the control measure®r atmospheric pollution were effective and wasaimnight
direction.The effec$ of control measureis suburls werebetter tharthosein urban area, especially
for the control effects of particulatemattersources. Theontrol effects for emission sources of
carbon monoxideGO) werenot apparent during thHeEECA period especially in subushlikely due
to the increasing usagf domestic coal in subwghlong with the tempature decreasing.

The results o0PMF analysishowedhatcrustal dust, secondary sources, vehicle emissions, coal
combustion and industrial emissions waran PM; s sourcesComparedo thewhole year(\WY)
andthe no control action and no heating peribldlCANHP), the contribution concentrations and
proportions of coal combustion to B¥increased significantly during other stage$BCA period.
The contributionconcentrations angroportiors of crustal dust and vehicle emissions to,PM
decrased apparently during tiBRAHP compared to other stagesT&CA perial. The contribution
concentrations and proportions of industrial emissions te sP#diring the CAHP decreased
apparently compared to the NCAHPhe pollutansbemissionsources during thEAHP were in
effective contral especially for crstal dust and vehicteWhile thenecessargoal heating focold
winter and the unfavorabiyeteorological conditionsad an offset effect on tlwntrol measures
for emissionsourceso somedegree The results also illustratethat the discharge of pollutants
might bestill enormous even under such strict control measures.

The backward trajectory ametential source contribution functioR$CH analysidn the light
of atmospheric plutants suggestedthat the potential socesareasmainly involved in the

surrounding regions of Shijiazhuang., south of Hebei, north of Henan and Shaifikie regional

nature of the atmospheric pollution in Northern China Plain revealed that there is an urgent need for

making crossoundary control policy except for local controkasures given the high background
2
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level of pollutants.

TheTECAIs an important practical exercibet itc atmbéadvocated as the normalized control
measures for atmospheric pollution in Chifibe direct cause of atmospheric pollution in China
the emission of pollutants excedts air environment's sghiurification capacity, and thessential

reasoris unreasonable and unhealthy pattern for economic development of China

Keywords: Atmospheric pollutants; Effectiveness evaluatiGontrolaction; PMF; PSCF
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1 Introduction

As a consequence of rapid industrialization and urbanization, China has been suffering from

air quality degradation irecent yeargFu et al., 2014(Gao et al., 20154an et al., 2014Hao et al.,
2017;Zhao et al., 2011 Frequently occurred severe hazdeatured by long duration, extensive
coverage and sharplgicreasing particulate concentratiahafg and Xia, 2017fao et al., 2014
Wang et al., 2016a; Zhang et al., 201%ahas been suggested that severe haze pollinioeass
the risk of respatory and cardiovascular diseas€dén et al., 20135a0 et al., 2015Pan et al.,
2014;Zhang et al., 2014a; Zhou et al., 20XBi. the basis of previous statistics, there are four-haze
prone city clusters in Kina, including BeijingTianjin-Hebeiregion, Yangtze River Delta, Pearl
River Delta and Sichuan BagiBi et al., 2014Chenet al., 2016aFu et al., 2014Fu and Chen,
2017;Li et al., 2016biTao et al, 2018 Wang et al., 2015B)Mu et al., 2008Zhang et al., 2015b

In recent yearghe role of particulates imazy eventfas beetecoming more and more prominent
The particulatecan be dischargdtbm varieties of sources or formég physicochemicé&queous
oxidationreactiors between gaseous precursaviichhave significant negat effectson climate,
atmospheric visibility and public healt€ifen et al., 2015u and Chen, 2017; Lee et al., 2015;
Quinn and Bates, 200$hen et al., 2015; Tait al., 2010Zhang et al., 200)0The high observed

concentration of fine particles and prolonged haze evenigelwecured frequently during autumn

and winterand covered large regions in China. In some cases, the instantaneous mass concentration

of PM.s had reachedip t01000e g ? (@in et al., 2016; Zhang et aR014b, which caused the
extensive concerfiom citizens and government agencies

Confronted with severe air pollution and degradation of air qualitygdiaernmenthastaken
a variety of control measure® recent yearsincluding the oddandeven license plate rule
(http://lwww.sjz.gov.cn/col/1274081553614/2016/11/17/1479391129628, htrithe  mandatory
installation of desulfurizationdenitrationand other pollutiorcontrollingfacilities in factoriesl(iu
et al.,, 2017pMa et al., 2015Peng et al.2017 andtheon-line monitoring system structure plan in
construction sitesetc The atmospheric quality in Chirreasbeennotablyimprovedso far From
2013 to 2016, the concentrat®af atmospheric pollutanits Chinashowed a dcreasedrend and
the annual mean concentrationdPdfl, 5, PMio, SO; andNO, in 2016reachedup to 50e g 2, &b
e gPml ¢ gPf and 39¢ g P, mespectively, andsignificantly lower than thosein 2013

(http://www.zhb.gov.cn/hjzl/zghjzkgb/InzghjzkgbHowever the annual mearconcentrations of
4
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PM.s and PMo in 2016were still 14 and 1.2 times highahan thenational ambient air quality
standard NAAQS) (GB30952012 Grade |l PMes 35¢ g £, iAMio:70 € g P).nNote that the
concentrations of Pbsand PModuring BeijingTianjin-H e b e i regi on vweadl1é9 up
€ g Pim2016 and2.0 and 1.7 times highéinanthe NAAQS respectivelyTherefore, China still
has a loof work to do to improve theational air quality.

Over the last decade, Chinegevernment haimplemented strietr controkmeasuredor
emission sourceduringmultiple internationatvents held in Chindnannormal timeqChen et al.,
2016b;Guo et al., 2013;iu et al., 2013Sunet al., 2016; Wang et al., 201Wang et al., 20)7For
instance, e first attempt took place duririge Beijing 2008 Olympic Game&Suo et al., 2013)
Drastic control actions were executed to cut down the emissions of atmospheric pollutants from
motor \ehicles, industries aralilding construction activitty NEP, 2009; Wang et al, 2089NVang
etal., 2019 UNEP (2009suggested that the concentration of:pM Beijing was reduced by 26
due to the emission reduction measutés.et al. (2013) reportethat the concentrations of 30
NO2, PMyo and PM swerereduced by 66.80, 51.3%, 21.5% and 17.2%, respectively, durinthe
2010 Asian Gaméda Guangzhou of Chinandduring whichstrictercontrolmeasurefor emission
sourceswere implemented Furthermore further stricter controldor emission sourcesvere
implemented in both Beijing and its surrounding regions during the 2014Pasiéc Economic
Cooperation (APEC) summénd ParadeCompared tano-control during APEC and Parade
decreasingrend with 51.665.1% and 34.2-64.7 % of PM..s concentratios during the control
periodwas reported (Wang et al., 2017). Eventually, all the efforts led to skjugays duringhe
APEC,whichwas acknowl ed g é(lVang st al.ii2QISIENE weBdn see that the air
quality can be improved in response to stri@mission controls in international events held in
China.However, once tree stricter controkmeasures oémissionsourcesvere repealedandthe
air quality would be deteriorate subsegently

(http://www.mep.gov.cn/gkml/hbb/qt/201412/t20141218 293153,htmindicating that the

prevention and control @ir pollution in China still had a long way to go.

Shijiazhuang (38.03N, 114.28 E), a hinterland city of Northern China Plain with a high
population density, is an important city in Beijifiganjin-Hebei region (Sun et al., 2013). The rapid
industrydevelopmenhasa great contributioh ot h i enomidgrowthasd degadation of air

guality at the same time (Du et al., 20LDet al., 2015)ang et al., 2015, 2085 Shijiazhuang has
5
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been one of the cities with the most serious air pollution in the world
(https://www.statista.com/chart/4887/tB8-worstcitiesworldwide-for-air-pollution/), and
deteriorating air quality poses a great risk to public health (http://www.who.int/ceh/risks/cehair/en/)
as well asdrags on the expansion etonomy.The governmenbf Shijiazhuang has adopted a
variety of control measurdhttp://www.sjzhb.gov.cn/)howeverjt seems thathe improvement in

air qualityof Shijiazhuangs notgo into effectso far and theatmospherigollution is still heavy

In 2016 the annuatoncentratios of PM; s and PMg in Shijiazhuangeachedip to7 0 & antl m
123 ¢ g P, respectivelywhich were 2.0 and 1.8 times higher thahe NAAQS (GB30952012

Grade 1I) (http://www.zhb.gov.cn/hjzI/tj/201706/ t20170606_415527.shtrAlspecially in the

heating period in winter, the degree of atmospheric pollution in Shijiazhuang was even more serious
The effectiveness of control measures has hQaenedn recent yearsTherefore based oprevious
examples of APECParadeand the Asian Games, eta largescale controlling experimeriibr
atmospheric pollutants sources (iEECA) was designed and implemented to investigate whether
control measurem Shijiazhuangareeffective for the atmospherfolliution. The expermentwas
carried outn Shijiazhuang during November 1 2016 to January 9 20irihgwhich more stringent
control measures of atmospheric pollution than useatput into practiceThen, ty combining of
the changes of atmospheric pollutantcentrationsemission source contributions and other
factors such ameteorological conditions, regional transmission, etc., the effectiveness of control
measures was evaluated before and after theotomdasuresveretaken
2 Materials and Methods
2.1 Site description

Shijiazhuangity is located inthe east of Taihang Mountainmorth of ChingFig. 1), and the
urban area is 15848 Knwith a population ofore than 10 million in 201&hijiazhuands a large
industrial city that is famous for raw materials, energy production and pteeér, and cement
industries.The number of vehicles is more than 2.0 million ud@ilL6.Shijiazhuang has a typical
temperate and monsoonal climate with four cleadigtinct seasa) with northeasterly,
southeasterlyand northwesterlyinds prevailediuring theTECA period(Fig. S1). The meawind
speedwas 0.6m/s andthe averagéemperaturavas14.9 N during the TECA periodThe mean
relative humiditywasup to76.5 %, and the medaeight of mixedayerwas 509 nduring theTECA

period The meteorological conditions during the four stages off @A period in Shijiazhuang
6
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150 wereshown in Table 1.

151 Theseven monitoring sites including TwerdgcondMiddle School(TSMS), High-tech Zone
152 (HTZ), Great Hall of the People (GHRJentury Park (CPWWaterSourceArea in theNorthwest
153 (WSAN), UniversityArea in theSouthwest (UAS) an&taff Hospital (SH) are located in urban area
154  of Shijiazhuang. While other seventeen sitecluding Fenglong Mountain (FLM), Gaoyi (GY),
155 Gaocheng (GC), Xingtang (XTJjnzhou (JZ), Jingxing Mining District (JXMD), Lingshou (LS),
156 Luquan (LQ), Luancheng (LC), Pingshan (PS), Shenze (Sz), Wuji gMig (XL), Yuanshi (YS),
157  Zanhuang (ZH)Zhaoxin (ZX) and Zhengding (ZD)are suited in suburbof Shijiazhuang. The
158 more details were shown in Table S1.

159 -

160 Fig. 1.Maps of theonline monitoring stations aridefilter membrane sampling sites in Shijiazhuang. The 24 online
161  monitoring stations mainly include Twersgcond Middle School (TSMSFenglong Mountain (FLM)High-tech

162  Zone (HTZ),Great Hall of the People (GHRGentury Park (CP\Water Source Area in thidorthwest (WSAN),

163  University Area in the Southwest (UAStaff Hospital (SH)Gaoyi (GY),Gaocheng (GC), Xingtang (XTJinzhou

164  (J2), Jingxing Mining District (JXMD), Lingshou (LS), Luguan (LQ), Luancheng (LC), Pingshan (PS), Shenze (SZ),
165  wuji (WJ), Xinle (XL), Yuanshi (YS), Zanhuang (ZHIhaoxian (ZX)andZhengding (ZD)The filter membrane

166  sampling sites are mainly located in TSMS, LQ and LC.

167  Table 1. The meteorological conditions during the four stageSANHP, NCAHP, CAHP and ACA) of the TECA

168  period in Shijiazhuang.

169  ----

170 2.2Sampling and Analysis

171 2.2.1 Sampling

172 From November 12016 to January,2017, the concentrations of B¥IPMio, SG, NO;, CO,
173  Os and synchronous meteorological conditions (temperatatative humidity, wind speednd
174  wind direction) were monitored in the 2#onitoring sites beloregito national, provincial and city
175  controlling points (Figl). The more detailaboutmonitoring instrumentaere described in Table
176  S2. Theheighsof mixedlayer weremeasuredvith a lidar scanngfAGHJ-I-LIDAR (HPL)), which
177 was sefat an atmospheric gradient monitoring statiorShijiazhuangnear CP site (Fig. 1and
178 more details were shown in supplemental matefiae PM, s filter membranesamples were
179  collected inTSMS, LQ, and LGitesfrom November 24, 2015 to January 9, 200hreesampling
180 sites were set on the rooftops of buildiragsl2-15 metersabove groundevel. Meanwhile the
181  parallel samples anthe field blanks were also collected at each dilere deails about filter

182 membranesamplingwere shown imable S3Before samplingthe quartfilter membrane$47 mm
7
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in diameter, Whatman, Englandhd polypropylene filter membrangs’ mm in diameter, Beijing
Synthetic Fiber Research Institute, Chingyebaked in the oven at 500 € and 60 &egspectively.
All the filter membranesfter samplingwere stored a# 0 beforeSubsequengravimetric and
chemical analysit improve the accuracy of experimental results.

2.2.2Gravimetric and Chemical analysis

A 24-hour equilibrium procesf PM s filter membranesvas performedat a condition of
constant temperature (0L N ) and humidity (455 %) before gravimetric analysig-or the
gravimetric analysis, lathe filter membraneswere weighted twice on a microbalanegth
resolutionof 0.01 mg (Mettler Toledo, XS105DY before and after sampling\n electrostatic
eliminating devicavas applied to ensure thecuracy ofjravimetric results

After the gravmetric analysis,the quartz filter membraneswhich carried atmospheric
particulateswere used to analyze watsluble ionsby lon chromatographyThermo Fisher
Scientific, DionexJCS-5000+). Oneeighth of the filtemembraneavas cut umndputinto a25mL
glass tubewith 20 mL ultrapure water.After 1-hour ultrasonic extractionand 3 minutes
centrifugalizationthe supernataniwvas filtered withdisposable filter hea@.22e mfor subsequent
instrumental analysi§heionsanalyzed include8Qs? |, NOs', CI', NH4*, K*, C&*, Na" and M¢*,
and more details were shown in Figs. S2 andP88r to the ions detection, standard solutions were
prepared and detected for over three times and low relative standard deviations (RSD) were obtained.
Analytical quantification was carried ow lnsing calibration curves made from standard solutions
prepared.

Polypropylenefilter membranesvere used for elemental analysis imgluctively coupled
plasma@mass spectrometiyCP-MS, Agilent 770). Perchloric aciehitric acid digestion method
wasapplied forthe pretreatment of filteanembranesAggregately10 elemental species\|, Si, Ti,

Cr, Mn, Fe Cu, Zn, AsandPb) were determined. The detection limits of all the elements were
shown inTable SI. For quality assurance and quality con(@RA/QC), standard reference materials
were pretreated and analyzed with the same procedure, with the recovered values for all the target
elements falling into the range or withi®sof certified values.

The OC and EC were determined on a 0.558 quartzfilter membrangunchby Desert
Research Institute (DRI) Model 2001 Thermal/Optical Carbon Analyzer with IMPROVE A

thermal/optical reflectance (TOR) protocoheélquartz filtermembranewas heated stepwise to
8
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temperatures of 140 €, 280 €, 480 € and 580 in a non-oxidizing helium (He) oven to analyse
OC1, OC2, OC3 and OC4, respectiveliren the oven was added &m oxidizing atmosphere of
2 % oxygen (@ and 98 % He, and the quartz fillmembranavasgradually heated to 580 €,

780 € and 840 € toanalyse EC1, EC2 and EC3, respectively. The POC is defined as the carbon

combusted after the initial introduction of oxygen and before the laser reflectance signal achieves

its original value and the POC specifiedasthe fractionof OC. Accading to thelMPROVE A
protocol, OC is defined as OC1+OC2+OC3+0C4+POC, and EC is defined as
EC1+EC2+ E CRTQAMC,. we carried out the measurement with the field blank filter
membranesstandard sucrose solution and repeatelysis in the study. During each saasthe
field blanks were sampled arttie particulate samples have been corrected by the average
concentration of the blank&or checking theprecision of instrumenta replicate sample was
analysed for every 10 samples, and the standewihtibn <o 5 % was accepted The method
detection | imits (MDLs) of?redfectiely.d EC are 0.
2.3PMF model

PMF model can decompose a matrix of sample data (X) intartstéces: source profile (F)
and source contribution (Gyp terms of observations at the sampling sites (Paatero and Tapper,
1994).The principle oPMF model can be describbygt

@ B QQ 1Q (1)

whereX; represents concentration of fffespecies in thé" sample gi represents the contribution
of thek" source to thé" sample fij represents the source profilejBfspecies from th&" source,
gj represents the residual for fffespecies in thé" sample, ang represents the number of sources.

PMF can identify emission sources . s without source profilesData below MDLsare
retained for using in PMF model withe related uncertainty adjusted in terms of the characteristics
that PMF model admits data be signally weighedo assess th&tability of the solution, the object

function Q can be allowed to review the distribution of each species, which is expressed by:

1 B B 5 ©)

wheregj represents the uncertainty jfspecies in th&" sample, which is applied to weight the
observations that include the sampling errors, missing data, detection limits and outliers.

The purpose of PMF model was to minimize the functioq (). Data below MDLs were

9
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retaina and theiuncertainties were set to 5/6 of the MDLs. Missing values were repladbe by

median concentration of a given species, with an uncertainty of four times the median (Brown et al.,

2015).Values that were larger than the MDLs, the calculation of uncertaamyin terms of a user

supplied fraction of the concentration and MDLs, andetiner fraction was suggested as 1®%o

Paatero (2000)Jncertainty was described by:

51T AAOOAEQIQWDI hwd Q& & @QE 01 OUWQHED ©)

In this study, EPA PMF 5.0 model was used to idgitié PM. s sources in Shijiazhuang city.

Based on the field investigation and chang®ofalues, and finally, five factors were chosen in

PMF analysis. When five factors were chosen and input in PMF model, and the calQulated

(5162) from PMF modelvasclose to theoretical valu€s045).The observedM; s concentrations

and calculate®M. s concentrationfrom PMF model showed high correlations=(0.96) (Fig. $4).

S/N is thesignatto-noise ratio, whichdg used to address weak and bad variables when running PMF

model (Paatero and Hopke, 2003). The signal vector is identified as heamdise vector is

identi fied

anal ysi s,

as

whi l

N.

e

Next

we ak

, S/'N is defined as Egq. (4)

v a r -‘weightedg/ncelet@tal 200R). SINDME O 2. 0)

As, Ti andCrwere lower thari.0 inthis study, and these species were set as weak variables.

Bi

wherei represents thehemicalspeciesn PMy s.

2.4Backward trajectory and PSCFmodel

(4)

In this study, the 7k backward trajectorgrriving in Shijiazhuang38.0% N, 55.2E) was

calculated at -h intervals during th€AHP by the Hybrid Single Particle Lagrangian Integrated

Trajectory (HYSPLIT) modelThe final global analysis data wepeoduced from the National

Centerfor EnvironmentalPrediction's Global Data Assimilation System wind field reanalysis

(http://www.arl.noaa.goy/ The model was ru# times per day at starting times., 0:00, 06:00,

12:00, 18:00 T; the starting height was set at 100 m above the ground. The PSCFRvasdeled

to identify the potential sourceareas in terms of the HYSPLIT analysis. The study region was

divided intoixj small equal grid cells. The trajectory clustering and PSCF model were performed

by using the Gl$ased software TrajStdti( et al., D17a; Wang et al., 20@). The PSCF value

was defined as:

10
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272  wherei andj were the latitude and longitude indicegrepresented the number of endpoints that
273  fell in theij cell, andm; was the number of endpoints in the same cell that were related to the
274  samples that were greater than the threshold criterion.

275 Based orthe NAAQS (GB30952012guidelinevalue (24 h) ofcrade II) the criterion values

276  of PMas, PMig, NO,, CO weresetto75e g £, m 1 5 G, €803 andgt mgih respectivelyThe

277  criterionvaluesof SO, and Q weres et t o 2 abn8d e¢lghtespecttivelyin terms of the

278 average during theAHP. Whenn; is smaller than three times the grid average number of trajectory
279  endpoint fave), a Weighting functioM/(n;) wasused to reduce uncertainty in cells (Dimitriowakt

280 2015. The weighting functiomvasdefined by:

281 ®»0 YO O—z® ¢ (6)

0.7015n,,.<n, U 3n,,
W(n.)= .
I 0.40,n,, <n; U 15n,,
0.20,n; U n,,

1.003n_,. < n;

282 (7

283 The studying field rangkfrom 33eN to 51e N, 7e& tod21e9, dadthe regionthat was
284  covered by theackwardrajectoriesvasdivided into432grid cells ofl.0e  110e The total number
285 of endpoints during th€AHP was 12672 Accordingly therewas an average ob trajectory
286  endpoints in per ce(have=5).

287 2.5Measures taken in the ontrolling experiment

288 Themeasures taken the controllingexperimenbegan on Novembei812016 and ended on
289  December 31 2016 in Shijiazhuang
290  (http://www.sjz.gov.cn/col/1274081553614/2016/11/17/1479391129623. fitmel measuremken
291 in thecontrolactionweremainly aimed atontrolling emissionsource of atmospheric gllutants
292  in Shijiazhuang which mainly included five aspects(1) reduce the wmeof coal, (2) decrease
293 industrial production, (3) inhibition afust emission, (4driving restriction, and5) prohibit open
294  burning.Themoredetails were desdredin supplemental material

295 Actually, a total of 543 enterprises weshut downin thewhole city of Shijiazhuangiuring
296 thecontrolaction periodincluding pharmaceutical, steel, cement, coking, casting, glass, ceramics,

297 calcium and magnesium, sheet, sand and stone processing, stone processing and other industries.
11
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The situation of specificlosedenterprises in different districts and counties is shown in Table
In closedenterprisesn Shijiazhuangthe number of mining and stone processing enterpriass
thelargest, whictwasup to733 and account for 48 of all theclosedenterprises. Theumbers of
casting and building materials enterprigeseup t0297 and 227, respectively, accounting fof49
and 15% of theall, respectivelyln addition,64 enterprises relatéd pharmaceutical industryere
haltedonly for the VOC technologyand thel7 enterprises related chemical industrynuststop
production The numbers oflosed enterprises for cement and calcioagnesium industrwere
up to49 and 40, respectively. Tmeimber ofclosedfactories relatedb furniture and tanneriesas
43, and the numbers aflosedsteel and coking enterprisegreup to4 and 7, respectively.

The average&alueof daily socialelectricity consumptiofrom November 18 to Decembe@t,
2016 was103470,000kW¥ h (Fig. S5), which declinedlO % compared tdhat of daily social
electricity consumptiofrom November 1 to 1,2016,and declined 86 compared tthat ofdaily
socialelectricity consumption durintpe same period in 201Restricton of motorvehiclesbased
on odd-andeven license plate rulie urban area of Shijiazhuang resdlin the decrease dhe
average traffiflow on arterial roads, which redudebout30 % compared to before thaontrol
action(Fig. ). Thedust emissioran be reduceabout 390 tons per déy a series of dust ctol-
measuresCompared to before trmntrolaction,the daily emissiors of SO, NO, smoke dust and
VOCsreducedabout 20%, 33%, 15% and 7%, respectivelyduring thecontrolactionperiod on
the basis ofhe statistics on pollutamémission inventories
3 Results and discussion
3.1 Variations of atmospheric pollutantsconcentrations
3.1.1 Temporal trend

Thetime seriesof atmospheric pollutants concentrations duringlB€A periodareshown in
Fig. 2.Theaverage concentratisof PM s and PMo during theTECA periodin Shijiazhuangvere
uptol8leg/m*a nd 2 93Fespedivelywhichwere5.2and 3.2imesthanthe Grade Il limit
values in theNAAQS. The ratio of PMsPMio reachedup to 0.62 during th@ECA period
indicatingthatthe fine particulate dominated on the particulate pollution in ShijiazhUiegnean
concentratiorof PM..s during theTECA period was significantly higher tharthoseof winter in
Beijing (95.50¢ g P),nhianjin (144.6e g P),rlangzhou127.9144.9¢ g P),Hleze (23.6e g f) m

and Xinxiang {11¢ g P) (€heng et al., 2015; Gu et al., 20114y et al., 2015Liu et al.,2017%;
12
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Feng et a.2016, andlower than thoseof winter in Handan (240.6 g ?) and Xian (266.8 g /) m

(Meng et al., 2016Zhanget al., 2011)Additionally, the NAAQS (GB3098012 Grade II) values

of SO, NO,, COand Qwe r e 630 4 @9 4mg/nihand 160 g £, mspectivelyDuring

the TECA period the average concentration of 506 0 3gcguldmeet the NAAQSand that of

NO. ( 8 1 S3pwepéfan exceedhe NAAQS;while thoseof CO(3.4 mg/mM)and Q( 15 S g/ m

were less than the NAAQS

As well known the date of codired heating in Shijiazhuang began in November 15, 2016

(http://www.sjz.gov.cn/col/1451896947837/2016/10/28/1477635691926.Hapending on the

changes of atmospheric pollution souraaesl meteorological condition¥gble J), the timeline of

theTECAwas divided into four stages: stage 1coatrolaction and no heating periodQ@NHP),

ranging from November fo 14, 2016 stage 2: naontrol action and heating period QAHP),

ranging from November 1o 17, 2016; stag&: controlaction and heating perio€AHP), ranging

from November 180 December 31, 2016tage 4: aftecontrolaction (ACA), ranging from January

1to 9, 2017.

During theTECA period the variatioms of atmospheric pollutantsoncentrationsveremainly

affected by the heating for cold winter and toatrolmeasures ahecontrolaction except fortte

meteorological conditions.Hereforewe defined the following equatiohs evaluatehe effecs of

the heating andcontrol action, respectivelybased on the atmospheric pollutants concentrations

during the different stages DECA (i.e., NCANHP, NCAHP, CAHP and ACA).

v

)

9

where Pi.neating represents the increasing percentage (%) of atmospheric poltacentration

because of theombinedeffectsof heating forcold winter and meteorological conditionBi.action

represents the decreasing percentage (%) of atmospheric pollutant concentration because of the

combined influences ofontrol action and meteorological condition€incantp represents the

concent r & CO:ang/nd)(okagmogpheric pollutant durinthe necontrol action and ne

heating periodCi.ncavpr € pr esent s

t he3 € mgn® of atmaspherio pollutare g / m

during the necontrol action and heating perio@i.cavrr € pr esent s t hes C@ncentrat

mg/n¥) of atmospheric pollutamturing thecontrolaction and heating period.
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During theNCANHP, the mean concentrations of Pdvand PMo were 156 eg/m® and 253
eg/m?® in Shijiazhuang respedtely. With the beginning of heating, the mean concentrations of
PMzsand PMpincreased 44 g fam d 6 2duringthenlN@HP, respectively, anthe Ppyz.s
heating@Nd Ppm1oheating Valueswereup to 28% and 25% (Fig. 3 and Fig. 4)However, during the
CAHP, the mean concentrations of Pdand PMowerel 8 5 ¥agn/dm 2 931respegtivein
which decreaselly 15 % and 26 % compared to th€AHP. And thePpm2.5action @nd Pemioaction
valueswere8 % and 8 %, respectivelfhe mean height of mixed lay¢he mean wind speehd
temperaturauring the CAHP were logr than thoseluring the NCAHRTable 1) Unfavorably
meteorological conditiess during the CAHFhad an offset effect on the control measures for
emission souiEs In view of Eq. (9) it can be seethat he positive values fdPem2.5actionandPemio
action@aremore able to show that control action was effecfuering the ACA, the concentrations of
PM.sand PMowere2 2 7 % g [d m 3 833respegtively, whiclincreased significantlipy 42
e gPamd 9 2compgrédno th€AHP. Thevariationsof SO, and NQ concentrationsluring
different stages of ECA were similar to tbseof PM.s and PMg concentrations. ThBsozneating
andPnozheatingvalues were 50 % and 33 %, respectively, an®¢bgacionandPnoz-acionvalues were
5 % and 19 %d\ote that thenean concentration of CO in Shijiazhuang city varied from 2.2 fhg/m
during the NCANHP to 5.5 mg/nt duringthe ACA period, which showed an increasing tendency
(Fig. 3. Because CO was mainly produced from the uncompleted combusfmssibfuels sothe
usage of domestic coal might be increasing with the gradual decrease of temperature from the
NCANHP (8.4 N ) to the ACA period(0.7 N ) (Table 1).Meanwhile, it caralsobe inferred that
the control of domestic coal during thECA periodin Shijiazhuang city performed little efficiency.
Because of the lack of emission inventofsdomestic coal or smalioiler coal in Shijiazhuang,
so thatthe control measuresere less targetedAdditionally, the concentrations of :Qduring
different sages ofTECA were lower compared to other pollutafisgs. 2 and 3)Overall, the
controlmeasuresf emissionsources in Shijiazhuang during thECA periodwere go inteeffect,
while the coal heating for cold winter atite unfavorably meteorologicabnditionsduring the
CAHP had an offset effeain the effortsof control measures for pollutant sources to some extent.
The average wind speetliring theCAHP (0.4 m/s on averageyas lower than thosauring the
other stages of thEECA period(0.50.7 m/son averagge(Table 1) and the wind directions were

changeable (Fig51),which was in favor of the accumulation atimospherigollutants and thus
14



387 causing the concentrations of atmospheric pollutants to increase duri@é\te Note thatthe

388 heighs of mixedlayer showed an apparently decreasing tendency fronlN@&NHP (540 m on

389 averagg and theNCAHP (590 m on averagep the ACA (431 m on averageandthe height of

390 mixed layerduring theCAHP was only474 m on averag@lable 1) The decrease ithe height

391 of mixed layer can cause the concentrations of atmospheric pollutants near the ground to be
392 compressed significanthand enhanced subsequentlly addition, during the CAHP, the

393 multidirectional airmasses that wermaainly originated from théeijing-Tianjin-Hebei and its

394  surrounding areas (e.g. Henan, Shandamgjsouth of Hebgdisplayed aroverlap with each

395 otherin Shijiazhuang (Fig. S7and further aggravate the level of air pollution in Shijiazhuang.

396 -

397 Fig. 2. The variations of atmgderic pollutants concentratiodsiring the four stagetNCANHP, NCAHP, CAHP
398 andACA) of theTECA period in Shijiazhuang.

399 Fig. 3. The concentrations variations of Bk PMio and gaseous pollutants during the four stageSANHP,
400 NCAHP, CAHPandACA) of theTECA period in Shijiazhuang.

401 Fig. 4. The Reatingand Ractionof PM2.5, PMio and gaseous pollutants (§®IOz, CO and @) calculated byquation
402  (8) and Q) in urban area and suburb in Shijiazhuang.

403  ----

404  3.1.2 Spatial variation

405 The concentrationsariations of PMs, PMip and related gaseous pollutants ¢SRO,, CO
406  and Os) during four stagesNCANHP, NCAHP, CAHP and ACA) in urban areaand suburkin
407  Shijiazhuangreshown in Fig. 3and5. During theNCANHP, theaverageoncentrations of Pk
408 inurbanareaandsubutbe r e 1 $a6n & gl/ SiPrespediivelyirThe concentraticof PM.s
409 in urbanareaand suburbincreased significantly during tHeCAHP (t-test,p<0.01). The meanly
410 increased concentration of BM( 4 6 Spig drban areavashigher than that of in suburi43
411 & g P),foutthe value of Puz.sheatingin suburb(29 %)washigher than that in urban area (27 @ip.
412  4). Note that theneanconcentration of Pésin urbanareava s u p t ddurdghlseCAdig / m
413  which showed an increasing tenderayd the Bua.saction Value was-15 % (Fig. 4), likely due to
414  the unfavorably meteorological conditions suctoager wind speed (0.4 m/s) and loweight of
415 mixed layer (474 m) etc. (Table 1and Fig. SY. Conversely compared to theNCAHP, the
416 concentrationsf PM,sin suburb(a meanofl 6 1 % dpéremsed significantly during tRAHP
417  (t-test,p<0.01), andhe PmzsactionWwas up to 18 %Fig. 4), indicating the contraheasuresf PM; 5

418 sources in suburkmight be more effective than urban aréae tendency of Sfconcentrations

15



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

during differentstages ofTECA (except theACA period) was similar to that of PM The Roz
heatingdNd Roz2actionValues in urban area were ub® % and4 %, respectively, and wer@ to 47 %
and 8 % in suburburing theTECA period(Fig. 4) However, the concentrations of 5@ urban
area and suburbecreasedemarkablyduring theACA compared to th€AHP (t-test, p<0.01)
probably due to the effective control measures.

During theNCANHP, theaverageconcentrations of PMin urban area and subunere280
and 2 4%2respegivem Then, theeanlyincreased concentratie in urban area and suburb
were up to 65 and 64 g ? during the NCAHP, which were comparable with each other.
Nevertheless, the meaa\Roneatingvalue in suburbvas higher (26 %) than thiaturban area (23 %)
(Fig. 4). During theCAHP, themeanlydecreased concentrationof M n ur ban afea was
and apparengllower than that of subui36 € g £),ras well as the meamWoactionvalues in urban
area and subbmwere0.4 % and 12 %, respectivellyig. 4). It can be seen that the control of RM
sources in subunlvas more effective compared to urban areaase of exclusion of unfavorably
meteorological conditions (Tablednd Fig. SY, probably relatedo more than 700 enterprises
closed down which mainly carried out ore mining and stone processgupurb(Tables S1and
SH. The tendency of Ngxoncentrations in urbareaand suburb was similar to that of Piuring
different stages of ECA period The mean RozneaiingvValues in urbamreaand suburb were up to
31 % and 34 %, respectivelyhile the mean f2acionValues in urbamreaand suburb were up to
17 % and 21 %, respectiveNote that the concentrations of @Ourbanareaand suburb showed
an increasing tendenfpm theNCANHP (2.1-2.4 mg/nt) to theACA period (5.5 mg/r¥) (Fig. 3).
The Roheatingdnd RoaciionValues in urban area were 22 % ah8l %, respeately, while thosein
suburbwere 32 % and20 % during theTECA period In addition, asshown inFig. 5 the
concentrations of CO in thestern and northern suburbShijiazhuang wersignificantly higher
than thosef urban area@-test,p<0.01) Note that the concentrations of i@ urbanareaand suburb
were lower during different stagesTECA (Fig. 5). Overall,during theTECA period the effect of
control measure$or atmospheric gllutants sources in subumvas better than in urban area,
especiallyfor the effect of control measures for particulate mateurces. The effect of control
measures for CO was nobtableduring theTECA period especially in subutHikely due to the

increasing usage of domestigal in suburlalongwith thetemperaturelecreasingTable 1)
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Fig. 5. The spatial variations of atmospheric pollutants §BNPMio, SG, NOz, CO and @) during the fouistages
(NCANHP, NCAHP, CAHP andACA) of theTECA period in Shijiazhuang.fepictures were produced by ArcGIS
based kriging interpolation method.

3.2 Variations of chemical speciesn PM2s

The averageconcentrations of chemicapeciesn PMzs in Shijiazhuang during theshole
sampling periodreshown in Fig6. Theannuaimeanconcentrations of OGQs?, NOs” andNH4*
in PMzs were 43.1¢ g £,189.0e g ,183.6e g P aan d 2 5 2, Gespeciivélymand their
contributions to PMls wereup to 23.1%, 20.0 %, 17.3 % and 12.3 %, respectivdlge annual
meanconcentrations of EC and Gerel 1 . 7 2and)7.7eng B, mspectively, which accowet
for 5.9 % and 4.1 % of PM. Note that thennualmeanconcentrations of elements in BBvere
relatively lower which variedf r om 0. 0 3 3 taccouring6for 6.@¢R/4 o of PMs.
Compared to other elements, gmnualmeanconcentrations of S2(. 6 SpagpdAdM 1. 43 e g/ m
wererelatively higher during thevhole sampling periodwhich accountedor 2.4 % and 1.2 % of
PM s, respectivelyln this studythe annualmeanconcentrations of OC, S®, NOs; andNH4* in
Shijiazhuangwere clearly higher tharBeijing (Gao et al., 2016 Tianjin (Wu et al., 201% Jinan
(Gaoet al., 201}, Shanghai\(Vanget al., 2016), Chengdu(Taoet al., 2018), Xian Wanget al.,
201%), Hangzhoul(iu et al., 2015andHeze (Liu et al., 2014).

The values oPineatingand Racion Of different chemical species in BMwere calculated by
usingthe Eq. (8) and Q). The variations of chemicalpeciesn PM.s at four stages ahe TECA
andthe values 0P.neatingaNd Ractionin Shijiazhuang are shown in Big7 and 8 Compared to the
NCANHP, the concentrations of chemicgpeciesduring the NCAHP showed a significantly
increagdtendency(t-test,p<0.01) the concentrations of $®, CI-, OC, EC, SiAl, C&* and Mg*
increasedy7 . 9, 3.7, 6.7, 3. 23 resfdectigelyandthe@heainglaluds ofand 0. 1
these speciewereup t030.0%, 40.2%, 14.6 %, 22.1%, 78.8%, 63.5%, 47.4% and 45.%%,
respectivelyduring theNCAHP. As thesespeciegi.e., SQ:Z, CI, OC, EC, SiAl, C&* and Mg*)
wereclosely associated with coal combusti@a¢ et al.2011; Liu et al., 2015; Liu et al., 2016;
Liu et al., 2017ac), therefore,coal combustion for heatirig winter probablyhad a great impact
on increasingof thesechemicalspeciesn PM.s. Furthermorecompared to théNCANHP, the
concentrations o€r, Cu, Fe, Mn, Ti, Zn and Pb increadsd0.02, 0.02, 0.34, 0.02, 0.02, 0.28 and

0. 0 7 3 eegpéctivelyand the PheaingVvalues of these speciegere 72.7 %, 33.1%, 34.4%,
17
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21.0%, 45.8%, 48.3% and 36.24, respectively, during thdCAHP. The Cr, Cu, Fe, Mn, Ti, Zn
and Phwereclosely relatedio industrial sources (Liu et al., 202&abala and Singh, 20084orishita
etal., 2011; Mansha et &012;Yaoet al., 2016), thusheindustrial emissions might have a higher
influence on PM;s during theNCAHP thanthat during theNCANHP. Also, it might be closely
associated with thenfavorablymeteorological factoréTable land Fig. SY.

Compared to théNCAHP, the concentrations d8Qs, CI, OC and ECduring theCAHP
increasedby 16.8 0 . 3, 1 9. 8 Saespkctileand thesPgid ralues ofwhich were up
t0 -48.8%, -2.0 %, -37.3% and-83.0%, respectively, during the AHP. As coal combustion was
an important source 8Q*, CI, OC and EC (Cao et al., 2011; Liu et ap15; Liu et al., 206;
Liu et al., 2017ag), soit can be inferred thahe influence of coal combustion might increase
apparenthduring theCAHP compared to thBlCAHP, which wadikely due totheincreasedisage
of the coal for domestic heatinwith the reduction of temperate during winter (Table J.
Additionally, unfavorably meteorological conditions during the CAtdR havean offset effect on
the control measures for cemdmbustion sourceés alsoFig. 5 shown that the concentrations of
CO during theCAHP were higher than those during theQdHP, especially in rural area
Furthermore, OC and E@ere associated with the vehicle exhadisiu et al., 2016; Liu et al.,
2017), thus, theeffectof motor vehicle management and control measures durir@Xhé& might
be offset bythe unfavorablymeteorological condition some extenduring theCAHP (Table 1
and Fig. SY. However, compared to ttNCAHP, the concentrations of Si, Al, €and Mg* during
the CAHP decreasedy 1 . 1, 0.1, C°,.redpedivelgandithe Pacics v@liemof which
were up to 30.36, 4.5%, 47.0% and 45.2 %respectivelyAs Si, Al, C&" and Mg* weremainly
originated fronthe crustaldust (iu et al., 2016 Shen et al., 2010; Wang et al., 2@1'%ang et al.,
2016b), therefore the influence otrustalduston PMs during theCAHP might decreaselearly
compared to thiél\CAHP. That 6s <c¢cl osel y r el at éentabitation ofdbsse cont r ol
emissionduring theTECA period (as shown in section 2.5 general, from the view of the
variation of PM sspeciation, thererasno doubt that th€ ECAhad a certain positive environmental
effect on the improvement of air quality. However, the ambient pollutantentration was
impacted by not only the emission sowcbut also the meteorological conditgrregional
background level and distant transportatioma@sunderstandablthat the concentration of CO had

a fAr ebound otheEAHP asdthe hedht of mirirgy layevasonly 474 m and a low wind
18
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Fig. 6. The average concentrations and percentages of chemical speciessimFMijiazhuang during the whole
sampling periodNovember 24, 2015 to January 9, 2017

Fig. 7. The variations of chemical species in PMuring the four stageNCANHP, NCAHP, CAHP andACA) of
the TECA period.

Fig. 8. The R-heatingand RactionOf chemical species in PMduring theTECA period in Shijiazhuang.

3.3 Variations of PM2.5 sources contributions

The filter membranesamples oPM. s were collectedn three sitegL.Q, LC and TSMS)n
Shijiazhuangrom November 24, 2015 to January 9, 204ddsource apportionment was carried
outby usingEPA PMF 5.0as well adive factors werédentifiedduringthe periodFigs. 9and10).
The chemical profile of factor 1 was mainly represented by Si ¢p.8&* (74.0%), Mg?* (43.9%)
and Al (71.3%), which werederivedmainly from crustaldust (iu et al., 2016 Shen et al., 2010;
Wang et al.2015). Thus, fictor 1 was viewed as crustal ddste contributiorproportionsof factor
1 to PMys decreasedrom 19.5% ( 3 8 . 5°) darigg tie WY 18.7% (42.1¢ g P) during the
NCANHP, 16.9% (48.0¢ g P) during theNCAHPt0 15.0% ( 4 0 . 3) darigg theCAHP, and
increased up t &) durifg.theACBs THe 4ndinspBeciesof factor 2 were S¢F
(53.9%), NOs (89.8%) and NH* (75.0%). Therefore, itvas easily identified as secondary sources
(Liu et al., 2015, 2018017a;Santacatalina et aR010; Smuruganandam and Nagendra, 2012
The contributionproportiors of factor 2 to PMs ranged from29.5 % (66.4¢ g F) muring the
NCANHP,30.8%(87.9¢ g F) duringtheNCAHP,3 1. 6 % (3RI4ring&8heCGAHRtaB2.7 %
(64. 66dariggtmawWy and decr eased?3 dudng h&\CA Faétor 8 \8a5 . 2
represented by the relatively high loadings of OC (856)9 EC (70.9%), Qu (26.9 %) and Zn
(26.5%). Given that theDC and EC are generalpredominant in the reported source profile of
vehicle exhaustlu et al., 20162017a)yaoet al., 201§ andZn is widely used as an additive for
lubricantin two-stroke enginegsand Cu iloselyassociated with brake we@@egum et al., 2004;
Canha et al., 2012; Lin et al., 2015 et al., 2017a Therefore, factor /asidentified as vehicle
emissiors. The contributbn proportiors of factor 3 to PMy s decreasedrom 14.2% (32.0e g A) m
during theNCANHP,13.4 %( 2 6 . 4)derigg/th@WY 13.3% (37.8¢ g F) during theNCAHP

t0 10.6 %( 2 8 . 5°) darigg teCAHP, and increased tb4.1 % (4.7¢ g P) during theACA.
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541  Factor 4 was characterized the high contributions of C# (26.0%), Mg?* (31.0%), Si (13.3 %),
542  As (84.9%), CI' (38.6%), OC (20.26) and S@ (26.7%), andthe combination ofhesespecies
543 in factor 4 inferred they were @mission frontoal combustion (Cao et a2011; Liu et al., 2015
544 2016, 2017&; Zhang et al.2011). Therefore, factor 4 was identifiems coal combustiorilhe
545  contributionproportiors of factor 4to PMbs increasedrom 26.2 %( 5 1 . 7°) darigg the WY
546  28.0%(63.2e g P) during theNCANHP, 29.5% (84.0¢ g P) during theNCAHPto 31.7 %(85.2
547 ¢ g P) during theCAHP, and lightly increasett o 3 2. 6 %) durbhd@theBCAcFactomb
548 was identified as industrial emissions, with high loadings of Cr @8, Cu (63.7%), Fe (83.2%),
549  Mn (51.3%), Ti (70.0%), Zn (69.2%), Pb(42.1%) andCl- (41.0%) (Almeida et al., 2015;iu et
550 al., 2015 2016;Morishita et al., 2011; Mansha et &Q12;Yao et al., 2016).The contribution
551  proportiors of factor5 to PMeys ranged fron5.0% (11.3¢ g #) during theNCANHP, 5.1 %(10.0
552 & g P)during the WYto 5.9% (16.7¢ g F) sluring theNCAHP, and decreased #©.3 % (14.2
553 ¢ g P) during the CAHPand4 . 9 % ( 3) duriig theATA. Note thatthe contribution of
554  industrial emissiont PM s wasrelatively lower than other sourc@sg. 10).

555 In generalcrustaldust, secondary sources, vehicle emissions, coal combustion and industrial
556 emissions were identified as BMsources in Shijiazhuan@rig. 9). Compared to th&VvyY and
557  NCANHP, the contributiorconcentrations and proportiong coal combustion to Pp4 increased
558 significantly during other stages of TECA periqéfig. 10) which was closely associated with the
559 coalheating for cold winter (Liu et al., 2016), attd unfavorablymeteorologicatonditions(Table
560 1 and Fig. S}. The contribution concentrations and proportions of crustal dust and vehicle
561 emissions to Pisdecreased apparently during the CAHP compared to other stalge€ Afperiod
562 (Fig. 10) It indicated that the control effects of motor vehicles and crustawrstremarkable
563  during theCAHP, even under unfavorably meteorologicahditions(Table 1) and the results were
564  consistent with the above analysishe contributionproportiors of secondary sources to BM
565  during theCAHPshowed little change compareddther stages of TECperiod(Fig. 10) However,
566 comparedo the WY andNCANHP, the contribution concentrations of secondary sources tgPM
567 increasedsignificantly during theNCAHP, CAHP and theACA (Fig. 10) likely due to high
568 concentrations of gaseous precursors (i.e; &@ NQ) (Fig. 5, unfavorablymeteorological
569 conditions (Table 1)andfrequent hazy events during geperiods, when there were significant

570 secondary reactiongdén et al., 2014; Li eal., 201&). In addition, it also illustrated that the
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571 discharge of atmospheric pollutantgght bestill enormous even under such strict control measures.
572  Note that the contribution concentratsoand proportion®f industrial emissions to PM during

573 the CAHP decreasedpparently compared to ttMCAHP (Fig. 10) indicating that the control of
574  industrial emissions was also effective during the CAHP.

575 Chen et al(2016b) reportedhattheconcentrations of particles during the 2014 Youth Olympic
576 Games (YOG) period (August) wemauch lower than befor&ames period (July) and afi&ames

577 period(September)andfugitive dusts, construction dusts and secondary sulfate aerosol decreased
578 obviowsly in YOG, which means mitigation measures have played an effective role in reduction of
579 particulate mattelWang et al(2017)found that the contributions ekthicles,industrial sources,
580 fugitive dust, and other sourcdecreased 3.514.7 %, 10.7-11.2 %, 4.55.6 % and 1.72.7 %,

581 respectivelyduring the AsiaPacific Economic CooperatigfAPEC) andC h i nGaadadsMilitary

582 Paradg([CGMP), compared tthe periodbefore the controlaions Guo et al. (2013) found that
583 primary vehicle contributions were rezhd by 30% at the urban site and 24 at the rural site,
584  compared with the neoontrolled period before the Beijing 2008 Olympics. The reductions in coal
585 combustion contributions were 3% at PKUsite and 7% at Yufasite As we can see thahese

586  controlactions of the strict measurakenfor emissionsources durintgheinternational events held
587 in Chingincluding theTECAIn Shijiazhuang, werall very important practical exercises and rarely
588 scientific experiments. However, it cannot dgvocated as the normalized control measures for
589  atmospheric pollution in Chin@hese strictmeasures taken during seeperiodgaretemporary, and
590 thereis anormal recovery of all the emiss®of sources after the operatiddnce adverse weather
591 conditions occyrand the hazy events magntinue tchappen eventuallyn short the direct cause
592  of the severatmospherigpollution in Chinais thatthe emission of pollutants pend the air
593 environment's sejpurification capacity, anthe essentiakeasonis unreasonable and unhealthy
594  pattern for economic development of China

595  ----

596 Fig. 9. Source profiles obtained with the PMF for PMPFilled bars identify the species that mainly characterize
597  each factor profile

598 Fig. 10.Source contributions of PM during different stages in Shijiazhuang. WY represents whole year: November
599 24, 2015 to January 9, 2017.

600  ----
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3.4 Backward trajectory and PSCFanalysis

The backward trajectory analysis was used to identify the transport pathways of the air mass
duringthe CAHP. In terms of the directions and travelled areas, these trajectoriedividesl into
thefive groups Fig. 11). Trajectoryclustersl, accounting for 31.%6 of the total, originated from
Shanxi province and passed over North of Hebei before arriving at ShijiazRiuajegtory cluster
1 reflected the features simallscale, shortlistance airmasstransport(Fig. 11). The higher
concentrations of PM( 35 8 3)ePdWs2 3 7 3e gaZmmd C O3 might i due tp/then
variety of emission sources and thecumulation of pollutants from surrounding areas, since the
movingspeed o&ir mass ircluster lwas much laver than other trajectori€fig. 11 and Table 2)
Trajectory cluste2, 3 and4 accoungd for 58.0 % of thetotal trajectoriesand began fronthe
northwest of Chinapassedhrough the Inner Mongolia and Sharstiowingthe features of large
scale, longdistance air transport3he relative lower concentrations of AM(1892 90 %,g/ m
PMz5 (1191 81 3, SO 1806 7 E)gMONn(587 8  €)gahdnCO (2.43.0 mg/ni) were
closely associated with highoving speedsf air masgFig. 11 and Table R andrelatively less
anthropogenicemissionsources in the northwest of Chin@rajectory cluster 5 was mainly
originated fromNingxia province, passed ov&haanxi, Shanxand Hebei before arriving at
Shijiazhuang, accounting for 10.8 % of the tadhbwingthe features of smadicale, sbrt-distance
air transporsignificantly elevated levels of PM( 4 5 1 °),ePysm3 0 3 3)eS@A B3 33 g/ m
NO2( 1 0 4 3 angl COn(4.8 mg/@with trajectory cluster Were associated with the sources and
the accumulation of pollutants from surrounding aréaswell known that the Beijindianjin-

Hebei region was one of tiseverespolluted areas in Chin®&{ et al., 2014Chen et al., 20135u
et al., 2011;Wang et al.,, 2014Zhao et al., 2012 it might be an important reasavhy the
concentrations of pollutants were higher with trajectory clusters 1 and 3 {fgd Table 2).

In this study,PSCFmodelwas used to analyze the poteh8aurcesareasof atmospheric
pollutants by combining b&ward trajectories anthe concentrations @tmospheric pollutants in
Shijiazhuang during th€AHP, and the results were shown in Fi. The values of weighted
potential source contribution functig?/PSCH of COwerehigherin the north of Shaanxgouth
of Shanxi anccentral and southern Inner Mongolia, which werairly potential sourceareasof
CO concentrations in Shijiazhuafigg. 12 (a)). The WPSCF values of NQvere higher in north

of Henamand ShaanxHebei,Shanxi, and central and southern Inner Mongolia, which meardy
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potential sourceareasof NO, concentrations in Shijiazhuang (FiR (b)). The WPSCF values of
Oz and SQwere higher irthe north of Henan and Shaanxi, Shanxi, and south of Helhieh were
distinguished as major potentgdurcesarea®of O; and SQ concentrationi ShijiazhuandFig.
12 (c) and (d)) Moreover, the southwest &andong was also identified lesinly potential
sourcesareasof SO, concentrationgn ShijiazhuangAs for PMzs and PM,, the WPSCF values
were higher in south of Hebei, aedst of Shanxi, which were identifiedraainly potential sources
areaof PM, s and PMo concentrations in Shijiazhuang (FIR2 (e) and (f)).Overall, thepotential
sourcesareaf the atmospheric pollutants in Shijiazhuanginly concentrated in the surrounding
regionsof Shijiazhuangincluding south of Hebei, north of Henan and ShaPseviousstudies also
reportedthat Shanxi Hebei and Henaprovinceshad serious aipollution problemgFeng et al.,

2016;Kong et al., 2013; Meng et al., 20T8hu et al., 201}, revealing the regional nature of the

atmospheric pollution in Northern Plain of China. Therefore, there is an urgent need for making

crossboundary control patly except for local contraheasures given the high background level of

pollutants.

Fig. 11.Five clusters of the 78 air mass backward trajectories during @AHP. Red star represents Shijiazhuang
city.

Fig. 12. Potential sources areas of atmospheric pollutants obtained from PSCF model duGAdifdred star
represents Shijiazhuang ciffhe colors represent potential soureesas influenced on the atmospheric pollutants,
and the red color could be determinted be relatively important sourceseas while the blue color means
unimportant potential sourceseas.

Table.2 The average concentrations of atmospheric pollutants in different clusters dur@gHire

4 Conclusions

The control measures afmospheric pollution in Shijiazhuang were effective and was in a right
direction Under unfavorably meteorological conditiotise mean concentrations BM; s, PMo,
SO, NO,, and chamical specieqSi, Al, C&*, Mg?*) in PM.s during the CAHP significantly
decreased compared to tR€AHP. Overall, he effects of control measures in sulawlere better
than in urban area, especially for the effects of control measures for particulate mattersHogirces.
effects of control measures for @Missiornsourcesvere not apparent during tiAHP, especially
in suburls.

The pollutantds e miCaHPiwera in sffective coatsl, edpediallyrfay
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crustal dust and vehicle®vhile the necessary coal heating for cold winter and the urgblyo

meteorological conditions had an offset effect on the control measures for emission sources to some

extent.The discharge of pollutantsight bestill enormous even under such strict control measures.
The backward trajectory and PSCF analysithe light of atmospheric pollutanssiggested

that the potential sourceseas mainly concentrated in surrounding regions of Shijiazhuang, i.e.,

south of Hebei, north of Henan and Shanxi. The regional nature of the atmospheric pollution in

Northern Chima Plain revealed that there is an urgent need for makinglooosslary control policy

except for local contreineasures given the high background level of pollutants.
TheTECAisanimportanpr act i c al e xbeadvicaes asthe hormalizethtroh n 6

measures for atmospheric pollution in China. The direct cause of atmospheric pollution in China is
the emission of pollutanexceedshe air environment's seiurification capacity, and the essential
reason isinreasonable and unhealthy pattemeiconomic development of China
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