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Response to Reviewer sod-dbolosOMacR01En d Suggestions

Comments to the Author:

The revised manuscrigs an improvement over the original. However, one of the refestedinds major
problems with the methods, conclusions and the manuscript presentation. Further, the referee does not think the
authors have adequately addressed previous comments made by the referee.

The authors must serioushyldresghis refereé corterns in their next revision. Also, please have tla@uscript

edited by a native English speaker before resubmitting.

Dear Editor,

We are thankful very much to you and the anonymous revidaetse thoughtful comments aisdiggestions. We
have revisedhis manuscript accordinglgnd asked a native English speaker to editigted below are our
pointby-point responses (blugp ther e vi ewer 6 s ¢ dnradditiant fellowind tededskopinion, the
title of this manuscript has been changed@murce apportionment of Piat a regional background site in North
China using PMF linked with radiocarbon analysis: Insight into the contribution of biomass Burning

Best regards,
Dr. Chongguo Tian

The manuscript has undergone significant improvenreterms of written language and clarity. The manuscript

dose have a potential to be a good paper as the authors have collected a large amount of data and providec
extensive analysis of sources of PMising both measurement and modelling. Howeveretlage still major

problem left in the manuscript to be addressed. In their response to the comment from the first round of review,
often times they have not provided any new information that was not already in the manuscript to really addressed
therefereés comments. There are still typos throughout tl

Response and Revisianghanksvery muchfor thesesignificant comments.We have revised thismanuscript

accordingly.In addition, typoghroughout the manuscripive been corrected, athek missing references haadso

been added in the manuscriptease find our detailed resposibw.

In my opinion, the main problem with the paper is the accuracy and interprethtienradiocarbon measurement.

The authors make conclusioabout the sources of carbonaceous aerdemis large regions of China based on

only two samplesfomd i f f er ent air masses. | don6t t hofwhatthe hat
sources are in a particular region.

Response and RevisionAke appreciate the reviewdsthoughtfulcommentWe agr ee wi th the r e

that more **C measurementould provide moreaccurate information of sourcels this study, wo combined
backgroundgsamplegM1 and M2)including four independent sampliesm two majorair massesvere selected for

“C measuremenfew samples wereonductednainly due tothe busy schedulef the nstrumentsat that timeand
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the expensivecostof the measurementTo be hoest, new *C measurementould not be added in the manuscript
duringthe refereeing periodHowever,we will continue taconductmore™“C measuremerior furtherconfirmation

of sourcesn future studyf ol | owi ng t he. reviewerd opinion

We have donenuchpreparework for **C measurementsing few samples-or examplebefore'’C measurement,

the representative capacity of all samples in two clusters (cluster 1 and 3) was examined thoroughly. OC and EC
concentration, ratios of OC/PMand EC/PM,sof each sample were compared with that in the corresponding
cluster by mean test. Finally, independent samples with great reptassrgssvere selectedarefully for **C
measuremennegoal in this study was texplore the sourcsignak in different region in North China based on

cluster analysisSo theconcentration, area passed through,adtindependent samplegere consideredgreatly

when picling them Besides*C measurement was not the only indictor for source wlpster analysis based on

OC/EC, K*, and NO3/nssSQ,, etc, alsoindicated the same source informatigith *‘C measurement, which
demonstrategreatlythe sourcedentificationin our study.

Further the authors do not report uncertainty in their source apportionment estimates, which makes it very hard to
interpret the accuracy of those measurements. The title of the manuscript suggests that radiocarbon was a majot
port of the source apportiommt st udy, and | dondét think that i s foa
manuscript. | cannot comment on the PMF interpretation of‘end PMF results in general, however, ff@

along is not enough to interpret the sources.

Respons@and RevisionsThanks fothe commentF ol | owi ng t he weehave addee unbéestainbypoi ni o

the *“C measurementtilizing the Error Propagation Formuldiu et al., 201 U&=5s q r t, -+l A whereais
theconversion coefficientaused bywclearbomb in the 1950s and 1960s, dahd i s aOd0Obaedordiny taa s
previous studyZhang et al., 20)4 The **C measurementincertaintyresult has been inserted in thevised
manuscript(page 14 line 5-30; page 15, linel-6). On the other handjncertaintyof PMF modelwas usually
estimated byootstrapping (BS), displacement (DISP), and bootstrapping with displacemeDt$B§ which has
alsobeenreported in the reviseslipporting informatiorfpage 15, line ). As shown in table 1 hte percentage of
BS factors assigned to each base case faatges from a low value of 93% for sea salt to a high of 100% for
vehicle emission, traffic emission, industrial process, mineral dust and coal comparstitirere are no unmapped
BS factors. About DISP, dter strongweightedspecies were displaced, no factors swaps were reported for any of
the allowed dQaxexamined by the model (fixed 4, 8, 16.i82his study. Besidespnly two and ondactorsswaps
were found for sea sadind biomass burningrespectivelyfor each allowed d@.x examined by modiéhg (fixed

0.5, 2, 4. 8 foBS-DISP analysis in this studyyvhile no factorsswapswere foundn other factorsAll theseerror
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estimatesesultswere wellwithin therangeof stable solution of PMF modelemonstrang the effectivenes®f the

model results in this study.

Table 1 Percentage of BS factors assigned to each base caswithciororrelation threshold of 0.6.

Boot Vehicle Traffic Ship Industrial Biomass  Mineral Coal Sea
- - . ) Unmapped

Factor emission dust emission process burning dust combustion salt
1 100 0 0 0 0 0 0 0 0
2 0 100 0 0 0 0 0 0 0
3 0 0 96 0 4 0 0 0 0
4 0 0 0 100 0 0 0 0 0
5 0 0 0 0 99 0 0 1 0
6 0 0 0 0 0 100 0 0 0
7 0 0 0 0 0 0 100 0 0
8 0 0 0 0 7 0 0 93 0

In addition, **C measurement along may not be enough to interpret the sources with PMF model, however,
characteristics ofariousPM, s specieJOC, EC, ions, mental elements, et@®re discusseth detail in this study,

also providing significant source informationFor example,**C measurement indicate®M,s from the
Beijing-Tianjin-Hebei region exhibited more signals of fossil fubkis was further confirmed bits lower ratio of

OC/EC, higheratio of NO;/nssSO,%, and lower concentration of RES compared withthose fromShandong
peninsula The eighh factor with high loading of Na', Mg**, CI' was identified as sea salt by PMF mod#$o

confirmed by thaCI/Na’, Mg®"/Na" in this factorwere 1.79 and 0.11 (similar to the corresponding ratio in sea
water 1.80, 0.12. It should be noted thaesults given bycomposition analysis-‘C measurementPMF model

usually exhibited well consistency in this studyimplying accuracy ofsource apportionment in this study.
Following the reviews suggestion, the title dfie manuscriptvas changed &iSource apportionment of PMat a

regional background site in North China using PMF linked with radiocaahalysis Insight into thecontribution

of biomass burning

Further the manuscript lacks a comprehensive discussion of the results. Maybe some part of the results can be
moved into the discussion, but even so a more comprehensive interpretation of the results is necessary. The
condusions only provide a summary of the résubut not actual conclusion.

Response and RevisionBhanksfor the commentThe presentmanuscriptwas prepared originallyfor a merged

section ofresult and discussiorwhich is allowed by ACRas someexample articles below We still keep the
structureof the manuscripbecauseof huge workloadand potentialindigestibility of the £paraibn of two parts
Following the reviews suggestion, more interpretation has been added in the revised mantikeripection of

conclusion has been changed as summary and conclusion.
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Khan, M. F,, Latif, M. T., Saw, W. H., Amil, N., Nadzir, M. S. M., Sahani, M., Tahir, N. M., and Chung, J. X.: Fine
particulate matter in the tropical environment: monsoonal effeaisces@apportionment, and health risk assessment,
Atmos. Chem. Phys., 16, 5817, doi: 10.5194/aep6-597-2016, 2016.

Kong, S. F, Li, L., Li, X. X., Yin, Y., Chen, K., Liu, D. T., Yuan, L., Zhang, Y. J., Shan, Y. P., and Ji, Y. Q.: The
impacts of fireworkburning at the Chinese Spring Festival on air quality: insights of tracers, source evolution and
aging processes, Atmos. Chem. Phys., 15, 214, doi: 10.5194/aep5-21672015, 2015.

Zhang, Y. L., Huang, R. J., El Haddad, I., Ho, K. F.,, Cao, J. J., Ha#otter, P., Bozzetti, C., Daellenbach, K. R.,
Canonaco, F., Slowik, J. G., Salazar, G., Schwikowski, M., Schikiedis, J., Abbaszade, G., Zimmermann, R.,
Baltensperger, U., Pr&@, A. S. H., and Szidat, S.: Fossil vs.-foasil sources of fine cannaceous aerosols in

four Chinese cities during the extreme winter haze episode of 2013, Atmos. Chem. Phys., 153122%i:
10.5194/acfl 512992015, 2015.

Zhao, X. J., Zhao, P. S., Xu, J., Meng, W., Pu, W. W,, Dong, F., He, D., and Shi, Q. F.isAoldysvinter regional

haze event and its formation mechanism in the North China Plain, Atmos. Chem. Phys., 136%%850i:
10.5194/acfl3-56852013, 2013.

Zhao, P. S., Dong, F., He, D., Zhao, X. J., Zhang, X. L., Zhang, W. Z., Yao, Q., and Liu,Ghavacteristics of
concentrations and chemical compositions for PM2.5 in the region of Beijing, Tianjin, and Hebei, China, Atmos.

Chem. Phys., 13, 4634644, doi: 10.5194/aep3-4631-2013, 2013.

Minor comments
Abstract
-Typos

Response and Revisiorianks for the commenthe typos have been corrected in the revised manuscript.

- No errors ort“C source app

Response and Revision§Ve appreciate the reviewisr comment.The *“C errors calculated by the Error

Propagation FormuléLiu et al., 201$ have been added in thevised manuscrigpage?, line 12-15).
Introduction

- Paragraph |

-References for climate, health etc

Response and RevisiorBhanksfor the comment. More referencéShen et al., 2033 u et al., 2015Pui et al.,

2014 Tao et al., 2014about fine particles affecting climate, health etc have been added in the revised manuscript
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(page 3, line 5)

- Paragraph I

-Line3page3fiwhi l e its cont-tmpei bhrgalboal sonroes is relat
the case as the Bomb Spike provided a high resolution interpretation of the ‘4€cesshe atmosphere since

1950s, which has been stilg declining.

Response and Revisiond/e appreciate the reviewlsrcommentFo | | owi ng t buggestiopweihaveer 6 s

revi sed t fhesndeslydng priaciple ef'C fheasuremeris thatradioisotope carbon has become extinct
in fossil fueldue to its age (halffe 5730 years)while nonfossil carbon sources contain the contemporary or near
contemporary radiocarbon levg€page 3, line 29)

Methods

- Sampling site an@ampling collection

- Equilibrium proces$ Can the samples absorb VOdiging this time? How do you account for that?

Response and RevisionBhanks for the commentn this study, tank samplesvere conductedaccompanying

sampling samplethroughout the whole procesSoncentrations of OC in blank samples were all < 3.5%hef
average concentration for the total samgfEme 5, line 2Q)implying our samples were not contaminatkaing

the processes, such @&insportation, equilibrium and chemical analysis. Thus, we can sesathatesd i d n 0 t
absorb VOCs ombsorblittle of VOCsdur i ng t he equi | i br iioterferppthecacceracg of wh i
results in this study.

- Chemical analysis

- Page 6 line 18 M1 and M2 not defined

Response and RevisionShanks for the commenE ol | owi ng t he r eadd semtenseBl®0 o pi n

combined samples reflecting source signals fribi ShandongPeninsula (M1) andhe BTH region (M2),
respectively, were selected f3€ measuremeritin the revised manuscrifpages, line 15).

-page 7 line 6: whys the conversion o. difierent between OC and EC and where did you get these numbers?
Either a citation is missing or more detailed explanation is needed.

Response and RevisiorEhanks for the commenthe conversion factor was used € data correan for *C

decay during the period between 1950 and the year of measuréh®ent.a |, Vajue of @ntemporary carbon
sourceincluding biogenic and biomass burnirég, b, m 8 respectivelyare large than 1 due to the nuclear bomb
in 1950s and 1960s, which were estimaiede 1.06 +0.015and1.13 £0.05f 0 Fpio @ N dnp, despectively

(zhang et al., 2004 Of them, &1, value was estimated from long term series €0, measurement from
5
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Schauinsland statiofbevin et al., 2019  w hpiyWwas esiimated by tieegrowth modelMohn et al., 2008 In
this study,amece g u anhy giver@biomass burning is the only nfwssil source for EQw h i |, gis aopted as
t he av emmo.ag € pa@ssumiag OC oginated equally fronbiogenic and biomass burning emissibimally,
conversion factorsvere adopted 1.10 and 1.06 for EC and OC, respectively, considiégrngteadily declining
tendency of*“C after factors estimation studyhese factorsvere same with a previous stutlyiu et al., 2013
Based on discussed aboweditional explanation and citations have been added in the revised man(psg&v,
line 1-10).

- Principle for selecting’C samplé this section is hard to understand

Response and Revisionkhanks for the commenthe section has been corrected for easier undersanstated

in the revised manuscripPMF can better interpret those data close to the average condition of each chemical
speciesThus, OC, EC and ratios of them to Pibf each sample in clustet and 3 were examined by mean test

The testensure that chemical components of selected samples céretter interpretd by the PMF modelling.

These selected samples were adopted’@measurementgor example, a sampthat90% of its componentsan
beexplairedby PMFis morerepresentativenesisanthat60% can be explained by the modéhally, few samples

from asuccessiveynoptic proceswere selected in the present study.

-Dondét know what a pr efl encdt whgtnhe scturacy ofthe madslandsthaniseewdyn s |,
using one sample per cluster doesndt seem reasonabl e

Response and Revisionkhanks for the commenEluster analysis indated ShandondPeninsula andBTH region

were the major source regmnwhichwerethe key considerationn this studyIn order tomake clear the source
information in the two regionshe samples with the air mass originated directly ftbem (without covering any
otherarea} were the most optimal choice f8iC measuremenas shown in Figure Z;ombined samples (M1 and
M2) met this demandrhey were collectetfom January 18and 1§, 2014, wherthe first half of air masses were
only derived fom the south and passed through the Shandong Penamslithe bottom half werenly from the
north and passed over the BTH region. Besides, s a successive processhich was more significant for
source apportionment thaiscontinuous one®MF canbetterexplainthe samples with their chemical components
close to the averadevel of each chemical speciesther than those samples wathtlier of chemical components.
For example, a sample that 90% of its components caxjlaired by PMF is moreepresentativenegban that
60% can be explained by the modeherefore, meatest couldensure theccuracy of the modehAs mentioned
above,two combined background samples (M1 and M2) including four independent samples from two major air

masses were selected f6iC measurement. Few samples were conducted mainly due to the cd4€ for
6
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measurement was really expensisefficient prepare works have conducted betd@emeasuremenEor example,

the conentration, area passed throughindependent samplesas considered greatly when picking theim

addition, the representative capacity of all samples in two major air masses was examined thoroughly. OC and EC
concentration, ratios of OC/PMand EC/PMsof each sample were compared with that in the correspgn

cluster by mean tedtinally, one combined sampleasselected per cluster.

Results

- General characteristics and chemical composition

- Page 9 line 17: is this avr £st. dev and how is the uncertainty in theg RBasurement accounted for?i739 =

16 £&igueraketheminandpply 20 &g mkhawudementhiesr@da® e€g compar

Response and Revisionkhanks for the commerm. The mean congwasratii 6 n*l o6 A P®h e

text, of which 77.6 £59.3 was avr + stdev. The samplingsite in this study was a background sihere
concentration of Plkwasmainly impacted bytransportatiorfrom other source regioisothe concentration value
wasdiscretewith theminimum value ofL 2 . 6 8° arel thé maximum value 805¢ g 7, showing large standard
deviation.As mentioned in the text, acceptable difference amonwéhightingrepetitonvnas | ess t han 2
sampled filter Thi s v al uwetertd tRe@eiglsterpr, avdsheuld bedivided by thesampling air volume
whentranslated into concentratiqghe o) Aucording to the average air voluni@04 nf) of every independent
sample,the concentration corresponding to weight em@s0 . 024 N & .wbidh Tvas e<gl?% nothe

mi ni mum val uédudnfthelsampng. € g/ m

- Also, lacking consistency in significant digits.

Response and Revisiond/e appreciate the reviewsrcommentln this study,significantdigit for concentration

valueis three, while that for percentagalueis two. It is mainly due tasome special values hard to get unifiée

have revisedhis matterthroughout the manuscript

- It would be really niceif the section describing the concentrations and percentage j ¢fMhe different

chemical components is summed into a figure e.g. a pie chart so that the reader can better visualize the relative
contribution. Very difficult to follow

Response and Revisiond/e appreciate the reviewlsrcommentFollowing ther e vi e wd s, a pi® chamte n t

describing the relative contribution of species inRkts been added in into the revised manus(page 39)
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Figure 1 Piecharts showing the relative contribution of species for, PM Qimu Island Note the sum of

percentagef identified species in Pptin (a)is 58.58% while that of (b) is 100%ecause the percentagete

ratio of every mental element the totalidentified mental elements.

- Page 10 line 4: citations.

Response and Revisio’td¥e appr eci at e

Zhao et al., 20)3have been inserted into the tépage 10, lin0).

t h @he citationg€iam etral§ 2016£hany et aln 2013

- In general the names of chemical species should be writtdirstuso the chemical formula is defined. This is

missing throughout the manuscript.

Response and RevisionBhanks for the commenthe names of chemical speciesvebeen written outwhen it

first appearedand was thedefinedin chemical formulan the revised manuscript.

- Last paragraph belongs to discussion.

Response and Revisiorithanks for the commenis mentioned above, results and discussion is irsectéon

- Cluster Analysis

- Very difficult to follow which cluster corresponds to which region

Response and RevisioriEhanks for the commeniVe haveaddedcorresponding region informatipe.g. cluster 1

(BTH), cluster 2 (MDN), cluster 3 (SDR)behind the clusterappeared alongnddifficult to follow in the revised

manuscrip{page 7, line 25)

-Ail ow temperature

burning, e.g.

vehi

burning,

ol

e

such as agriculture

exhaust. o Citation

Response anBevisionsWe appreci ate t

he

revi (€wetald 2016Gancalves ettal.,

resi

The

(



2011 have been inserted into the t¢page 13, linel0).

-1%C source apportionment

-No errors reported throughout the secqadagraph. It is unclear what the uncertainty in the measurement is,
which makes it not clear how reliable the measurement actually is.

Response and Revisiolde appreciate thé&otéowewgr dhecomme mtwer 05

uncertainty to thé“C measurement utilizing the Error Propagation Fornflia et al., 201§ & 4s q K1+ ( U a

t &), where a is the conversion coefficient caused by nubleamb i n t he 1950s and 1960
0.05 according to a previous stugBhang et al., 2004 The*C measurement uncertainty result has been inserted

in to the revised manuscrifgage 14, line 230; page 15, line-B).

- Page 14 lin@7 typo

Response and Revisiorihanks for the commenithe typo has been corrected.

- Last paragrapkhould be in discussion.

Response and Revisioghanks for the commeris mentioned above, results and discussion is irseno&on

- PMF analysis
- Generallyi many repeating citations from one author. A loinaor citations are missing.

Response and Revisionde appr eci at e t h ddditianal Citatiens(Andilet alc, A0tfBecssi et

al., 2014 Cappa et al., 2014€hang et al., 2016hen et al., 2015Choi et al.,2013 Gupta et al., 2035Hu et al.,
2016 Huo et al., 2013Jing et &, 2016 Khan et al., 2016Tan et al., 2014Wang et al., 2002Zhao et al., 2010
Zheng et al., 200%ave been insted in the revised manuscrijptage 1519).

- Implications for alleviatior{lack of discussion)

- While this section presentm interesting discussion on the raf&biomass burning, its only one part of a
discussion. The manuscript lacks a comprehensive discussion of results and their importance.

Response and RevisiorEhanks for the commenfs mentioned abovehe part has been moved in tectionof

results and discussion
- Page 19 line 25/26 unclear

Response and Revisiorde appreci ate the reviewerds comment . it h

PMaspol Il ution in northern ar eas thesétenCehnmay lenisleadingpand fesl wi t
been deleted in the revised manuscript.
- Typos/language

Response and Revisiorihanks for the commerithe typosand language erroteve beenarrected
9
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- Discussion on Shandong Peninsula p 20 liid 6citation.

Response and RevisiariBhanks for the commentorresponding citation and description have been added in the

revised manuscrigpage20, line 26).

- Figures and Tables

-The tables of the manuscript are significamthiter than the first version and are much easier to understand now.
Some of the figures however need improvement. Figure 2 is cut at the bottom and the font of figure 4 is too small to
be readThe manuscriptan definitely benefit from the addition of figures summarizing the results.

Response and RevisioriBhanks for the commenEigures need to improve have bemmpletedin the revised

manuscrip{page 38, page 41)
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Abstract

Source apportionment dihe particles(PM, 5) at a background site in North Chimathe winter of
2014 was assessestiamadeusing statistical analysis, radiocarbof@) measuremenand Positive
Matrix Factorization(PMF) modeling.Results showed thdhe concentratiorof PM, s was 77.6 +
5 9 . 3m?3gofywhich sulfate §04%") concentration &sthe highest, followed byitrate (NOs3),
organic carbon (OC), elemahtarbon (EC) anammonium NH,";"), respectivelyDemonstrated by
backward trajectorymore than half ofthe air massnasgsduring the sampling perioglasverefrom
the Beijing-Tianjin-Hebei BTH) region, folloned by Mongolia and the Shandong Penins@aister
analysisof chemical speciesheweguggeste@n obvious signal of biomass burniegpissionin the
PM.s from the Shandong Peninsula, whilee PM s from the BTH region showea vehicle
emission patterniThis finding wasfurther confirmed by thé“C measurement of OC and EC in two

merged sampleselected—from-a—sucecessive-synoptic-procadse *C resultsesultindicatedthat

biogenic and biomass burning emission contributed+59% and 52+ 2% to OC and EC

concentrationsrespectivelywhen air masssoriginated from the Shandong Peninsaagivhile the
contributions fell to 4&4 % and 38t1 %, respectively, when the prevailing wind changed and came
from the BTH regionThe minimum deviationef-thebetweensourceappertionmeni@pportionment
resultsfrom PMF+esuls and **C measurement wasdoptedas the optimal choice of the model
exercisesHerg two minor everestimationgverestinates with the same range (3%yggesteidnplied
that the PMResultgsesultprovided a reasonable source apportionmerh@fegional PM s in this
study Based on thePMF resultgnodeling eightmain sources werddentified; of these, coal
combustion, biomass burningnd vehicle emission were thargesiain contributors of PMs5,
accounting for 29.6%, 19.3% and 8%6, respectively. Compared with overall source
apportionment, the contributisrof vehicle emissionmineral dust and coal combustion, biomass
burning increased when air masscame from the BTH regiorthe-Mongolia and the Shandong
Peninsula respectively Since coal combustiorand vehicle emissiohave beenconsideredas the
leading emissiorseetersourcesto be controlledfor improving air qualityby—the—goverament

biomass burningmissieawas hghlighted in thepresent study-

Keywords: Source apportionment, PMFEC measurement, P
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1 Introduction

In recent yearsair pollution has become a top environmental issue in China, anchadhe
concern is fine particulate matter less than 2.5 micrometatmineter (PMs) (Huang et al., 2014
Sheehan et al., 2014Fine particulate erosols have @&trong adverseeffect on human health,
visibility, and directlyor indirectly affect weather and climagBui et al., 2014Chen et al., 2033.u
et al.,, 2015 Tao et al.,, 2014b The negative effects on public health, including damage to the
respratory and cardiovascular systems, the blood vessels of the brain, and the nervous system, have
triggered both public atrm and official concern in Chingessler, 201} In responséo this great
concern the Chinese government has introduced the Action Plan for Air Pollution Prevention and
Control (201317), which aims atmarked improvements air quality until 2017.In the plan, e
most severstrict regulation for improvement is a reduction of 25% in the annual average
concentrations of Py by 2017(ChineseStateCouncil, 2013. It has ber applied in North China
because theegion has become the most severely polluted area in China, charadtégz
increasinglyfrequenthazeevens and regional expansismof extreme air pollutiorfHu et al., 2015
Boynard et al., 2004

The key point in reducing PM, s concentrationss to control its sources Reliable source
identification and quantification are essential for the development of effective political abatement
strategies. However,the sourcesof PM; s typically emit a mixture of pollutants, including gas and
particle phase—which. They would mix further in the atmosphere and can undergo chemical
transformations prior to impacting a specific recegitg making it difficult to quantifytheimpacts
(Balachandran eal., 2013. This encourages researchdmsuse more sophisticatedechniques to
quantify the contribution of individual sources to RBMconcentrations, such as the Positive Matrix
Factorization (PMFnodeling(Paatero and Tapper, 199€hemical Mass Batece (CMB)modeling
(Chow and Watson, 20p2organic tracer¢Ding et al., 2018 andstable carbon isotop€€ao et al.,
201]). However thesedifferent approaches often result in source contributions that can differ in

magnitude and/or areoorly correlated and the most reliable one cannot be determined

30 | (Balachandran et al., 2013Radiocarbon (C) measurements—provideasurement providea
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powerful tool to unambiguously determine fossil and-fassil sources of carbonaceous particles,
and the method has been usedourceapportionment of carbonaceous aerosols in CHiflaang et
al., 2015 Liu et al., 2013 Liu et al, 2013 The underlying principle of*‘C
measurementseasuremenis thatthe-radioisotopecarbonhas become extinct in fossil fuehrben
due to its age (halife 5730 years), whilets—contempeoraryteveaih-nonfossil carbon sources
relatively-eonstantontain the contemporary or near contemporary radiocarbon(lexelat, 2009
Szidat et al., 2009. This method provides achanee-to—more rehablyreliable source

appertiorapportiooment of PM,s by linking with other methodsalthough it focusesonly on

carbonaceous aerosels.

In the present studya—mere—reliablesource apportionment of PMat a regional background
site in North China during winter was providedusing PMF simulation in which the source
contribution of carbonaceous speciess confirmed bythe **C measurementThe effort is vital for
the development of efficient mediation policiesaehieve-improvementimprove theair quality in
North China It is becauseegionalsource apportionment cannot be replaced logdlextensively
focusedon the metropolitan areas such as Beij{@hang et al., 2003 Tianjin (Gu et al., 201},
Jinan (Gu et al., 2014 and others within Na@h China Thus, we collected continuous aerosol
sampleon Qimu Islandduringwinter to apportionPM, s sourca. The objectives of this studyre(1)
to determinethe concentration burden and the chemical composition ¢fsP{) to distinguish the
sourcesignak based othechemical compositiogroupedaccording to the trajectory clusteesnd(3)
to apportionPM, s source usingthe PMF modelinked with**C measurement
2 Materials and methods
2.1 Sampling site andsamplecollection

The sampling campaign was conductexin Jamiary 3to Febuary 11 2014,at the Longkou
Environmental Monitoring Station of the State Ocean Administration of China (3741N, 12016E)
on Qmu Island. The island extendsto the Bohai Seawestward, andis surrounded byseaon its
otherthree sidesas shown in Figl. Thesampling ge is locatedapproximatelyl5 km northwesof
the Longkou urban district and 300 km southeaisthe Beijing-Tianjin-Hebei 8TH) region.
Longkou city is closest to the sampling sigad emissiors from the city can be considerede
primary local sources.

A total of 76 PM s samples were collectecontinuouslyon quartz fiber filters (Whatman,
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QM-A, 20.3 x25.4 cm, heated at 450 € for & before uselising a Tisch high volume sampler at a
flow rate of 1.13 mmin™ during the sampling periodhe duratiorfor each samplevas 12h, from
06:00 18:00 and from 18:0@6:00 (local time) the next daBefore and after eackample quartz
fiber filters were subjected t@4 h equilibration a5 + 1 °C temperatureand 50 + 2% relative
humidity, and were then analyzed gravimetrically using a Sartorius MC5 electronic microbalance
(Zhang et al., 20%4.iu et al., 2013Huanget al., 2013 Each filter was weighedt leasthree times.
Acceptabledifferenceamongthe repationswas | ess than 10 €g for a b
for a sampled filter After weighing, loaded filters were stored in a refrigerator2& € until
chemical analysisin addition field blank filters were collected to subtract possible contamination
occurringduring or after sampling.
2.2Chemical analysis
2.2.10C and EC

Organic carbon (OC) and elemental carbon (EC) were analyzed by a Desert Research Institute
(DRI) Model 2001 Carbon analyzer (Atmoslytic Inc., Calabasas, CA) following the Interagency
Monitoring of Protected Visual Environment (IMPROVE) thermal/optical rdéctance (TOR)
protocol (Chow et al., 2007 A punch of 0.544 cffrom each quartz filter was heated to produce
four fractions (OC1, OC2, OC3 and OC4) in four temperature steps (140, 280, 480, 580 €) under a
nortoxidizing heliumatmosphere and then in 2%/@8% He atmosphere at 580 € (EC1), 740 €
(EC2),and 840 € (EC3) for the EC fractions. At the same time, pyrolyzed organic carbon (POC)
was produced in the inert atmosphere, which decreased the reflected light to correatréat ©C.
The concentrations of OC and EC were obtained according to the IMPROVE protocol, OC = OC1 +
OC2 + OC3 + OC4 + PO@ndEC = EC1 + EC2 +ECB POC. The detection limits of the method
for OC and EC were 0.82 and 0.20gcm?, respectively. In addith, blank filters and replicate
samples were examined simultaneowstgr analyzing a batch of 10 samptesbtain inheren©C
and ECconcentrations on the filterand to evaluate measurement accuraegpectively In this
study, he contributions of OC and EC from blank filters were < 3.5 and 0.6% of their respective
average concentration¥he uncertainties of OC (5.6%) and EC (5.5%) were calculated thhem
replicate measurements.
2.2.2 Watersoluble ions and metal elements

Two 47 mm diametepunches were cut off froreachquartz fiber filter, oneof which was
17



10

15

20

25

30

subjected to MilkQ water extraction for ionic measuremeantd the otheunderwentinduced acid
digestion for elemental measurement. The cotmaéons of water soluble®ns sodium (Na'+-),
ammonium(NH;"-"), potassium K*-"), magnesium Mg?+-"), calcium C&*-"), chlorine CI'-),
nitrate (NOs;”) and sulfate 8§O.*)), were determined by ion chromatograph (Dionex 1CS3000,

Dionex Ltd., America) based on the analysis met{8thhsavani et al., 20LZhe concentrations of

metal elementéincluding-: titanium (Ti--), vanadium V+), manganeseMn;-), ferrum Fe-), cobalt

(Cor), nickel (Ni-), cuprum (Cu-), zinc (Zny-), arsenic As;-), cadmium Cd) andplumbum Ph)),

were estimatedia inductively coupled plasma maspectrometry(ICP-MS of ELAN DRCII type,
Perkin Elmer Ltd., Hong Kong) following thagreviousmethod(Wang et al., 2006 The detection
limit of watersoluble ions was 10 ngl™ with error < 5%, and inl RbBr of 200 ppm was put in the
solution asaninternal standard befor@nalysis The resolution of ICRMS ranged from 0.3 to 3.0
amu with a detection limi 0.01 ng. mI*, and error < 5%Five ppb elementdhdium (In)was put
in the solution beforanalysisas an internal standard
2.2.3%C measurement

To achieve more"’C information on carbonaceous fractions in 2MOC was split into
watersoluble organic carbon (WSOC) awdterinsoluble organic carbon (WIOC) fractionSOC

was extracted from punch filter by Mill-Q water as described mprevious studyZhang et al.,

20149, and was quantified as total dissolved organic carbon in solution by a total organic carbon

(TOC) analyzer (Shimadzu TOECPH, Japan). WIOC was quantified by OC given by the TOR

protocol subtracting WSOCIwo combined samples reflecting source signals ftbhenShandong

Peninsula(M1) andthe BTH region (M2), respectively, were selected fBfC measurementThe

uncertainties of WSOC calculated from fdume measurements were 6.7% for M1 and 5.3% for M2,
while the uncertainties of WIOC were 8.7% and 7, T%sequencegstimatedoy error propagation
formulas-

4C measurement aVSOC, WIOC and ECwas performed using the OC/EC separation system
(Liu et al., 2014. Briefly, the extractedMilli -Q water was freezedried and te residie was
re-dissolved and transferred to a yw@mbusted quartz tube. Then the quawbe was combusted at
850 €-anrd makingWSOC wascenvertegonvertinto CO,. The extractedfilters were isolated at
340 € for 15 min for WIOC, after a flash heating of 650 € for 45t® minimizecharring. After

separation, the filters were heated at 375 € for 4 h to remove chaanmdthenoxidized under a
18
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stream of pure oxygen at 650 € for 10 min to analyze EC fraction. Finally, the coesponding
evolving CQ (WSOC, WIOC and EC) was cnteapped and reduced to graphite at 600 € for
accelerator mass spectrometry (AMS) target prepar&Xioret al., 2007 Zhang et al., 2010Nacker

et al., 2013 The preparation of graphite targets for AMS analysis was performed using the

graphitization line at the Guangzhou Institute of Geochemi§tAS. The ratiosf **C/**C in the

graphite samples were determined throaffEC compact AMSt Peking University

Generally *C results were expressedfas act i ons o f ,)muichéstamge tibkaat b o n

due to the nuclear bomb in 1950s and 1960scludesbi ogeni ¢ and O S S

respectivelylandwase st i mat ed t o be 1. 06 nf,a0 .q0.ESpecively 1 .

Of t hngmalue &as estimated from long term series’6fO, measuremenat Schauinsland

station(Levin et al., 201))  w hyipplwa@s esiimated by a tregowth mode(Mohn & al., 2008. In

this sEAGAaEyU ankkassuénindhiomass burning is the only ndassil source for EC, while

am (OC)is adopted as the averagmueo f pigh N 6 @ven OC originated equally from biogenic

and biomass burning emission. Finally, conversion factors determinedo be1.10 and 1.06 for

EC and OQ(Liu et al., 2A4), respectively, considering the steadily deelii **C afterthe factors

estimation So e fraction of contemporary carbdnd values in the samples were definedias

am/1.10 for ECA = 4,/1.06 for OC, and the fraction of fossiy was defined a8; = 1 - 4. (Zong et

al., 2019. In this study, the isolated carbon amounts were typically in the range 282y,
depending on the samples. The WSOC and WIOC in the blank samples only account@4b®or 1.
and 1152%, respectively, of the average valueMif and M2-and EC was not found in the blank
samples. Thus, the blank interferencetfarfractions-ef-meodern-carboV{)a, of M1 and M2 in the
4C measurement was very small and was ignored in this sk#lyand—M2-are—two—cembined
samplesfol 'C measurements-elaberatedater.
Finally—in-order-to-compensate-for the excE'& caused-by-nuclear bomb-testing-in-the 1950s
and-1960s-the/ given-by-AMS was-further converted-into-the fraction-of contemporary-c#¥hon
The V. values in thesamples were defined ag = Vi/1.10 for EC, V. = V,/1.06 for OC, and the
fraction of fossil ¥) was defined a4 =1-V. .
2.3 Data analysis methods
The hybrid singlgparticle Lagrangian integrated trajectory (HYSPLIT) model was used to

generate48-h backward trajectoriesvith 12 h intervalsThe HYSPLIT model isavailableon the
19
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National Oceanic and Atmospheric Administration Air Resource Laboratamgbsite
(www.arl.noaa.gov/ready/hysplit4.htmi)he trajectories were calculated for air masses Sigirim
the sampling site &00 m above ground leveh total of 152 trajectories were generatedd these
trajectories were bunchedto three clusterdy theclustering function in the HYSPLIThodel Air

masses fromhe BTH regionthe Mongolia andthe Shandong Peninsula were defined as claster

from 1 to 3, respectively, as shown in Fig.1. In orderto follow the clustes corresponihg to

region informationregion abbreviation, such as BTH, MON, SDP floge BTH region, Mongolia

andthe ShandondPeninsularespectivelywasintroducedas supplementarn the text.The observed

chemical components of PMfrom the threeclusterswere comparedvith each otheto assess their
potential source—

PMF v5.0 was utilizedo apportionPM;, s source, whichis availableat the US EPA website:
www.epa.gov/akresearch/positivenatrix-factorizationmodetenvironmentabdataanalysesPMF is
a multivariate factor analysis tgalhichassumes that concentrations at a receptor siteupported
by linear combinations of different source emissioius, measured mass concentrations of

selected species can m@stlyexpresseas(Paatero et al., 20)4
P
X =a 9« fkj * € (1)
k=1
wherex; is the measured concentration of tiespecies in thé" sample f is the profile

of j" chemical species emitted by #iesourceg, is theamount of mass contributed k{source to

thei™ sample,ande; is the residual for each samples/speclée matrces ofgand f aredetermined

by minimizinganobjectivefunction(Paatero et al., 2014
To further confirm PM;s sourca apportiored bythe PMF mode] the sourcecontributionsof
OC and ECwere examinedby *C measuremeniThe modeledsourcecontributionswere merged
into two groups according to fossil and contemporary carbon sources. Then the contributiorsfraction
of fossil or contemporary carbon sources to OC and d8Gld be compared with the'‘C

measuremerfor specified sampkeas:

n p
R; =a g f<j ag. fq‘ (2)
k=1 K 2
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whereRis the contribution fraction, andhatrices ofgandf are the same as in ddqd). The
subscriptis a specified samplg¢js OC or ECspeciesnis the number ofossil or contemporary

carbon sourcesandpis the number of all source§he minimum deviationof PM,s source

contributions apportioned by the PMxereisesxerciseand 14C measurementseasurementwas
used to determine the final model scenalflibe verified model resultswere-treatedesult can be
regardedhs providing a more reliable solution for the sowwpportionment
2.4 Principle of samples selected fol*C analysis

The comparisof OC and ECocused ortluster 1(BTH) and cluster dbecaus€SDP) It was
due tomost species of PM in thesdhe two clusterswere statisticallygreaterthan in cluster 2

(MON), aselaborated lateFo-betterachievetheBesides 1*C measuremenesultwas a important

parametefor sourcecomparisonn the two clustersSo for bettercomparisorusing a few samples

for expensive"’C analysisdue-toits-extensive-costthe representative capacity of all samples in the
two clusterswas examined thoroughlyit-is-expected-th&@enerally, PMF can better interpret those
data close to the average condition of each chemical speaies Since the method utilizes

errorminimizing estimates to decompose a matrix of sample data into twacesatvhich usually

under strict nomegativity constraints for the facto(Baatero et al., 20)4Therefore, OC and EC
concentrations, and ratios of OC/RPMand EC/PM s of each samplenvere compared witthosein

the coresponding cluster by mean telt.addition,the concentration, area passed through, aftc

independent samples were considered greatly when pickingftnéfe measurement

Finally, two combined sampk wereseleced from a perfect synoptic process during the
sampling periodThe synoptic process occurred duritapuaryl6” and 18', 2014. As shown in Fig.
2, the first halfof air masse# the synoptic process were derived from the south and passedh
the Shandong Peninsula (cluster 3) and the bottom half were from the north and passed over the BTH
region (cluster 1). Thus, two samples collected continually from 06:00 to 18:00, Jas{leepd
from 18:00 to 06:00 the next day in the first haffthe synoptic process were merged into one
sample (M1) for thé“C analysis. Similarly, other two samples collected continually from 18:00 to
6:00, January 1% and from 06:00 to 18:00 in the next day were combined into the other sample
(M2). M1 reflectal the signal of air masses coming from the Shangesrgrsul®eninsula while

M2 showed the pattern of air masses from the BTH region. Mean test showed that except for a
21



significant high ratio of EC/Pl, the OC and EC concentrations and the OG/Pétio of M2 were
negligibly different fromcluster 1 at a 95% significare level—ndicating It indicated its perfect
representative capability for further carbonaceous analysis. However, Mhowadealbecause
sinceonly ratios of OC/PMs and EC/PMs hadno statistical differencgDC and EC concentrations
were significantly higher than that in the cluster 3 at the same sigmiédawvel. Even so the
samples were still considered f§C analysisbecausethey were froma faultless synoptic process

during the sampling periodContinuous samplesvere more dramatic than insular samples. In
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addition, the insignificant difference of the ratios of OC/RMnd EC/PM ;5 assured the validity for
PM, s source assessment, which was more importantabacentraon in this study.
3 Resultsand discussion
3.1General dharacteristics of PM, s and chemical components
Table 1S2 lists a statistical summary of the concentrations of PM watersoluble iors,

carbonaceous specieend metal elementsiuring the sampling period As shown, he mean
concentration oPM, s was 7.6 £59.3 ¢ gn™, which wasmorethantwo times higher thathe grade
| national standards (36 g 3 rMinistry of Environmental Protection of China: GB 368612,
www.zhb.gov.cn201202-29). Although thelevel of PM, s concentratioron Qmu Islandwashigher
than the national standaiitiwvas much lower thathat observeth winterin the megacitieof North
China, seh asin Beijing (208¢ g > of PM,in 2013 (Tian et al., 201andTianjin (221¢ g im
2013.

ForPM s—componentShe relative contribution ofpecies for PMs is displayed in Fig. 3.

Generally watersoluble inorganic species (WSIS) were the dominant speaesunting for43 +
16 % of PMys mass concentratisn Among theions, SO:> ranked the highest with a mean
concentratiorof 142 +18.0 ¢ g  riollowed byNOs (119+16.4¢ g *)rmandNH," (3.11+2.14¢ g
m®). The sumof the three secondary inorganic aeroscismstituted the majority 8B+12 %) of the
total WSIS concentration$n addition, the averageoncentrations of OC and EC wer&%+ 4.81
and4.90+ 411 ¢ g 3 rmccountingfor 8.8+2.1 % and6.3 +1.8 % of the PM s concentrations
respectivelyTotal concentrations ofnalyzed metal elementsere665 +472 ry m>, accounting for
0.86 £ 0.50 % of the PMs—mass—econecentrationAmong the measuredmetal elementsthe
concentration ofe (408+285 ng ni°) was the highest, followed by Zn (@&142 ng m®), and Pb

(88.4+85.7 ng ).
22
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Fhe—At the sampling site the organic matter was clearly lowdvut the relative
eontributiercontributiors of SO, NO3, andNH,4" to the PM s at-the-sampling-siterasclearywvere
significantlyhigher tharthosein the cities—_within North Chinasuchas Beijing andlianjin (Zhang

et al., 2013Zhao et al., 2013Tian et al., 2015 within-Nerth-Chinawhile-the-organic-matter-was
clearly-lewer. The high contributios of SO, NOg, and NH," agree withthe regional scale

emissiors of their precurs@ in North China, ast has beerreported that S§ NOy, and NH;
emissionsvereapproximatelylO, 5, and 5 times higher compared to OC in the regespectively
(Zhao et al., 202). This finding was alsoin agreement withresultsmeasuredat Changdadsland

(Feng et al., 20)2Fheistand, which islocatedat the demarcation line betwetre Bohai Sea and

the Yellow Seaandis apopularresort with little industryapproximately? km northof the Shandong

PeninsulgFeng et al., 20)2Measuremerstat the island wreinterpreted ashewindhe indicative

patterns of atmospherautflow andregionalpollutionin North China(Feng et al., 201Zeng et al.,
2007). It suggestedhatour measuremestalsoprovide aregionalsignal of PM s pollution in North
China. Furthermore SO, was the largest contributmf PM,s, and the-highesteontribubithis
characteristiags usuallyregardedas a regional pollution signal in wintérhis isbecausealuring-ltow

temperature-conditions-in-Pidsource-areathere is dack ofafastconversion rate of SQo SO

in clouds or aerosol droplstand oxidation reactios via OH free radica underlow temperature

conditionsin PM, 5 source areagHu et al., 2015 Thus our measurementargely reflected a

pollution patterron a regional scaleather thanustin source area—
3.2 Source signas based oncluster analysis

As shown in Figl, the48-h back trajectory clusteisdicatethatmore than half ofheair masses
(54%) during the sampling perioderefrom the BTH regioreluster3;, followed bytheair masss
from Mongolia (3%4—€cluster-2%0). Air masses oftiese two typesraveled about 200 and 250 km
respectivelypver the Bohai Sea before arriving at the sampling Eitas, the amospheric polltants
carried by the two kingl of air masses eremixed well during transportreatingregional pollution
signals.Only a small part ofheair masses (11%¥eravasfrom the Shandong Peninsyiduster-3),
potentially reflecting a mied contribution of local and regnal sources from south area of the
sampling siteln addition, only one trajectomn cluster 3(SDP) passed the urban area of Longkou
when measuredPM, 5 concentration wasneasurecat 9 5 . 3 “2eThis lavel was lower thanthe

average of PMjs concentrationsn cluster 3 listed-in—Table-2indicating minor contribution of local
23
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source emissia Foln order b revealthe pollution patters and source signalsf PM, 5 carried by
air masses frorthe threedifferentregions, chemical species of PMwvere grouped according to the
three trajectory clusteraslisted in Table2l.

Generally, nean test showed th#ie concentration levels amdostabundantspeciesypes of

PM_sin clustes 1 (BTH) and 3(SDP)are bothinsignificanty different (p > 0.05) andstatistically

higher than in cluster ZMON) (p < 0.01) as shownin Table 21. The patternsobserved &
consistentwith the spatial distributions dher emissios and concentrations ihorth China as
reported there arestrengethigher emissiors and more serieuseverelypollution in the BTH region
and Shandon@rovincethanin InnerMongolia and Liaoning(Zhao et al., 201,2Yang et al., 2011
Compared withthe Shandong Peninsulahe pollution in BTH region may beiere-seriousven
worsebecausat travelsmuch longer distansdo the sampling siteyet the difference of th®M, s

concentratios attributed to the two areas aresignificanty-differentirivial. In addition,the mean

wind speed of cluster @ON) was 7.60 ns*, which wasmarkedydramaticallyhigher than that of
cluster 1(BTH) (4.79 m s% and cluster 3SDP) (4.86 m s%). Wind speeds werdeterminedby
averaginghourly moving distanceof air massesluring a 48 h period The higler wind speed of
cluster 2ikelymight partly eentributesontributeto the lower PM, 5 level at sampling sitesincehigh
wind speectould provide favorable diffusion conditiasifor atmospheric pollutants.

Some anomalies compared with previous discussion provided diffararcesignalsamongst
the clustersFor instanceK™ concentratiorwas significarly higher in cluster 3SDP)than in cluster
1; (BTH), while the titanitm~Ti} concentration was obviouslgwer. This reflectgefleciedrelativey
high emissios of K* in the Shandong Peninsula and Ti in the Bfégionfrom both natural sources
and anthropogenic activitied.ikewise, the concentration ofNa® in cluster 2 (MON) was
markedymuch higher than in clusterl _and 3, showinghea large contributioneffrom sea salt
particles generated by sea sprayder high wind speetb eluster2PM, 5 concentrationsThis
suggestd that sea salt sourcetiouldnot be ignoredin this study-due because othe proximity of
the sampling site to the Bohai Sea.

Sea salt emissisrare comprised ofCI, SO, Na', K*, Mg* andC&* (Ni et al., 2013 The
amounts ofdifferentchemical speciei sea salemissiors canbe determinedrem-usingNa' as the
tracer of sea salthe amourg of these specieBom nonsea salt (nsy emissios can be expressed

as
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wherexindicatesthe CI', SO, K*, Mg?*and C4&" concentrationsand a is the typical equivalent
concentrationratio of the corresponding species da’ in average seawateCl/Na™ (1.80),
SO%/Na* (0.25250), K*/Na' (0.036), Mg**/Na" (0.42120) andC&*/Na’" (0.038) (Ni et al., 2013, If
the calculated concentration abnseasalt chemical specieis negative, then nexcesspeciesxist.
According to the calculationfor correspondingtotal chemical concentration levelgrouped in

clusters from IBTH) to 3. (SDP) nssCI" accoungdfor 55 +2 9%, 19+24% and77 + 10% of total

CI'; nssSQ,* accoungdfor 99 +2%, 95 +4% and 99 +0.3%f total SO,*; nssK* accounedfor 98
+3%, 89 +9% and 99 +0.3%of total K*; nssC&* accouned for 95 +4%, 91 +10% and 96 +3%
of total C&*. Thus markedcontributiors of nssemission sources tchemicalconcentrationst all
three clusterswere found However these values may be underestimated, sincéotal N&
concentrationslo not necessarily originate from sea salt alone, but could partially come from dust
and burning source&hang et al., 2013 In addition the lossof CI' particles due taa chloride
depletion mechanisrfurther supportsthe underestimatiorof CI'. The contributions of sssource
were lower in cluster 2ZMON) than in clustes 1 (BTH) and 3 (SDP) which wasattributed to the
high emissios of sea spragoupled withhigh wind speed in cluster &GenerallyK" is oftenusedas
a tracer for biomass burninghe high K concentration and thiargestcontribution of ns™ in
cluster 3(SDP)indicatel eleatya clearhigh emissiegsemissionassociatedtloselywith agricultural
burning in the Shandong Peninsuldis finding agred with the fact thatShandongrovinceis the
largest producer of crop residues in North Chidghao et al., 2012 and biomass burning ian
important source of inganic and organic aerosols in the Bohai sea atmosfReng et al., 2012
Wang et al., 2014 The contribution of nssVig”** to total magnesiufvig®” concentration was less
than 4% for theall clusters, indicating thepeeigspeciecame mostly from sea salt emission. The
mass ratio of Mg to Na was 0.07 +0.06, 0.06 +0.03 an@.06 +0.03 for clusterdrom 1to 3,
respectivelyThe ratios wereless than 0.23alsodemonstratinghat Md¢f* mestiymainly came from
sea salt sourdgZhang et al., 200)3-

The ratios of OC/EC anNO5;/nssSQ,> were usedas tracerso assess source sigealf the
three clustersLow temperature burningsuch as agricultural residue burningmits more OC

compared with high temperature burnieg.vehicle exhausfGibson et al., 203 3ui et al., 201E.
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Thus, he ratio of OGte-/EC is often used to evaluatelative contributios of low and high
temperatee burning emissiofiZhao et al., 2012 The OC/EC ratios wer#&.41 £0.30, 1.47 +0.29
and 2.14 +0.50 foclustersl to 3, respectivelyMean test shoedthatthedifference between cluster
1 (BTH) and cluster ZMON) ratios were insignificant & 95% confidence level, aribth elustes1
and-—2ratiesof them were statisticdy lower compared with that of cluster, 8SDP) at the same
confidence level This suggeststhat low temperature burninglearhscontributedclearly to the
emissionin cluster 3 (SDP) while high temperature burnirgmissiorwasmoredistinctin clustes 1
(BTH) and 2 (MON). Furthermoremobile sourcessuch as vehiclegxhaust more NOthan SQ,
while stationary sourcesuch as codired power plantsemit more S@ than NQ (Wang et al.,
2009. Thesetwo precursorgonvert intoSO;> andNOs in the atmosphere, artide two type sources

show different ratis of NOs/SQ,%. Hence this ratio is oftenusedisuallyadoptedas an indicator of

the relative importance of mobikesversusthe stationary sources of sulfur and nitrogen in the
atmospherézZhao et al., 2033.iu et al., 2013-+n-this-studyafter. After deducting the contribution
of sea salt t&0Q,%, the meanratiosof NOs/nssSQ,> were 0.% +0.31, 0.47 +0.24 and 0.64+0.14
for clustes 1 to 3, respectivelyMean test shoed that the three clusteratios exhibit significant
differences fromeach other ah 95% confidence levellhe highest ratio in cluster {BTH) suggests
that amengst-the-three—regioAnobile sources arthe mostimportant contribudrs ef-in the BTH
region followed by the Shandong Peninsula (clus®r Theratio of NOs/nssSO4” in cluster 1 was
within the range of tlese foundin large cities, such a8eijing (120), Tianjin (0.8), and
Shijiazhuang (06), the capital of Hebeiprovince (Zhao et al., 2013 reflecting a hybrid
contribution from the BTH regiariThe value in cluste (MON) was slightly lower thanthat in
winter in Chengde (0.55)¢nea city located in the northern mountainous area of Hé&bewvince
(Zhao et al., 2013 It indicated more obviouscontribution of stationary souraamissiors in areas
such aseasern Inner Mongoliaandthe west part otiaoning thanfrem-the BTH region andhe

Shandong Peninsuldheseln addition, hesestationary sourcemissionsare possiblyassociated

with coalcombustionbecausef the lower OC/ECratio in cluster2 (MON) compared taluster 3
SDP
3.3Sourceapportionment of carbonaceousM; 5

The cluster analysislearly indicated that PM, s concentrations increasaignificantly whenair

masgs camefrom the BTH region and the Shandong Peninslueng the sampling period’he
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‘ chemical species in PMfrom the BTHregionpossessegiore-marked-sighadsclearsignalof high

temperature burning and mobile sowcwhile those from the Shandong Peninsuladhanore
obvious patterns of low temperaturerning and stationary sources.

Table 32 lists theconcentrations andontemporary carbofractions ofOC, WSOC, WIOC and
EC of the two combined samplewhich were selectedia a perfect synoptic process during the
sampling periodThe fraction of OC wagielded bythe average weigistof concentratioa of WSOC
and WIOC fractionslt can be expressed:as

8(0C)=[ & WS OC) I ¢ ( WEIOC)XMWHC)/[c(WSOC)+c(WIOC)]  (4)

whereé&.(0OC), &(WSOC)anda,(WIOC) are the contemporary carbon fractions of ®OC and
WIOC, andc(WSOChard c(WIOC) are the concentrations of WSOC and WIOC, respectively.
Generally, WSOC ismainly associated with biomass burning and secondary formébanet al.,
2014, while OC directly emitted from the combustion of fossil fuetiestlywater insolublgWeber
et al., 200}. During the earlier stage of the synoptic pro¢ceke concentrations oiVSOC and
WIOC were6.442 + 0.41¢ gn°and 6330 + 0.62¢ g “ mespectivelyLater on,the concentrations
of the two carbonaceous fractions fell t§2 + 0.20e g  amd 5331 + 0.40e g > mespectively,
after the shift of thedominant winddirectionfrom soutferly to northweserly, as shown in Fig2.
The fractionof WSOC to OC decreased from 53% to 41+ 3% and the WIOC fraction increased
from 50+ 4% to 59 + 6% before and aftethe shift of the dominant windlirection This suggestd
that the contribution offossil fuel combustionwas more obviousin the BTH regionthanin the
Shandong Peninsul@he contemporary carbon fractiooEWSOC andVIOC decreased from 0.59
+ 0.04t0 0.49+ 0.03and from 0.6G: 0.03to 0.43+ 0.03 respectivelywhichindicatel a decreasi

the impact of biogenic and biomass burniegnissionandan increasén contribution of fossil fuel
combustiorto the two OC fraiionsaftertheshift-ef-the prevaiingwind.. After the weighted average
of the WSOC and WIOCractions,the 8,(OC) values were0.59+ 0.04and0.46+ 0.04 for the M1
and M2 samplg respectively.Together with&. (EC), we determined that biogenic arldomass
burning emission contributed 594 % of OC and 52+ 2% of EC concentrationgespectivelywhen
air massswerefrom the Shandong Peninsuksfter the change of windirection the contribution of
biogenic and biomass burning emission fell to48% for OC and 38+ 1% for EC, respectively
which suggestd that fossil fuel combustiolontributel a dominant portiorof the carbonaceous

aerosols from the BTl#egion—
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The synoptic procesglearly showed a shift of the dominant wind from southerly to
northwesterly, namely from the Shandong Peninsula to the BTH rddieanwhile the pattern of
biogenic and biomass burning emissim®@tameanore and moreveakwveakly, and the signal of fossil
fuel combustionbecamemore and more obviousThis was in agreement withour previous
discussion For instancegmissiors in the BTH region exhibiteanore signals ofhigh temperature
burning and vehicle exhaustt was characterizedy the lower ratio of OC/EC (1.41 +£0.8), the
higher ratio of NO3/nssSO* (0.96 + 0.31), and the relatively lower concentration of #¢5
compared with tbsein the Shandong Peninsu{@.14 +0.50 for OC/EC ratio, 0.64 0.14 for
NO;/nssSQ;* ratio). The contribution of the biogenic anbiomass burning emission to
carbonaceous aerosoin the Shandong Peninsulaas still significant which has often been

mentionedin previous studiegFeng et al., 2012Zong et al., 2015Wang et al., 2014 although

there was great combustion of fossil fuel (e.g., coal) for not only industrial activity but also heating

in winter.
3.4 Sourceapportionment of PM; 5

The EPA PMF 5.0 modelas used together with date set of 76X2 (76 samples with 22
species}o further quantitativelystimatethe sourcecontributiors of PM, 5 (Bressi et al., 2014Choi
etal., 2013.. After iterative testing from 5 to 15 d#orsin modelexerciseswe foundthe minimum
deviationof the sourceappertionmentpportionmenof OC and ECbetweenthe results from'C
measurement anad PMF model scenariwvith an Feax value of Oandthe lowest Q value§245)

In addition, the model uncertainty was also explored as shown in text S1S9oghkment

Based on PMF modeling results, eigiturcefactors were identified as shown in Fig34.
Traffic emission ha attracted considerable concerntirte megacitiesof China (e.g., Beijing and
Shanghai) due to the remarkable growth of vemcimbersn China(Jing et al., 2016Zheng et al.,
2014-. In Beijing in 2012, ao-road vehicles werestimatedo bethe largest local emission source
and contributed 22% of PM, including primary and secondafine particlesand-exeludingut
vehicleinduced road dudizhang et al., 2014bThe first source factowas characterized by high
loadings of N@, SQ?, NH,", OC, EC, Zn and Guwhich matchel a vehicle emissiorprofile
(Zhang et al., 20)3Generally NO3z, SO%, OC and EGaremainly from engine exhaust emissi&n
and ammeonidNH," is from vehicles equipped with thraeay catalytic converter¢Chang et al.,

2016-. Not only Zn and Cu, but also Pb and @@ emitted directly bounded particles from exhaust
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(Tan et al., 201¢ In addition, the highNO3/SQ,* ratio of 1.28calculated by the PMEesuitsesult
suggestd high temperature burnirgndvehicle emissios This sourcewasthe largest contributarf
NOs, which contributed 41%luring the sampling period he contributiorwashigher than 31% of
NOy emitted by traffic sectors in North China in 20@8 expected increase of the contributide
to the rapid rise of vehicles in North China in recent y¢8ts et al., 2014p This factorwasthe
prevalent anthropogenic R source in North China, with an average contribution @fo during
the sampling periodl'he contribution wasower thanthatin Beijing (Zhang et al., 2014bagreeing
with the regional contributiorcharacteristian our study, rather than ones in largdesitwherea
largenumber-of-vehiclesin. The secondfactor consistd of mineral duselemens, such adin, Fe
and Co,and chemical species from human activities, such as Zn andKB@n et al., 2015,
showing a mixed pattern of natural andnthropogenic emissienVehicle emission is an important
source of atmospheriZn pollution, because itan beemittedfrom direct exhaust lubricating oil
additives, ire and brakebrasionwearing and corrosiofrom anticorrosion galvanized automobile
sheet and reentrainment dust enriched win (Duan and Tan, 20)3Thus, the source factevas
identified as traffic dust under the relative high contribution of vehicle emission to,PM
concentration

The third source factowas ship emissions, typically characterized figh proportios of Ni
and V and a high V/Ni ratio (Cappa et al., 2034 High loading of theetwo metalsis typically
associated with emissisrfrom residual oil, probably derived from shippimgtivities and some
industrial processg®ey et al., 2013 In addition, av/Ni ratio of more than 0.7 ialways considered
a sign of PMs influenced by shipping emissioiiZhang et al., 2014aThe average ratio of V/Ni
from the measured dat@as 0.93 +0.46, indicating an obvious contribution of shipping esiois.
The average ratio of V/Ni calculated from the PMF source profiés 1.02, whichwasthe second
highestvalue amongt thosederived from the eight sourceBhe highest value of 1.2%asfor the
mineral dust sourcewhich—agredagreeng with a high ratio of 3.06 for soil background
concentrations of the two metals in mainland Cliifen et al., 2013

The fourth factor shoed high loading of Cu, Zn, As, Cd and Pb, whieheretreatd assignals
of industrial processe@mil et al., 2016.. Emissiors from the iron and steel industry are possibly
important amongt those industrial processés two reasonsOne isthatthe sintering process the

iron and steel industries emiigrge amount®f Pb, Hg, Zn and other heavy metal pollutants, and
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other popcesses such as ironmaking and steelmaking also emit fugitive dust containing high

concentratios of heavy metal§Duan and Tan, 20)3The otherreasonis the hugescale of steel
production in North ChinalNational statistical data shows that China prodwsggproximatelyhalf
the worlddé groduction of crude steel in 2014, and production in the BTH and Shamiowvigce
were25.3% and 7.8%respectivelyof the total amount in China, respectively,ighhis available at
the website Http://www.stats.gov.cn/tjsj/nd3j/ Thus, iron and steel industries dilely the main
atmospheric sources tife metal elemenis this study In addition, the contribution of theource to
SO* was %, whichwassimilarto previously reportedontributiors of industrial processes tbe
amount of sulfur dioxid€¢15%)(Zhao et al., 2012

Thefifth sourcefactor was biomass burning, characterized by high concentratafK’, OC,
EC and NH,", whichhave been used extensively as traoef biomassburning aerosoléZhou et al.,
2015 Tao et al., 2019aThe contribution of tts sourcewassignificantly higher in cluster 85DP)
thanin clustes 1 (BTH) and 2 (MON), as listed in Tabl&l3. Resultsagreed with more biomass

burning emission ithe Shandong Peninsyleharacterized by rich Kandthe high OC/ECratio. The
averageratio of OC to EC fromthis sourcewasalsothe highest(1.84) amongt the eight identified
sourceg0.231.84) calculatedoy the PMF modeling.

The sixth source factomwas mineral dustcharacterizedypicaly by crustalelementssuch as
cd”*, Ti and Fe, whiclareoftenused as marksof soil dust(Zhang et al., 2013 The contribution of
this sourcewas obviously higher in cluster ZMON) thanthatin clustes 1 (BTH) and 3 (SDP)
corresponding tohe high wind speed imtuster2it. The average ratio of OC to EC (1.53) fronsth

source was obviously higher than that (0.23) from vehicle dust, possibly suggesting that the source

contributed more O@Gnainly derived from biogenic dust, such as plant debris.

The seventh source facteascharacterized by high loadisgf CI', Na', OC, EC, SGF Ni and
As. Coal combustioiis oftenindicatedby elevated Cllinked with high N&, OC and EQZhang et
al., 2013. This sourcewasthe largest contributor 0, in the present study, maioly with the
inventory results in North ChinéZhao et al., 2012 In addition this sourcewas the largest
contributor of PMs, as listed in Tabled3, which agreel with the fact that coal combustion is
consideredthe predominant sourcef fine particle aerosols over Chi®ui et al., 2013 High
loadings of As and Niin the factorwasalsoused asa marker for coafired power plant emissions

(Tan et al., 2016
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Thelastsource factowassea salt, characterized high leadindoadings of Na', Mg** and Cl,
which arerelated tothe primary seasalt aerosols produced by mechanical disruption of the ocean
surface(Gupta et al., 2005 Similarly to the second source (mineral dust), high wind speed in
cluster 2(MON) madethe contribution of tls source ineluster—2t higherthan that in clusterl
(BTH) and 3 (SDP) In addition,the higher contributiofractiondraction of Mg2+ compared tCl in

this sourceweravasin agreement witlour previous discussiohe concentration ratios of @Na"
and Md*/Na" calculated from the PMF source profilere1.79 and QL1, respectively, similar to the
corresponding ratios @he species (1.80 and 0.12, respectivelygvarage seawatéXi et al., 2013.
The sea salt source contributed 2.53%, 15.2% and 1.93% of OC concentrations i8 Llust8r
respectively,but provided noEC contributionin any of the clusters.This indicatesindicatal the
sourceconsiss of seaspray organiaeresetaerosol which wereproduced-bgame fromthe marine
biogenicactivities(Wilson et al., 201p

The contributions of the eight sources to 2Mre summarized in Tabld3. The total and
cluster fractional contributions (%) from each source were calculated based on the corresponding
sample values simulated by PMF modelidgnongst the eight sourceidentified—by—thePMF
modeling coal combustionbiomass burningndvehicle emissions were the largest contributdrs
PMo. 5, which accouned for 29.6%, 19.36 and1589%, respectively during the sampling period
They were followed-in-decreasing-ordeby mineral dust (12.8%), ship emissions (8.95%), sea salt
(6.58%), trafficdust(4.24%) andndustrialprocesg2.64%).63%) in decreasing ordeGenerally, the

source apportionment profile of BMin cluster 1(BTH) was similar to thaduring the whole
sampling periodbecause the regional scale pollutisrainly-exhibited a pattern of atmospheric
outflow of PM, s mainly from the BTH region in winte(Feng et al., @07, Feng et al., 2002 A
slight increasein the contribution of vehicle emissian cluster 1(BTH) corresponds téhe great
concernabout vehicle emissiom megacitiesin China (Huo et al.,, 20183 The source signals

cluster 2(MON) were obviouly different from that in clustes 1 (BTH) and 3 (SDP) The strong

northwesterly wind int provided more large scabpatialsignals ofPM; s source, indicating that
coal combustion (37%) and mineral dust (26.8%) were the largest contributors in nortk afea
China in winter. The large scale RMpatterninkedinking to coal combustion agrdewith the
dominant position of coal consumption in Chinese energy strgetg®@l Coal consumption

accounted for 66% of primary energy in China in 20dgbrtedby the national bureau of statistics of
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China (available athttp://www.stats.gov.cn/tjsj/nd$j/ Other thanindustrial consumption, coas
additionally usedfor residentialheatingin northern areas of Chinaluring winter. Although he
householduse of coal accounts for a small portion of total coal consumption in Gtamelease is
still a major sourcef PM, s in winter (Cao et al., 2012 sincehousehold stovessuallyrun with no
or outdatedenvironmental protection equipmeifitraffic emission of muchconcern in large cities
only contributed a minor part (3.57%) of BNeencentratioaon alarge spatial scalbecause motor
exhaust concentrates mainly in urban aréasaddition,biomass burning emission dominatte
PM s pollution when air masss came from the Shandong Peninsulae abundant emission from
biomass burningvas mainly attributed toresidentialheating in the cold seasgWang et al., 2002
Hu et al., 201%-.

The contributions otoal combustion, vehicle emission, industrial procass ship emission

derived from the PMF modelingf OC and EGvere ranked as fossil fuel congtion for comparison.

Sea salt as marine biogenic source of OC was merged with biomass burning as contemporary

carbon fractionsHowever,mineral dust and vehicle dust were not congdéor this classification
because they originated from hybrid sources of fossil and contemporary carbon emissicts. Fig.
shows the comparison of the PMF results @red’C measurement

As described irsection 2.4 M1 represents the amassnases from the Shandong peninsula,
while M2 is on behalf othe air massnasgsfrom the BTH region.In M1, the biogenic and biomass
burning emission identified by PMF modeling contributed 33% Cand 49%to EC concentrations,
which were 7 and 3 below the fractions indicated bYC measurementrespectively. The
contributions of fossil fuel combustion to OC and EC from the PMF result lveghet4%, whichis
3 percent over and 4 percent below the corresponding values ‘ifCthesult. Similarly, in M2, the
biogenic and biomass bung emissiorncontributed 41%0 OCand 33%to EC in the PMF result, 4
and 5 percent below thé&C result respectively The contributios of fossil fuel combustion to OC
and EC in the PMF resultere52% and 65%espectivelywhich were the same percent (3%) below
and over the corresponding values intf@ result. In general, the source contributions merged from
the PMFresultsesultwere lower than thsefrom the'*C measurement. Thunderestimation may be
due to notconsicering the contributiosrof mineral dust and vehicle dubteause—oftheir—hybrid
sources. The largest differencebetween PMF and“C resultswas P4, indicating a minor

contribution of the two sources to carbonaceous species 3. AMe substantial diffence was the
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two overestimations with the same range (386 was the contribution of fossil fuel combustion to
OC in M1 and the other was the contribution of fossil fuel combustion to EC in M2. The

overestimation-wam/erestimatios were attributed toirrelevantlyclassifying biogenic and biomass

burning emissionas fossil fuel combustion. In conclusion, the minor irrelevant classification
suggestd that the PMF resuin this studyprovided a reasonable source apportionment of regional
PM,sin North China in wintex
43.5Implications for PM alleviation

According tothe source apportionmemesults coal combustion was the largest contributor of
PMzs in North China during winter—and—ths—seurceimposedatarger—spatial-pattern—of Rl

ution in nortlernareas of China compared with North Chilthaereforeto . To alleviateoverall

PM emissionsthosegenerated byoal combustion should BesttargetedFhe-seuredirst. It has
beenidentified asthe leadingemissionsectorfor-controlling-the-annual-RPM-concentratiorsource
to controlin the air pollution control progranThe eentributiengontributionof traffic emissionand
biemass-burningo PM, 5 conecentrationsilsoformedshoweda clearspatial pattern in North China
duringwinter—Vehiele For exampleyehicleemission contributed significantip-PM. s-in the BTH
region-seforregulationghis-seurce-should Therefore vehicle emissiomught tobe eensideredhe

second major emissiageetesourceto control-

Biomass burning emissioshould-be—paideed close attentiorto, becausehe-emissioiit has
only beenenhy-lightly considered in the control prograindeed,the first national pollution source
surveyshoewediemonstratedhat Shandong province is the larggsbducer of crop stalkswith-a

production—of—132—millien—tensuch as wheat and corn, in  China—in—20067
(CompilationCommitteeof-the-first-Chinapollution-sourcecensus, 201)1-Of-these The source

survey showea production 0fL32 million tonsin Shandondn 2007andabout20 million tonswere

produced in the Shandong Peninsula (includimgcities ofWeifang, Yantai, Weihai, Qingdao and
Rizhao). Approximatdy 40% ef-this-preductionwas-used—-awas household fuel for cooking and
heatingin the peninsulaountryside The fraction wasignificantly higher than in western areaf
the-Shandongrovince such as Zibo (9%) and Jinan (8%hd the fraction of open burning of crop
residues in thgeninsula (3%) The fraction of biomass open burning the peninsulavas also
higher than thdts average fraction (1.5%) in Shandong province in 2007

(CompilationCommitteeof-the-first-Chinapollution-sourcecensus, 2011 Generally, emissions
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from agricultural field burningare mainly concerdited in the harvest season andontribute
significantly to regbnal haze and smog eveniis the region which have attracted special concern
(Feng et al., 201,Zong et al., 2015Wang et al., 2014 Bespite-thi€ven sg open burning emission
has-been-considerashly-asvasregardeda minor sourceeetecontributionin the control program.
Heuseheldh addition, lmuseholdemission ofagricultural wasteanotherdargeimportantsource-are

releasedontindoudy for regionalPM, 5, is continuousor semicentinbouds—anecontinuous It can

alsoinduce PM s pollution on a reginal scalewhich hasalsebeendespised oignored(Zhang and

Cao, 2015
Open-burningis-hotfullycontroled-in-ChinaalthoughSince the 199Qsthe government has
enacted a series of regulations to prohjeid-burning-since-the-1990s-and-strengtakthe force-of

openburning However,it is not fully controlled in Chinaalthoughits supervisions strengthened

recently.The most basic reasdarcontinued-burnings the lack of aeasonable alternative tailize
or dispose ohugeamountsof agricultural wasteachyear.In the currenscenaripsomeagricultural
wastesare collected—andstored as fuel for household cooking and heatargivhile othersare
rapidly remevedonsumedoy open burning in fielsifor the next plantingduring—harvest-season.
Although farmersknow that such-useandhis disposalof agricultural residuesrds harnful to the

environmenttheystill tend tos do

mainly due tothe low costsof the methedmethod A more permanent solutiowould beto find
higher economic valuerof agricultural wastes via developmentrehewable technigseirdeedn
fact, agricultural wastecan beutilizedusedto producemany kinds of renewable energs such as
biogas, feedstuffs, biochar, bioethanahd bio-succinic acid.China hasprevidednactedrelevant
energy regulations, legislation, and policy initiatives for rural renewable eflargyal., 2015. The
governmenhasalso encouragkandsustairdthe-development-dhe renewable energy industxy
increase thelemandfor raw feedstocksThrough these effort€ hina has achievesbmesuccess in
renewable development in rural arelast However theseefforts arenot an effectivesolution to the

problem of surplus crop wasteecausehe ®st and benefi eannetyetof renewable energgould

not be offset.For instance, Zhangziyingtown located in the easn area ofthe Daxing-district-of
Beijing, has developed household biogesl straw gasincethe 1980s-butin20611 But renewable
energyonly made up approximatel$0% of household energy consumption2011, much lower

than the fraction of coal (30%).i et al., 2019. Before the achievement of high economic value,
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exceptfor-the-ban-on-crop-straw-burnitite government should compensate farmersellector
collecing crop residues as feedstocks of renewable epesagyertharexcept for the ban on crop

strawburningin-fields-er-heuseheold (Shi et al., 2014a The revenue from the subsidy atie sale

of crop residuesauld help alleviate economic burdens fanmers se-they-eawhich promotethem

use clean energy, such as electricity, liquefied petroleum gas, piegas for household
consumptionKung and Zhang, 20}5Theseefforts will not onlysignificantly improve air quality,
but also make famergarn the conveni@e of clean energyand wake from agricultural residue
burning—

5 Conclusiongl Summary and conclusion

During the sampling periodhe averagePM, s concentratiowa s 7 7 . 6 mfandSD>3 ¢ g
concentratiorwasthe highesbf-any-coenstituemmong allconstituen, with a mean of 12 +18.0
e g * rfollowed byNOs (11.9 +16.4e g 3)nOC (6.85 +4.81¢ g “)nEC (4.90 +4.11e g )m

and NH;" (3.11 £2.14¢ g “)niThe fractionsof SO;”, NOs and NH;* to PM, 5 were obviously
higher than tbsein metropoli®s (e.g. Beijing and Tianjin within North China, whilefractions of
carbonaceous specieeremarkedlylower; theseshowed regional pollution signals.

More than half of air massehiring the sampling periogdere from the BTH region, followed
by air massesfrom Mongolia(35%)and the Shandong Penins(14%) The concentrations of Pl
and mosbf the species carried bire-air masssfrom the BTH region and the Shandong Peninsula
were comparable(p > 0.05) and thg occurred instatistically greater concentrationhan those
carried bythe air masssfrom Mongolia ¢ < 0.01). The PM s had an obvious signal of biomass
burning emissioncharacterized bg high OC/EC ratio, low N@/nssSQ,* ratio and high ns&K*
concentrationaherfor the air masss eameoming from the Shandong Peninsula. contrast,the
PM, s earriedestedfrom the BTH region showegehicle emission patterrgharacterized by low
OC/EC ratio, high N@/nssSQ,” ratio and low ns&* concentrationThis finding was confirmed by
the *C measuremenof OC and EC in two merged samples selected from a successive synoptic
processThe *C measurement indicateHat biogenic and biomass burning emission contributed 59
+ 4% and 52t 2% of OC and EC concentrations when air reaggerefrom the Shandong Persula,
andthe contributiors fell to 46 + 4% and 38t 1%, respectivelywhen the prevailingvind changed
and came from the BTH region.

Based on the PMF modeling result, eight main source fagters identified The source
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25

30

contributiorcontributiors of OC and ECderivedfrom PMF for the twospecifieanergedsamples
wasvere compared withthathose indicated by the’C assessmemteasurementTwo minor
overestimations with the same range (3%) shothedexcellentapacity of themode| suggeshg
that the PMF result provided a reasonable source apportionment of regionahRM-Nerth-China
—winterthis study The PMF resultgsesult indicated that coal combustion, biomass burning and
vehicle emissions were the largest contributors of Blslccouning for 29.6%, 19.3% and 15.8%4
PM, s, respectively, during the sampling peri@bmpared with overall source apportionmesgult
the contribution of vehicle emission increased slightly when air esassne from the BTH region,
the fraction of nmeral dustandcoal combustion roselearlywhen air massswith high speedvere
from Mongolia, ancbiomass burning became the dominant contributor when airesyasse from
the Shandong PeninsulBiomass burning emission was highlightedthe presenstudy, because
coal combustion and vehicle emission haakeady been considered as major emission

faetorsourcesin the governmentair pollution control program. Before the achievement of high

economic valueof biomass the government should compensaerfersfor collecing them. The

subsidy could help alleviate economic burdens on farartgoromote themse clean energyhich

will significantly improve air quality

Furthermore, the present study proposed thatrtimemum deviation between the results from
PMF model and“C measurement could heseggmployedasa criterion to select a more reliable
solution for source apportionment of PMThis method caralsobe appliedo CMB modek or other

isotopes (e.g. 1°C, **N and*®S), which willhelp to improve scientific significance
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Tablel. Statistics of PMs chemical species in different clusters and significant level by mean test

pecies ean xstandaar eviation range igni Icant leve
Speci M dard deviation (range) Significant level
(unit) Clusterl(n=42) Cluster2(n=25) Cluster3(n=9) 1&2 1&3 2&3
PM,c  93.0 £66.1 41.6 £6.7 106423
(eg) (24.5305) (12.7 143) 503193 000 059 0.00
EC 6.53 +4.66 2.50 #.84 3.9441.49
(&g (1.39196) (08080i8.85) (2.537.66 000 011 005
oc 8.58 +5.23 351235 8.0442.32
(&g (145213) (0818101114) (5.25135) 000 0.76 0.0
cr 2374211 1224906565  2.944.35
(eq) (040100i8.90) (020200i2.85) (142553 001 045 000
NO; 17.6 +19.6 2.754.25 10.646.09
(&g (L7587.0) (027227020.1) (447203 200 030 000
SO* 19.4 +21.8 4.55 .06 16.448.74
(eg) (209962 (137195 (534356 000 069 000
Ngt 038380 + 055550 0.3131040.06
(5 024240 026060 (0222010404 001 041 001
9 (0.051.58)  (0.18180i 1.08) 00)
NH;  3.97+229 153498980  3.524.96
(&g (1.28101) (06161014.70) (1.93490) 200 057 000
035350
K* 1.11 +074740 oy 2.0140.93
. 074740 5 363aD ) 000 0.00 0.00
(e¢) (028310)  IPE (078780i3.95)
Mg®  0.03+0.03 0.03 9.02 0.0240.01
(eg) (0.01017)  (001011)  (0.01004) 066 041 013
\ 037370+ 037370
(286.3) 022220 0.18180 gg?%ogi%gg% 1.00 046 046
9) (0a111011.32) (0.070.74) Z Y
- 6.96 +5.98 10.9 49.10 2.5140.85
(ngni) (085350125.9) (001307) (1135 04 003 001
v 4.68 £2.29 2.83 255 3.2441.50
(ngni®) (076760111.3) (045450i124) (2.057.12) 00 008 0.66
Mn 33.8 +31.3 17.6 9.3 409203 oo
(ngn®)  (1.97108)  (1.38954)  (9.1469.8) ' '
Fe 404 +308 375 263 5214188
5 _ , _ 070 029 0.15
(ngnd®)  (7.121588)  (9.13826) (244i 960)
026260 + 047170 0'36%’50' 1
020200 0. 14140 30 008 0.14 0.00
Co 200 L0 61010010595
(grp (001073 (001048) 0
Ni 4.85 +2.56 3.51 4.85 3.8041.02
(ngn?) (1.68138)  (168679) (245584 003 024 067
U 11.6 +13.6 3.06 £2.93 13.947.05
(ngn?) (072720177.7) (0038.99) (390264 00 064 0.00
n 146 +176 46.4 $50.1 90.447.4
(ngn?)  (0.92987)  (556208) (242201 OOt 036 003
As 9.03 +9.52 3.00 £2.82 5.3513.35
(ngn)  (L1T434)  (067140) (225136 000 027 006
cd 2.70 +5.26 045450 1.5440.65
nan®  (044110i259)  #€.41410  (0494%i2.66) °04 052 000
(ng m)
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(0.04 1.29)

Pb 110 £95.3 36.9 #44.8 128453.2

(ngm®  (5.30412) (3.02 176) 454215 000 059 0.00

Table32. Concentration and contemporary carbon fraction of carbonaceous species in M1 and M2

M1 M2 M1 M2
PMys(e g ®)m 15940510  91.8+0.490
OC(e g %m 12.7+0.700 9.01+0.510 4. (0C) 0.59+0.04 0.46% 0.04

WSOC(e g ®)m 6.42+0.410 3.70+0.200 & (WSOC) 0.59+0.03 0.49+0.03
WIOC (e g 3)m 6.30+0.620 5.31+0.400 & (WIOC) 0.60£0.03 0.43+0.03
EC(e g 9m 8.60£0.500 5.80+0.310 & (EC) 0.52+0.02 0.38+0.01

Table43. Averages of fractional contributions (%) from eight sources identified by PMF model

Vehicle Traffic Ship Industrial Biomass Mineral Coal Sea
emission dust emission process burning dust combustion salt
All 159 4.24 8.95 2.63 19.3 12.8 29.6 6.58
Clusterl 236 4.89 8.79 3.64 19.6 6.32 292 3.96
Cluster2  3.57 3.60 9.3 120 4.88 26.8 377 12.9

Cluster3 124 3.08 8.67 1.96 527 6.46 124 2.3
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Figure 1. The sampling site and-A&ack trajectory clusters during the sampling period
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Figure2. 48h back trajectories with 12 h intervals of the combined samples (M1 and M2) selecfélidnalysis.

M1 were collected continually from 06:00 to 18:00" D&nuary and from 18:00 to 06:00 the next day, when the air
masses were derived from the gsoand passed through the Shandong Peninsula; M2 were collected continually
from 17" January 18:00 to 6:00 and from 06:00 to 18:00 in the next day, when the air masses come from the north
and reflected the BTH pattern. (The digit in the figure is datetiamel with the format of YYYYMMDDHH, the

time is local time).
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fuel combustion were not be considered in the comparison (mineral dust and vehicle dust).

55



