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Abstract. Atmospheric pollution has become a seriensironmental and social problem in Chifidae number ofwinter
(DecembeirFebruary) hazelaysover the North China Plain (WHRcp) was largestin 2014 during the past 30 yearsn
addition to anthropogenic influence, theles of climate anomalieswere also vital. Thus, it is necessary to ansdthe
anomalousatmosphereirculations associated withazepollution of this yearin detail Near surface, the weaker East Asian
winter monsoon pattern, inducing southerly over North China Plain, could aggravate the situation lof thazkewer and
middle troposphere,aking the antcyclone circulatiorover North China aanintermedia, the positive phasef the East
Atlantic/West Russia (EA/WR}heWestern Pacific (WP) arttie Eurasia (EUpatternded toaworseair pollution dispersion
condition that contributedo a larger number 0WHDycr. In 2014 these three patterns could be recognized from the wind
anomaliesn the lower tropospherdhe preedingautumn (SeptembiRovember) Arctic sea ice (ASI) anomalies over the
Eastern Hemisphere and the warmer winter surface over Enmiggiahavanduce or intensifed the positive EA/WR pattern

in 2014. These two external forcings, together wlithpre-autumn sea surface temperature an@sat the Pacific, might
havealso stimulatd or enhance the positive EUlike patterns. The anomalous surface terapge in autumn 2014 was
efficientin intensifying anomalous circulationsuch as th@ositive phase ahe WP pattern. The opposite caseminimum
WHDycp in 2010further supports the mechanisrhhow EAMWR and WP patterns and associated external faattesed the

local climate conditions timpactthe WHDycp.
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1. Introduction

Related tabooming economic development, atmospheric pollution has become a serious environmental and social problem

in China (Ding et b 2014; Wang et al. 2016). Particularly after the persistent heavy fog and hazeieamuary 2013,
haze pollutionhas becomenore severe (Zhang et al. 2014; Zhao et al. 2014; Li et al. 2015hasg@resenteccertain
negative effects on human health (Yin et al. 2011; Chen et al. ZDd8North China Plain (NCR)a location in which the
population density is quite highyas one of three hagwone regions in China. Theinter (Decembér-ebruary)haze
pollution over N® (34 43N, 114 120°E) in 2013 and 2014 was the most seriofithese eventim the past 30 years (Yin et
al. 2015a).Therefore the objective of thistudyis to examinethe relatecclimate conditiongeg., atmospheric circulation

anomalies and externfrcings) that were responsible for the extreme hezentsin 2014.

It is no doubt that the anthropogenic emissions weréutidamentatause for théong-termvariation of haze days (Wang et

al. 2013). However, the impact of meteorological conditions is highlighted and the climate conditions are also vital
contributors to thenterannualvariation of hazeYanget al. 208; Zhang et al. 20)6For example, the joint effect of fast
increase of total energgonsumption, rapid decline of Arctic sea ice extent and reduced precipitation and surface winds
intensified the haze pollution in central North China after 200@ng et al. 2016)Early studies documented that the East
Asian winter monsoon (EAWM) hibwealened after 1986, which led mincrease of winter haze days (WHBYyer NCP
(WHDycp) (Yin et al. 2015a; Yin et al. 2015b; Li et al. 2015). The declinthepreceding autumfSeptembdmMovember)
Arctic Sea Ice (ASI) from 1979 to 2012 greatly intensiflfekze pollution in eastern China, the variance contribution of
which was 4567% (Wang et al. 2015a%easurfacetemperature (SST) over the subtropical western Pacific (SWP) showed
significantly negative correlation with WH[gp. SWRSST weakeed EAWM circulation, leading to a favorable

environment for haze witbtable atmosphei@nd potential for hygroscopic growth (Yin et 20163).

Thelocal anti-cyclone anomaly around NCP was the most prominent circulation ré¢tat®#Dycp(Yin et al. 2016, Chen
et al. 2015)and was locatechear the bonding area of two continental Rossby waves, Hwgasia (EU) and East
Atlantic/West Russia (EA/WR) patterns. The EU pattean,defined by Wallace et al. (1981), originated frdire

high-latitude polar region. The EU positive phase showed negative centerth@petarregion(70i 8O°N, 60/ 90°E) andthe
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Japan Sea (385°N, 120 14C°E), and a positive center over Mongolia and North Chinai®@%N, 90/ 11C°E), which
accounted for the sene drought in 2014 (Wang et al. 2015b). Another Eurasian teleconnektiown as theEA/WR

pattern (Barnston et al. 1987), was composed of negative centers over-Sentnahtlantic and to the north difie Caspian

Sea, and positive centers over Europd &lorth China. The positive phase of these two continental Rossby wave trains

might haveled to significant warming over the northern portion of Eastern Asia (Liu et al. 2014), indicating weaker cold air.

Therefore,we speculatedhat external forcing such asthe SST, ASI and land surface temperature (Ti8yht impact
teleconnection patterns in the atmosphame then the teleconnection patterns caltdr the localclimate anomaliesto
modulate thaVHDycp remotely Climate researchbn haze pollution inChina is quitea newendeavobutis still insufficient,
especiallywith respect tainvestigation into the mechanisthat causeextreme haze events. Thus, ttodes of climate
anomaliesn the winter haze in 2014 over N@Rreinvestigated in this studgnd wereexpected tamprove prediction skill

for WHDcp.

Theremainder of thigpaper is organized as follewThe data and methodsedescribedn Sedcion 2. The climatic reality of
severe WHRcpin 2014 and associated atmospheric circulataasnalyzed in Sein 3. Secion 4 describesnvestigation
of the physical mechanism usirtge singular value decomposition (SVD) technique. Brief conclusions safelcted

discussionsre presented in Sech 5.

2. Datasets and methods

The China ground observatiofidm 39 NCP stations (Figure IXgollected by the National Meteorological Information
Center of China from 1979 to 2015 were used to reconstruct the climatic WHD data, reféfiredttal. (205). Due to the
quality andtemporal rang®f the dataonly four rural stations wergualified and selectedwhite circles in Figure 1)The
routine meteorologicaheasurements included relative humidity, visibility and wind spleatwerecollectedfour times per
day, i.e, 02:00 local time (LT), 08:00 LT (00:00 UTC), 14:00 LT, and 20:00 larthis work haze is recognized when
visibility falls below a certain thresholdind the relative humidity isless than 90%. After excluding other weather
phenomendhat affect visibility, a day with hazeccurringat anyof the four hourss defined as a haze day. Most of the
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visibility observationshaveswitched from manual to automatic since 182014, but the trial stations coded 54511, 54527
and 54623vere switched in 2013Thus the visibility threshold is 1&m before Jari®, 2014 for most stationsbut before
Dec 1%, 2013 for the trial stations. Afterthe switch, the threshold is 7.5 knaccording tothe China Meteorology
Admi ni strati on 0sTormaceartairfextatathel VWAHD ddta2 @@ 2043 and 20&84e more qualitative than
guantitative. To avoid continuity problemthe haze datéor these two years were procesagging composite analysis

instead of correlation analysis in this study.

Haze is a multidisciplinaryphenomenorthat can be represented by visibility and humidity in meteorologyd by the
concentration ofthe atmospheric composition in environmental science. In recent years, the atmospheric compositions
involving the concentrations of SONO, NG;,, NO,, CO, G;, PM, 5 (by TEOM 1400a) and nephelometric turbidity (NEP)

were measured in Shangdianzi and Baol{an urban sitein Beijing, Zhao et al. 2011)The detailed atmospheric
composition datasets were collected four times per day from1fe2014 to Fe 28" 2015.Hourly PM, s dataduring

2004 2015 and 2008 2015at Shangdianzand BaolianStationrespectively, are used in this stu@hangdianzi Statign

one of the six regional global atmospheric watch (GAd}ionsn Chinais located at40°394N, 117°7¢&, 293.3 mabove sea

level. As the onlyregional backgroundsAW stationin North China, the atmospheric compositianthis locationwas

chosen tdbestcharacterizehe natural state or rather the background conditions of the atmosphere (Yag0d2al.The

PM, s data veremonitored every 5 minutassingtwo methodstaperedelementoscillatingmi cr obal ance-ray TEOM

(since 2013).

In China, the temporal range and qualitytief observed atmospheric compositions cannot support climaticreésearch. To
demonstratéf the visibility-based reconstruction of haze data is representatigenourly visibility and concentration tife
atmospheric composition were shgwand the correlation coefficients were computed (Fig8®. In addition to
significantly positive correlation with £ the correlation coefficients between visibility and seven compositions were all
negative andegexceeded th89.99% confidence level in winter 2014. PMvas the main reason for haze pollutiand the
correlation cefficients with visibility in Beijing were1 0. 51 ( Baol i an) and 10.48 (Shang

than 7.5 km and 1 km, the mean PMnass concentrations at Baolian were approximagegtet han 100 3nd 2 (
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respectively. Thus the tendacy and magnitude both showed that the derived haze datasets naigosddwith the

meteorological standard but alsatisfactorilyrepresented the concentratiortlod atmospheric composition.

Monthly atmospheric data such as wind, geopotehgajht, temperature and sea level pressure (8tdjerived from the

National Centers for Environmental Prediction/National Center for Atmospheric Research global reanalysis dataset with
100 horizontal resolution of 2.5%.5°collectedfrom 1979 to 2015 (Klnay et al. 1996)The monthly meaplanetaryboundary

layer height (PBLH 1°%L°) was derived from th&ERA-Interim dataset(Dee et al. 2011 The monthly mean Extended

Reconstructed SST (ERSST) datasets w@itiorizontal resolution of X2 ° collectedfrom 1979 to 2015 were obtained from

the National Oceanic and Atmospheric Administration (NOAA) (Smith et al. 2008 ASI extent was calculataegsingthe

ASlI concentration dat a f r arssolifiandfl®d §coll€ctedrone 1I90® 20d5(HayndreMall  wii
105 2003). The EA/WR and WP indices were computed the NOAA climate prediction center according to the Rotated

Principal Component Analysis used by Barnston et al. (1987). The calculation profardineeEU index was consistent

with that ofWang et al. (2015b)

%5ET AA@p 5y B ¢ ‘wnm ﬁ p wmm ﬁ Tt

where H500 represents the geopotential height ahB@0and overbars denote the area average.

To verify the covariabilitybetween theatmosphereand external forcings, i.eSST, ASI and TS, SVD and correlation
110 analyses werappliedafter linear trendsvereremoved.To some extent, the energy consumption vadeatinuouslyand

linearly in easterrChina and thesociceconomiccomponents ofWHDycp could be removegrimitively by detrending, and

then tke interannuabariability of haze pollution should be mainly the result of climatic anomalies. anomalies in 2010,

2013 and 2014 were calculated relative to timatic mean of 1972012. The site WHD data were converted into grids

using the Cressman interpolation (Cressman, 1959), andA##as computed as the mean value of the grid data.

115 3. Variations of WHDycp and associated atmospheric circulations

According toFigure2, WHDycp from 1979 to 201Zanbe divided into two decadal stages,,itke first stage from 1979 to
1992 withanaverage of 45.1 days and the second decade from 1993 tav01#h average d34.5 days. It is obvious that
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WHDycpexhibitedrapid increase since winter 2010 with a large trend of @/%6 NCP is a hazprone arean whichWHD

is distributed nonuniformly (Figur8a). Two regionsexhibited greateWWHD: the plain to the east of Taihang Mountains and
to the south of Yan Mountasn(PETSY) and the south of Shandong Provirce shown inFigure 1, there weréour rural
stations, three olvhich were located near the Yan Mountains and were corresponding to lessANbtber rural sitenear

the boundariesof Shandong and HengBSH) showedless WHD. Figure 3b shows the WHD anomaies in 2014 with
respect to 1972012.In addition toa few sitesa larger number ofVHD occurred especially on th8SH (rural areajand

the northeast of Hebei. It is raditle that WHDsn thesetwo regionsshow significant increasgfilling up theclimatic WHD
valley as shown in FigurBa As a result, the hageroneareajoined together, indicating that the haze pollution was more
serious in this regiomctually, the fast increase of WHD in rural area waasobvious reflection of the severe haze disaster
in recent yearsAt the same timea largernumberof WHD occurred on PETSY and the south of Shandong Province.
Recently, the haze pollutiomsbemme increasinglyserious,asshownby the number of haze dagsdits coverage. The
percentageof sites withgreaterthan 30 and 60 hazy dayerme71.8% and 51.3%respectivelyin 2014. As shown in Figure
S1, the mean Pl mass concentrations in Beijing wexbovel 0 0 e3@n hawy days, wibh indicated serious pollution in
2014. Although data continuity was influenced by the switctihefobservation method in 2018)e observatiorthat
WHDycr in 2014 wagyreaterthan beforeshowed robustnessThus, t was reasonable to treat the year 2014 as a typical case
for haze pollution over this region. As shown in FigRr&ICP experienced the least WHD in 2010, whichld be analyzed

as an inverse case thie extreme haze phenomena.

In the lower andmiddle layersof the troposphere, the correlation fields between Wigband H500 (UV850) represented
obvious EA/WR and WP patterns (Figudai b). The EA/WR pattern originated fronthe north-central Atlantic and
propagated through Europe, the north of Caspian Sea arttl 8bma (Barnston et al. 1987; Liu et al. 201fihe WP
pattern showed two activity centers, ,i.the broad area of Southeast Asia d@he northwest Pacifiand the Kamchatka
Peninsula (Barnston et al. 198M. addition toEA/WR, the EU pattern was anbér continental Rossby wave train over
Eurasia, whictsignificantly impactd the climate of East Asifliu et al. 2014) Althoughthe EU pattern was unclear in

Figure 4ai b, it can be recognizedistinctively from the anomalous circulations in 2014 (Figy®). The correlation
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coefficients between WHRp and these three pattern indices were calculated (Table 1). After detrending,c@tiDwed
significant positive correlation withoth theEA/WR and WP patterns, indicating the remote impact on \Wddfrom land

and sea. The correlation between EU and WtDwas initially significantly positive but became insignificant after
detrending. Considerinthat EU could be recognized from low, middle and high layers in winter 20&£U pattern was

still treated as @ossible circulation correlated with WHEb. Theseteleconnectionpatternamight contribute to WHRcp by
impacting the pivotal and local afttyclone anomaés (i.e., the local climate conditionsyer NCP(Figure4ad b). The deep

and broad positive anonias$ resulted ina thinner boundary layer by suppressing vertical movemenpaesseaasterly

to weakerthe East Asia Jet Stream (EAJS) indicating weaker meridional coltledr sirface, thenegative SLP anomalies

in the Siberia region and the ChireMainland and the positive SLP anomalies over the West Pacific led to a reduced
pressure gradient and weakened EAWM (Fickag The weaker EAWM induced the southeasterly anesahd reduced

the surface wind speed (Figusk), indicating weaker cold air and warmer land surface over NCP (Faglrénfluenced by

the circulations with weaker cold air, horizontal diffusion of the atmospheric particulates was imNededNCP, the
anomalous anttyclone also existedndicatirg weaker vertical motionThe mainphysical process was that the climate
teleconnection pattes alteed the local climate conditions, and thefiuencedthe dispersion capacitthe local atmosphere.
That is,when thepositive pattern of EA/WR, WP and Eb¢curred together or partlfhe anomalous antiycloneover NCP

and Japan Seaas enhancettom surface to the middle troposphetieus, theconvection or vertical motion was confined.
The southerly anomalies on the left side of this aytlone weakeedthe cold air and wind speglutbroughtabout humid
flow. Under such locatlimate anomalies the vertical and horizontal diffusion of atmospheric particulates were both

restrictedand then the pollutant gathered in a narrow spackesulted in thecaurrenceof haze.

In winter 2014, many extreme climatic evemtscurred such as severe drought and high temperatarblCP (Wang et al.
2015).Correspondingxternal forcing should be observeak the background of these extreme synoptic and climatic events,
which might persistentlyimpaced the winter atmospheric circulationandled to anirregular distribution of teleconnection
patternsin winter. It should benotedthat EA/WR patternin winter 2014was distributedslightly westwards and broadly.

Neverthelessthe three eastern centers of EA/WR, WP and EU patterns could be recognized @egufée linkage
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anti-cycloneof these three teleconnection patterns was enhanced and moddatedalclimate conditions.The NCP area

was influenced by the anomalous higisulting in lower PBLH (Figure 6). Theoutherly at the high latitudeleadenedhe

cold air fromits main sourceand enhanced accumulation of local air pollutaststheatmospheric matters gathered easily

Near surfacethe negative SLP anomalies occupied the whole Asian continent and Japan Sea that weakened the continent:
cold high and stimulated significant southerly anomalies to the north°df fth the weaker Alei@n low. The weaker

EAWM circulations near surface blocked the cold air from high latitudes and resulted in warmer surface (Wang et al. 2015).
There were positive SLP anomalies over South China Sea and East China Sea that induced southerly and aoealler surf
wind speed over the coastal area in the east of China (Fgute Thedispersionof atmospherever the NCP wabmited,

so the high pollutant emissions wegencentraté in a narrow space and severe haze events occurred easily. Large scale
circulations such as thenegative phase of EA/WR and WWere quite clear in 2010 (Figuréd). Near surfacethe
anomalous circulations were distributed similarly but almost opposite, i.e., the stronger continental cold high and oceanic
low (Figure 5e), thke northerly and stronger surface wind over NCP (Fidifye and the higher PBLH (Figure .6Jhe
atmospheridiffusivity washeighterd by thestronger cold air and vertical movemenhis observatiorfiurther supports the
speculation that the anomalous EARMNd WP patterns contributkto significantchanges inWHDycp by altering the local

climate conditions The anomalies afhe EU pattern in winter 2010 were not as significant aséiin 2014. Asshownby

Table 1, the relationship between WkHp andthe EU index weakened after detrending, illustratingtthe correlation was

much weaker than the other two patterns.

4. Possible mechanisms for the winter haze in 2014

In the above discussion, we addressed the associated circuthabmgerecharacterized by EA/WR, WP and EU patterns
and that contributedto the extreme haze pollution in 2014. Wang et al. (2015a) found that theutpran ASI could
significantly impact the WHD in the east of China. As another efficient external forcing, tlaiveSWRSST anoméés
(SSTA) markedly intensified WHp (Yin et al. 208a). Thus,the questionarises as towhether these factors coufdve

cause the extreme haze pollution 2014.



Since 1979, the prautumn ASI declined substantially, whiotightimpact the winter climate of East Asia (Liu et al. 2012).
190 Furthermore, thisglecreasingrend ofthe ASI intensifiedsince 2006 (Wang et al. 2015a). The relationship betwien

pre-autumn ASI andhe circulations was analyzeusing theSVD method, explaining 51.6% and 17.9%tloé variance by

the first (SVD1) and second (SVD2) mode, respectively. The correlation coefficient of the first temporal series was 0.76,

which wassignificanty above the 99% confidence level. The excitadi-cycdonic (A) or cyclonic (C)activity centers of

H500 in winterwerelocated ovethe north Atlantic, Europe, to the north of Caspian Sea and around Mongolia and North
195 China, whichappeared athe positive phase dhe EA/WR pattern (Figur&/a). The correspating preautumn ASI, with

more sea ice (Sl) ovéhe Barents Sea, Kara Sea and Laptev Sea (BKLSI) and lesgt® Biast Siberian Sea (ESSI) could

have contributel to the positive EA/WR pattern (Figui#). The anomalous ASI dhe Eastern Hemisphere ir024 was

similar to that shown inFigure 7b. According to the SVD resultshe preautumn ASI anomalies in 201dight have

triggered the EA/WR pattern in the atmospherespecially the anomalous high over N@Rd led togreaterWHDycp. In

200  autumn 2010, less BKLSI and more ESSI (Fige2eoccurred whichmight haveinduced less WHD over NCP.

In winter 2014,the TS anomdeks of the broad regionf Eurasia(40i 70°N) were obviously positive. EA/WRs a famous
continental teleconnectiprand a significant landair interactioncould influence the EA/WR pattern. To illustrate this
concept an SVD analysis was performed betwethe detrended and normalized winter TS and H500 (Fig)reThe
explained variance and correlation coefficient ofhé first component are 53.3% and 0.73, respectively. The spatial
205 coefficients of TSwere distributed similaiy with TS anomalies in 2014The a&sociated circulationslisplayedthree
anomalous centers, i@ positive center over Europe, negative anonsaleethe north of Caspian Sea, and another positive
center over Mongolia and North China, which were also the three atmosgfiiyeaative centers of EA/WR othe continent
that occurred in winter 2014 (Figure 5@hese results indicatedatthe TSanomalies of winter 2014 couldhveinducel or
intensifed the positive EA/WR phase and redtin the extreme WHR:p case in 2014. In winter 201€he cooler land
210 surface of midatitude Eurasia (Figur83) could havecontribuedto the negative EA/WR @se. The diagnostic analyses of

two inversely extreme WH{R» cases enhanced the relationship betwhewinter midlatitude Eurasia TS and WH{gr.

Figures7 and8 alsoshownegative anomalies ovée polar area (7080°N, 60r 90°E) anda positive center over Mongolia

9



and North China (4%5°N, 90/ 11C°E), whichcanbe recognized abe positive EU phase. When BKLSI was abovamall
and ESSI was below normal or the surface of-taidude Eurasia was warmer, these two centers could be stétua
215 enhancedandrepresentedavorable circulations for haze occurrence. Prior to this study, Yin et al6)26dnd that the
preautumn SSTA othe Pacific excitedthe anticyclone anomalies over North China and resulted in more W¢KHOO he
SST in Ot¢ober and November (ON) and winter H500 were decompaosety theSVD technique tarevealthe main
relationships. Theexplained varianceand the correlation coefficient of the first componenterg 60.2% and 0.73,
respectively.An EU-like patternoccurredin the first mode of H500, i.ecyclonic anomalies ovethe polar area and
220  anticyclonic anomalies over Mongolia and North China (Figese The asociated SST was cooler ovbe northwest
Pacific, involving Kuroshio and its extension, and warmer tivecentrateast Pacific and Alaska Gulf (Figueb). Another
atmospheric response was the weaker East Asia trough, indicating weaker EAWM and cold aifQd-gianaes the ON
SSTA of the Pacific in 2014, which appeared to kenilar to the SST SVD1 distbution and stimulatk hazeprone
responses. In 2010, the ON SSTAte Pacific did not shova well-organizedopposite pattern (Figur®4), butacooler SST

225  was observednthecentrateast Pacific and Alaska Gulfjhich were obenefit to haze occurrence.

Both EA/WR and EUwerecontinental teleconnection patterthat propagated over Eurasi&. contrastthe WP patternvas
located over the junction dfie marine and mainlandreasand itspositive phasswere composed & broad positive center
overthe northwest Pacific and Southeast Asia antegative center over Kamchatka Peninsula (Barnston et al. 1987). From
Table 1, the stronger WP positive phase cdudde contributedto more WHRQcp and could also have been parially
230 responsible for the severe leagvent in 2014. Tadentify the causes of such circulations, we perforrmadsVD analysis
between winter H500 and peaitumn TSwith explained variancef 39.8% and 20.7%, respectivefgr SVD1 and SVD2.
The results of SVD2 showed significant anomalies in the two centetBegfositive WP pattern and anomalous TS
distribuied from the southwest tdahe northeasin Eurasia (Figurel0). The correlation coefficient dhe SVD2 time series
was 0.62, exceedirtpe 99% confidence level. Similaot he SVD2 representation, two fAsc
235 TS distributionsalso occurredn autumn 2014, i.enegative anomalies fromme Caspian Sea to Baikal Lake aagositive

anomalous Hefrom Southwest China to Northeast China (Figlite ) . Referring to SVD2, t hes

10



TS anomaliexould haveinduced atmospheric responses over the junctiothefPacific and Asian land, which resembled
the WP pattern and impactedetHocal circulations ovethe NCP area. In autumn 2010, the positive belt of TS fitbe
Caspian Sea to Baikal Lake was significant, and the land surfabe Bbet Plateau was warmer than normal (Fig8sg
240  These two anomalies were dramatically inedmwith the SVD2 results and coulthvestimulatel a negative WP pattern. A
argued by two opposed cases, the mechafisrhow theEA/WR and WP patterns and associated external factors iegbact

theWHDycp were confirmed.

5. Conclusions anddiscussions

Excep for afew sites, haze pollution over NCP in winter 2014 weesseverest in the past 30 years. OnBI8H areaand

245  the northeast of Hebei, WHD increased significantly anéded into the rural argdlustrating a joint and broad severe
hazeprone regionThe PM s concentration at a GAWtationand an urban site were almost equal in winter 2010 and 2014,
so there was no evidence that the emissions were more in 2014 thamB8tlmate anomaliesplayed key roles in the
formation of heavy haze pollution case in 20l#the lower and middle troposphetiee positive phaseof EA/WR, WP
and EUpatternsmodulatedthe local anti-cyclone anomalies over North ChirlBhe anticyclone anomalies over East Asia

250 not only resulted in stable atmospheric stratificationatidnner boundary layer but also ledasoutheasterly anomathat
weakermd the cold air but enhaed the moisture transporf.he atmospheric mattergould accumulatesasily both on the
vertical and horizontal directioin winter 2014 the teleconnectiompatternssuch a£A/WR, EU and WPcombined taalter
the local climate conditions toontribute to the extreme haze case. SVD analyses indicatedhéhagreautumn ASI
anomalies of the Eastern Hemisphere #melwarmer winter surface of Eurasia coubdve induceal or intensifed the

255  responses ithe atmosphere, resemblirggpositive EA/WR pattern. These two external forginggether withthe SSTA in
Pacific (i.e., cooler inthe northwest Pacific and warmer the centraleast Pacific and Alaska Gylfmight stimulate or
enhance positve EUi ke patterns. I n autumn 2014, the Asout havest
efficiently intensifed the haze pollutions, which resultedarpositive phase othe WP pattern. The casa 2010, with the

least WHLQcp, was diagnosed as an opposite case, which further supports the speculation that the anomalous EA/WR anc

11



260 WR patterns and asso@dtexternal forcinghave asignificant impact on WHR:p. Additionally, as pointed out by Wang et
al. (2019, theAsianhigh temperature and-@ughtfrom summeiin 2014was an extreme climate event. Our studies proved

that this previous extremelimateevent possibly contributed to the seridiaze event in the following winter.

The rapid increase of WHIRp beganin January 2013, anid winter 2013 and 2014, WHRr was significantlygreaer than
before. Thenumber ofWHDycp in 2013 and 2014 wagreaterthan 50 and almostqual to each othen the two years
265  (Figure?2). Therefore the causes of serious haze in 2013 should also be disclibedeA/WR pattern was well organized
and showeda positive phas¢hat wasdistributed slightly eastwards (Figur86). Influenced by the upper EA/WR pattern, the
surface wind speed was slower and the PBLH was lower, illustrating the horizontal and dimpiesdiorof the atmosphere
was weaker (Figure S7J.he EU and WP patterns were unclear. The source regiBt aven showed characistics of a
negative phaseéiccording to the2010 and 2014ase studies, the proceeding and simultaneous external focoulgl have
270  impacedthe WHDycp. In contrastthe preautumn ASI and TS and winter TS in 2013 did not show feasineitar to those
in 2014 (Figures8). The preautumn Pacific SSTA, which was slightly negative in the northwest Pacific and posithe in
Alaska Gulf and centradast Pacific, coullavestimulateal positive anomalies over NCP and weak@the East Asia trough.
Thus, it can b@bservedhat, among many external reasonstf@extreme haze in 2014, ontlye pre-autumn Pacific SSTA
wasdistributed similarly in 2013The EA/WR Rossby wae train was the prominent circulation contributing to W{diin
275 2013, vith a source located ovethe centratnorth Atlantic. We speculatthat theair-sea interaction over north Atlantic
excited the EA/WR pattern inthe atmosphere and influend&/HDycp remotely. The correlation coefficients betwethre
EA/WR index andhe pre-autumn SST in Atlantic were calculatadd weresignificantly positive to the south of Greenland
(Figure S9b). When the SSTA to the south of Greenland was positheefesponsesimilar to EA/WR occurredin the
atmosphere. The pi@utumn SSTA irthe Atlantic in 2013 was similato that shown irFigure SO9b and might haveremotely
280  impaced WHDycp via the EA/WR pattern. It should be noted thitae SSTA of the key region ithe Atlantic was negative

and hachnadverse effect on WHRp in 2014.

From thepoint of facilitating a larger amount o#WHDycp, the associated circulatisand external forcingin 2013 vere

different from that in 2014but theserioussituatiors of hazewerealmost the samén our study, weassumd that the energy

12
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consumptiorinearly increasedn the recent year©n such hypothesis, the human atias mainly impactedhe longterm
trend of WHDQ cp. After removal of the linear trendheinterannualariability of haze pollution should be mainly the result
of climatic anomaliesThe Shangdianzi sités the only GAWstationin North China andvas chosen toeflect the natural or
background situation of the atmosphere. The mean mass concentrationgsah RWhter from 2004 to 2014re plotted in
Figure 1.. The concentration in winter 201ricreased abruptly up to nearly twice that in 2010 and 2014vasdhe highest
in the observation historyhat broke down our assumptidrurthermore, the Pp concentration of an urban site, Blaolian
station, was also much higher than 2010 and 2&i4n the anomalous circulations waret benefit enough for haze
occurrence, thgoint effect of highest pollution emissionand climate conditionscould result inthe serious haze event.
Documented by these three case studiesjrifluences ofhe highest PM s were thefundamentatause and theassociated
atmospheric anomalies and external forsiptayed key roles inthe severe haze pollutiom the case studies, 2010 and
2014 exhibited approximately equal Ppconcentratios of the background atmospheimjt the associated circulations and
external forcing wereslightly different.It is possible that not atif theabove factorsnight be found in a specific case study,
i.e, a few of these factorglayed the essential roles and tedthe characteristics of that ca&@ee abrief summary of the
impacts of these factors on WI{E» in Table 3. In this study, we focused on the roles of climat@maliesand the impact
of human activitiesvill be studiedin our future work.To separate the contributions quantitatively by numerical models or
advanced statistical approaches would be a meaningful task that was helpful to the interpretation aémrmeatththe

seasonal prediction (Yin et al. 2016b)
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Tables and Figures captions:

Table 1.Correlation coefficients between WHE» and three teleconnection (EA/WR, WP and EU) indidesingle asterisk

(*) indicates that the result exceeded the 95% confidence level, and double asterisks (**) indicate that it exceeded the 99Y%

confidence | evel. Note: OS means 6original sequencebd, a
380 Table 2. Summary of the various influnce factors fafHDycp. The A+++0 indicates fimor e
Ai mportanto, i+0 indicates fAless importanto , and bl ank

Figure 1. Topographic map (shading; unit: m) of North Charad the locations of 39 NCP observation sitébdn: black
circle, Rural: white circlg. The NCP area is represented by a black rectangle, and the names of provinces and mountains are
written in red and white, respectively.

385  Figure 2. Variation of WHDcp from 19792014 (Units: days), the error bar represents one standard error among the
measured sites. For 2012014, the thresholds of 7.5 km (blue) and 10 km (gray) are both shown, and the dashed lines
indicate the mean values for 1971992 and 1992012, respectively.

Figure 3. Distributions of WHD from 1979 to 2012 (a) and anomalies in 2014 relative toAQ®3 (b).
Figure 4. Correlation coefficients between WIRE» and winter circulations from 1979 to 2012 with linear trend was

390 removed (ap), and circuation anomalies in 2014,(d) and 2010 (e, f)The circulations in (&, € are TS (shade) and SLP
(contour) and those in (c, £ are surface wind speed (shade) and wind vector (arrow).

Figure 5. Correlation coefficients between WHE» and winter H50Qa) / UV850 (b) from 1979 to 201Zhe linear trend
was removedand shade indicates that CC exceeds the 95% confidenceU&&30 (arrow) and speed (shade) anomalies in

winter 2014 (c) and 2010 (d)\ and C represent antiyclone and cyclone, respectiye
395  Figure 6. The difference oaveragedvintertime PBLH between 2014 and 2010

Figure 7. Heterogeneous correlation map of the first SVD model for detreamagahormalized (a) H500 during DJF and (b)
ASI during SON 197062014, (c) ASI anomaly during SON 2014 and C represent arttiyclone and cyclone, respectively.
Figure 8. Heterogeneous calation map of the first SVD model for detrended and normalized%8) during DJF and (b)

TS during DJF 19712014; (c) TS anomaly during DJF 203 and C represent antiyclone and cyclone, respectively.
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Figure 9. Heterogeneous correlation map of flist SVD model for detrended and normalized (a) H500 during DJK@nd

SST during ON 1972014; (c) SST anomaly during ON 20and C represent antiyclone and cyclone, respectively.

Figure 10. Heterogeneous correlation map of the second SVD modelktrended and normalized (a) H500 during DJF and

(b) TS during SON 279 2014; (c) TS anomaly during SON 20&and C represent anticlone and cyclone, respectively.

Figure 11. Mean of PM s concentrationn winter at ShangdianZstation from 2004 to 2014 as measured by the TOEM

( s ol i egy(dash)dnettod. The error bar represents one standard error among the different measured hours.

Figure S1.Visibility of Beijing (green) and atmospheric compositions at BaoLian (blue)Smashgdianzi (red) stations at
02:00, 08:00, 14:00 and 20:00 LT frorff Dec 2014 to 28 Feb 2015. The eight compositions included here are SO,

NO,, NOQ,, CO, Q, PMbsand NEP from top to bottom. The <cor mel &tNidon
denotes the number of composition samples. The total number of visibility observations was 360, which was adjusted to
match the ANO of each composition after quality control
Figure S2 Anomalies of preautumn ASI in 2010

Figure S3 Anomalies of winter TS in 2010

Figure S4 Anomalies of ON SST in 2010

Figure S5 Anomalies of preautumn TS in 2010

Figure S6. UV850 (arrow) and speed (shade) anomalies in 28%3d C represent anticlone and cyclone, respectively.

Figure S7.Anomalies of surface wind speed (contour) and PBLH (shade) in winter 2013

Figure S8. Anomalies of external forcings in 2013. (a) ASI inqagumn, (b) TS in winter, (c) SST in Oct and Nov, and (d)

TS in preautumn.

Figure S9. Correlationcoefficients betwee&EA/WR index and H500 (a) / Atlantic SST in pretumn (b). Pr@autumn SST

anomaly during SON in 2013 (c) and 2014 (d)
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Table 1. Correlation coefficients between WHRcp and three teleconnection (EA/WR, WP and EU) indicesA single asterisk (*)

indicates that the result exceeded the 95% confidence level, and double asterisks (**) indicate that it exceeded the 99%idemte

l evel . Note: OS means O6o0original sequencebd,
Pattern
0S Detrended
EA/WR 0.36* 0.43**
WP 10.06 0.41*
EU 0.34* 10.13

Table 2. Summary of the various influnce factors for WHD ycp.

The i +++0

.and

6detrendedod me

indicates

fii mportanto, fA+0 indicates fless importanto , and

Factors 2010 2013 2014
PM, s concentration ++ +++ ++
Local surface wind spee| ++ ++ ++
Local PBLH ++ ++ ++
EA/WR ++ ++ ++
WP ++ ++
EU ++
Preautumn ASI ++ ++
Winter TS ++ ++
ON Pacific SSTA + ++ ++
Preautumn TS ++ ++
SON Atlantic SSTA ++
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Figure 1. Topographic map (shading; unit: m) of North China and the locations of 39 NCP observation sitedrpan: black circle,

Rural: white circle). The NCP area is represented by a black rectangle, and the names of provinces and mountains are written in

red and white, respectively.
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Figure 2. Variation of WHD \cp from 1979 2014 (Units: days), the error bar represents one standard error among the measured
445 sites. For 20182014, the thresholds of 7.5 km (blue) and 10 km (gray) are both shown, and the dashed lines indicate the mean
values for 19791992 and 1993012, respectively.
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Figure 3. Distributions of WHD from 1979 to 2012 (a) and anomalies in 2014 relative to 192812 (b).
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Figure 4. Correlation coefficients between WHRcp and winter H500 (a) / UV850 (b) from 1979 to 2012The linear trend was
removed, and shade indicates that CC exceeds the 95% confidence levd/850 (arrow) and speed (shade) anomalies in winter

2014 (c) and 2010 (d)A and C represent anticyclone and cyclone, respectively.
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Figure 5. Correlation coefficients between WHRQcp and winter circulations from 1979 to 2012 with linear trend was removed (&),
and circulation anomalies in 2014 ¢, d) and 2010 (e, f) The circulations in (a,c, € are TS (shade) and SLP (contour) and those in
465 (c, d, f) are surface wind speed (shade) and wind vector (arrow).
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Figure 6. The difference ofaveragedwintertime PBLH between 2014 and 2010
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(a) H500,DJF,SVD1(VE=51.6%)
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Figure 7. Heterogeneous correlation map of the first SVD model for detrendednd normalized (a) H500 during DJF and (b) ASI
475  during SON 1979 2014; (c) ASI anomaly during SON 2014A and C represent anticyclone and cyclone, respectively.

480 Figure 8. Heterogeneous correlation map of the first SVD model for detrended and normalide(a) H500 during DJF and (b) TS

during DJF 1979 2014; (c) TS anomaly during DJF 2014A and C represent anticyclone and cyclone, respectively.
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