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Abstract

Self-organizing maps (SOM a featureextracting techniquebased onan unsupervised machinéarning
algorithm) are usedo classify atmospheric boundary layer (ABteteorologyover Beijingthroughdetecting
topologial relationships among tieyea (2013 2017 radiosondébasedvirtual potential temperatungrofiles
The classifiedABL typesare then examined in relation nearsurfacepollutantconcentratioato understand the
modulationeffect of the changingABL meteorologyon Beijing air quality Nine ABL types(i.e., SOM nodes)
are obtained through SOM classification technique and eachis characterizedwith distinct dynamic and
thermodynamiconditions In general, the selfrganized ABLtypes are able to distinguish between high and low
loadings of neasurface pollutantsThe average concentrations of PMNO, and COdramatically increased
from thenear neutral (i.e., Node 1) to strong stable conditions (i.e., Nadieri@p all seasons excefor summer.
Since extremely strong stability can isolate the se@face observations from the influence of elevated SO
pollution layers, the highestverageSO, concentrations are typically observed in Node 3 (a layer witmgtro
stability in the upper ABL) rather than Node 9. contrast,nearsurface Q shows an opposite dependence on
atmospherictability, with the lowest average concentration in NodAalyds of three typical pollutionmonths
(i.e., January 2013, December 2015 and December 20g6est thatthe ABL types are the primargrivers of

dayto-day variationsn Beijing® air quality Assuming a fixed relationship betwedBL typeand PM s loading


mailto:eesfsj@mail.sysu.edu.cn
mailto:sunjiaren@scies.org

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

for different yearsthe relativeglabsoluteontributiors of the ABL anomaly toelevatedPM, s levelsare estimated
to be58.3 % (44.4g/m’) in January2013,46.4 % (22.2g/nt) in December 2015, arieB.3 % (34.6g/m’) in

December 2016

1 Introduction

The atmospheric boundary layer (ABL) is the section of atmosphere that responds directly to the flows of mass,

energy andnomentunfrom the eartfs surfacgStull, 1988. Since nost air pollutants are emittedt chemically
producedwithin this layer its evolution plays an important role in transport, dispersion and depositiolir of a
pollutants(Chen et al., 201Ean et al., 2008Vhiteman et al., 201Rlatis et al., 201,8Volf et al., 2014Vu et al.,
2013. The ABL structure igleterminedby complex interactions between atmosphere static stability and those
mechanical processes (such as wind shear from synoptic or-{aedadged flows)(Stull, 1983. Theseprocesses
can operate at\aariety of different heights antemporalscalesand their dominance may vary considerably with
heightand timeat any given locatiofSalmond and McKendry, 20R5This makes it very difficult to observe and
predict the transport and diffusion air pollutantswithin the ABL (Chambers et al., 2018bhambers et al.,

20153, particularly inthose complesterrainregions such as Beijing.

Beijing, the capital of Chinas geographicallylocated at the northwestebworderof the GreatNorth China
Plain This cityis surroundedy the Yan Mountains to the north and the Taihang Mountains to thewtsthe
Bohai Sea to thel60 km southeasfFig. 1) Under favorable weatherconditions (e.g., stagnantweather)
terrainrelatedcirculations can be wetlevelopedover Beijingand its surroundingdeading toa complexABL
structure which is thought tesubstantiallyaffect Beijing& air quality (Hu et al., 201Miao et al., 201¥e et al.,
2016Gao et al., 201,&u et al., 2015 With high emissions of air pollutants from anthropogenic souBeifing
is suffering serious air pollution problems and the pollutan beeven more severe when southwesterly and
southeasterly winds prevaitithin the ABL (Chen et al., 20Q8e et al., 201&Zhang et al., 201Zhang et al.,

2019.

Several studiesnvestigate the interactions betweeABL meteorologyand air quality in Beijing using
towerbasedobservationgSun et al., 20L%un et al., 203;%uinot et al., 2006uo et al., 2014 However, the
results are not idedlecausehe towerbased observatiort®avea low observational heigh@325 m) In addition,
numerousintensiveABL measuresvere conductedusing other approaches such m®oring boats, airplanend

groundbasedremote sensinfTang et al., 201Zhu et al., 201&Zhang et al., 20Q8lua et al., 2016 Since these
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approaches are complex, exgive and labor intensivéhey are often restricted to the duration of specific
research campaigrmmdhencetheir results may be considerédrepresentatiieOverall, he existing knowledge
of linkages betweemABL meteorologyand air quality in Beijings drawn largely fsm eitherlow observational
height orshort observational duratiptherefore the common patterns of the influencéd the changingABL
structure on Beijingé air quality remainsunclearand need to be further studiéduan et al., 201®liao et al.,

2017Guo et al., 2014

Meanwhile the routine radiosondesare notbeing fully utilized to investigateurban pollutionissue. The
advantage ofadiosondesver theotherapproachgeseems to be their lengtivhichusually spanseveral decades.
For a long time, iwaschallengingto reduce the wealtbf radiosonde datt characterize thABL structure and
thereforeroutine radiosonds were remaired a very limited usein case studiegJi et al., 201Zhao et al.,
2013Gao et al., 2016 Recently, self-organizing map (SOMs; a featureextracting technique based @m
unsupervised machindearning algorithp (Kohonen, 2001 were introdued to investigatethe ABL
thermodynamic structure, indicatinige capabilities of SOMBIin featre extraction froma large dataset othe
ABL measurementgKaturji et al., 201% In fact the SOM hasan increasingapplicationin atmosphericand
environmentalsciencesduring the past several yeafdensen et al.,, 20lRang et al., 201Gibson et al.,
2016Pearce et al., 20138tauffer et al., 2006 including aradiosondébasedapplicaton in South Africa(Dyson,
2015. However, there is thus far no SOM applicationin air pollution-related ABL structureresearchlt is
expected sucha new analytical approach can tap the potentialraftine radiosondes taeveal the ABL

mechanisnof air pollutionin Beijing.

This study investigateshe influence of ABL meteorologyon Beijing& air quality based on th&OM
application to5 years(2013 2017 of routine meteorologicaladiosondesFirst, we usehe SOM techniqueto
classifythe state of ABL through detecting topological relationships among the radicbasdevirtual potential
temperatureprofiles (see section 3). Then, weprovide a visual insight intaearsurface pollutanvariatiors
undervariousABL types and discussthe potentialphysical mechanismisehind theirrelationships(see section
3.2i3.3). It is expected that suchmaassociatiorbetweenair quality andABL type could provide local policy

makers withusefulinformationfor improving the predictions ofirban air quality.

2 Materials and methods

2.1Data preparation and preprocessing



94 The recent §ea (2013 2017) mdiosonde data observedfat Beijing Observatory3981N, 11648'E, WMO

95 station number 54511jvere collected fromthe University of Wyoming(http://weather.uwyo.edu/ The

96 radiosondesverelaunchel twice a day ©8:00 and 20:0Qocal Time, corresponding to the morning and evening

97  respectively andprovided atmospheric sounding data (profilestehperaturerelative humidity wind sped, etc)

98 at the mandatory pressure levédsg., surface, 1000, 925, 850, 700 hPa) and additional significant ldwels.

99  addition, the hourly neaurface meteorological parameters (including temperature, wind speedelative
100  humidity, etc) in 2013 2016 werecollected fronthe Beijing Meteorological Bureau.
101
102 We choséhe2000m above ground levels the upper limiof the ABL based on a number studies investigating
103 the ABL height over Beijing or North Chin@ang et al., 201&uo et al., 201 ®8liao et al., 201). This heght
104 exceeédthetop of theABL in most casesand thereforemost ABL processenfluencing thenearsurface air
105 qualitywereincluded inthe analysis hereinn our study period, thaveragenumber ofdata pointsn radiosonde
106  profiles was 3.7below 500 m and.0.1 below 2000 mDespitethe coarseresolution, theprofile shape were
107 enough forSOM techniqueo classify the state of ABLPreviousradiosondebasedstudy indicated that surface
108 temperature inversions occur frequentlythe eastern Ching.i et al., 2012, suggestinghat all of the twetime
109 radiosonds mainly represent thaocturnalstable ABL To keep a whole nightthe daily ABL profiles were
110 compositedrom theradiosonde at 20:00 and 08:00 dfe next day
111
112 The mass concentrations of atmospheric pollutants (including,Fd4, NO, SO, and CQ overBeijing during
113 the period from 2013 t@017 are obtained from the Ministry of Environmental Protection of the Pépple
114  Republic of Chinalittp://datacenter.mep.gov.¢nin addition, hourly PMsmeasured ahe Beijing US Embassy
115  (http://lwww.stateair.net/arealsoused in this studyT'he PM s values inthetwo datasets show a well consistence
116  with a meancorrelation coefficient 00.94 The mean hourly standard errmafr PM, sacross siteghangs little
117 from 12.6to 12.9 after theinclusionof US EmbassyHourly concentrationare calculatedfor the Beijing urban
118 areaby averaging concentrations fromme urbansites (including Dongsi, Guanyuan, Tiantan, Wanshouxigong,
119  Aotizhongxin, Nongzhanguan, Guchemtgidianwanliuand US Embas$yThe daily pollutant concentratids
120 thenperformedaftemoonto-aftemoon (5:00 h15:00 h), in order to include one whole night in eachtgeriod
121
122 2.2 Self-organizing mapstechnique
123 The SOM isthought to bean idealtool for featureextractionbecauseheinput data are treated as a continuum

124  without relying on correlation, cluster or eigenfunction analy@is et al., 2008. Since Kohonen (1982¥irst
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125 proposed BM, it has been widely usddr data downscaling and visualizatiomvarious discipline¢Jensen et al.,

126  2012Katurji et al., 201Dyson, 20155tauffer et al., 20LPearce et al., 20i#fang et al., 201)7In this study, the

127 SOM isintroduced to classify th&BL types throughdetecting topological relationships among Shgea (2013

128 2017) radiosondéasedvirtual potential temperatungrofiles Since the SOM is sensitive to the virtual potential
129 temperaturevalug the deviation profiles, which are determined by subtracting the madnal potential

130 temperaturef each profile from each level, are used as the SOM input.

131

132 Thetrainingof SOMis an unsupervisederative procedureand the result is a matrix of nodge., types)hat

133 represent the input datéhe following providesa simple introduction abotihe SOM algorithm andthe details

134  can befoundin Kohonen (2001)To learn from the input data, every SOM nods hgarametric reference vector

135 with which it is associated, and these reference vectors are randomly generated. After initialization of the
136 reference vectors stochastic input vector is compared to every reference yactdrthe closest match, named

137 the bestmatching unit, is determined by the smallest Euclidean distance. Each reference vector is then updated so
138 that thebestmatching uniand its neighbors become more like the input vector. Whether or not a reference vector
139 learns from the input vectas determined by the neighborhood function. Only reference vectors that are
140 topologically close enough to thestmatching uniwill be updated according to the SOM learning algorithm.

141

142 The first steppf SOM trainingis to determinea matrix size of node®r initializing the reference vector$his

143  step is performedubjectively and depends on the degree of generation reduéedard and Hegerl, 201.3Ne

144  test ®veral SOMmatrixes, and finally selecta 3 x 3 matrix, becausdt captured unique profiles without the

145 profiles being too general as with a smaller mawixbeing toosimilar as with a larger matridn addition, he

146  batch modés chosento execute the SOM algorithrbecause iis much more computationally efficieobmpared

147  to the sequence modd&he othe userdefinedsettingsin the SOM softwarere set at thedefault such aghe

148  hexagon topology, Gaussiameighborhood functioretc The SOM codeused in this study is sourcdéidm the

149 MATLAB SOM Toolbox, which is freely available frofmttp://www.cis.hut.fi/projects/somtoolbax/

150

151  2.3Measuring the discriminative power of SOM technique for pollution assessment

152 The KruskalWallis oneway analysis of/arianceis used as a neparametric method to test the difference of
153 pollutant concentrations among thariousABL types. A 1% significance level is used and hereafter denoted as
154 KW in Sect. 3.2Furthermorethe coefficiens of variation CV) of pollutant meangacross the various ABL types

155 arealsoused to examine the discriminative power of the SOM technique for pollution assessment.
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3 Resultsand discussion

3.1 Self-organizedboundary layer meteorology

We construct a 3x 3 SOM matrix for daily virtual potential temperaturaleviation profiles and he

selforganizedoutputshown in Fig.1 represergnine ABL types (i.e., SOM nodes)On the SOM planehe most

notable featreis adjacency of likeéypes (e.g.Nodesl and 2) and the separation of contrastypgs (e.g.Nodes

1 and 9).Suchorderingis a featire of the SOM algorithm(i.e., &self-organized), which allows usto distinguish

the unique characteristics of nodes throdlglvariation of specific features across the S@lshe According to

the orderingfeaure, the SOM nodes inthe four cornerdi.e.,Nodes 1, 3, 7 and 9) can be thoughas the typical

types ad the others can be considesetransitional ypes. The four typical ABL types have a relatively higher

occurrence frequency (> 10%), with the highest frequency associated to Node 1R@3p&rmore,le seasonal

statisti@al results(Fig. 2) revealthat these self-organized ABL type®xhibit a strong seasonalityFor example,

Node 3 occus more frequently in winter and autummhile Node 1 has aelatively higheroccurrencen spring

and summer.
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Figure 1. The 3x 3 SOM output for radiosondebased virtual potential temperature (,) deviation profiles

observed at the Beijing Observatory. SOM nodes are shown in red, with the corresponding individual

profiles in grey. For reference, the overall averagel, deviation profile and 25h and 7%h percentile profiles



175 are shown in cyan. The ¢p-right shows the occurrence cases and frequency of each SOM node.
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178  Figure 2. Relative frequency of individual ABL types (i.e., SOM nodes)n all four seasonsWinter (DJF);
179  Spring (MAM); Summer (JJA); Autumn (SON).

180

181 Figure 3 displays theaverageprofiles ofwind speedrelative humidity virtual potential temperature gradient
182 according tothe ABL types. Clearly each of the self-organized types features distinct dynamic and
183 thermodynamicconditiors within the ABL, suggesting the SOM techniqueféasible to assify the boundary
184 layer meteorologySincethe classificationis based orihe twice-daily radiosondesthe resulting ABL types are
185 dominated bynear neutral tatrong stable conditionandnone of thaypes fall within the unstableategory(i.e.,
186 E d,/E z <0). While Node 3 featurethe strong static stability in the upper ARthe largegal,/qz valued, Node 1
187 represents a near neutral ABL condition with the lovgaktqz valuesand the highest windhgarsin the lower
188 ABL. In contrast, Nod€& corresponds to a moderate static stabilitfhe lower ABL and Node 9 relates to a
189 strong static stabilityParticularly, he virtual potential temperature gradient in Node 9 remains a high (evel
190 0.7°C/100m)from surfaceto approximately 800 m, indicating a strong and deep surface temperature inversion
191 developed in this typén addition due tothe strongsurfaceinversion vertical mixing is suppressetesulting in a
192  strong decreasing gradient irumidity profiles Overall, the SOM classificationschemereveas a significant
193 coupling between dynamic antiermal effectsin the ABL, which is expected toconsiderablyimpact the
194  nearsurface air quality.

195
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Figure 3. Profiles of average wind speed (WSYyelative humidity (RH) and virtual potential temperature
gradient (qul,/qz) corresponding toindividual ABL types (i.e., SOM nodes)at the Beijing Observatory. The

black, green andred labels ofthe horizontal axis correspondto ql,/gz, WS and RH,respectively.

To detect the boundary laydevelopmenafter sunrisedaytime boundary layer heigfBLH) is estimated with
parcel methodHolzworth, 1964 1967, i.e., intersecting each d&y08:00 radiosondpotentialtemperaturdd)
profile at Beijing Observatory with each héuiffrom 09:00 to 15:003urfaced values, which are calculated from
surface air temperatuobservations. As shown in Fig, the BLH on the days following a strong stable night (i.e.,
Node 1) is relatively flat, reflecting an inadequate development of daytime boundanSlayitarity, Node 3 is
also followed by a flat daytime BLH variatiomhe maximum BLH in these two types are lower ti880 m,
indicatinga limited space for vertical mixinig the dayIn contrast, the afternoon BLH in Nodednreach up to
1100 m this mixing depth ixonducive tadilute the pollutantsaccumulated in the previous night. In Node 1, the
convective boundary layer develops well, and its maximum height on average exceeds fEs00gmer than the

values in other types
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Figure 4. Daytime boundary layer height (BLH) estimated forthe four typical ABL types (i.e., Nodes 1, 3, 7

and 9).

3.2 Implementing the SOM-basedABL classification schemdor urban air quality assessment

In the previous section, it was seen thhe SOM classification scheme is an effective tool for delineation
between variouslynamicandthermodynamicstructureswithin the ABL As a further evaluation, we implement
the newclassificationscheme to quantify changes in various urban pollutant caatiens as a function of ABL
types.Since the pollutanémissiors have a strong seasonality over Beijing and its surroundinganétgsesare
perforrmed for winter (Decemberto February, spring (March to May, summer (Une to Augugt and autumn
(Septemberto November), respectivelyFigure 5 shows the statistical distributions of daily pollutant
concentrations according to the nine ABL types, along with the results of kitvsllad test and the coefficients
of variation of pollutant means across the wasidypes.Figure 6 displays he typeaveragepollutant diurnal

patterrs composidfor the four typicalABL types (i.e., Nodes 1, 3, 7 and 9)

The KruskaWallis testdemonstrate that the selbrganizedABL typesare able to distinguish between high
and low loading®f air pollutants with KW< 1% in all season@&xceptfor summertimeSO, with a KW value of
1.5%). Furthermorejt is found that the SOM techniquieas a stronger discriminative powésr SO,, PM, 5 and
CO assessments, which is supportedddgitively higher CV values CV>0.30). According to the season@lVv
values, his discriminative powershows afollowing seasonabrdering winter > autumn > spring > summer.
Particularly, the wintertime&CV value in PM 5 assessment reaches the max{®56), indicaing an extremely
strong dependencef PM, 5 air quality on the changingABL meteorologyin winter. In summer, tie stable
nocturnal ABL develops later due to the longer flaet d., 2012, and hence avoids the larger daytime pollutant

emissionsparticularlythe trafficpeakemissionsin the absence ddéirgersources, the nocturnsiablelayers exert
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a limited influence on neasurface air quality; thereforeéhe classified ABL types haveelatively weakened
discriminative powefor summertime pollution assessmerts.addition, wet depositiongnore precipitation in
summer)play an important role in modulating summertinadr quality, andto some degredisrupt the linkages

between ABL type and air quality.

Winter Spring Summer Autumn
N —f - W — W= 2 =i V= 5 =
s00 (CV=0.56 KW=0000 - CV=0.8 KW=0000 -~ CV=0.22 KW=0000_, o CV=035 KW=0.000
—_ (al) (a2) (a3 (ad)
£ 375 300 150 300
£
= 250 200 100 200
Z 125 é] ;}ééé&] 100 éé’ éé{ é 50 ¥ 100 é é ééé
0 ; 0 0 0
100 ~SV=033 KW=0000_ ~ CV=0.15 KW=0000_ ~ CV=0.16 KW=0000 = CV=033 KW=0.000
(b1) (b2) (b3) b4
% 75 150 150 75
2 50 100 I#_l 100 ? é 50
C s éé 50 é 50 25
0 0 0 0
= J=| = =| = = = =
S00 EVZ0.32 KW=0.000 = CV-0.20 KW=0000 = CV-0.09 KW=0000 = CV-0.20 KW=0.000
- (cl) (€2) (c3) (c4)
“g 150 150 75 150
&
2 100 é} 100 50 Q 100
~
: : :
Z 50 I;Li 50 é l$l 25 50 é
0 - 0 0 0
140 CVZ034 KW=0000_~ - CV-035 KW=0000 - CV-021 KW=0015_~, CV=025 KW=0.000
(d1) (d2) (d3) (d4)
‘g 105 75 30 30
=
2 50 20 20
ON
@ 35 4@ é 25 éﬁﬂ $ 10 élélél Iil 10 é
o -
0 0 0
CV=0.48 KW=0.000 5 CV=026 KW=0.000 4 V=013 KW=0.000 5 CV=027 KW=0.000
(el) (c2) (e3) (c4)
= 6 3.75 3 3.75
&
E 4 25 2 25
S : b boudhd :
2 1.25 | 1.25
;é ® L ssly - o
0 0 0 0
1234567879 123456789 123456789 123456789
Node ... Node ... Node ... Node ...

Figure 5. Daily concentrations of (a) PMs, (b) Oz, (¢) NO,, (d) SO, and (e) COin Beijing for all nine ABL

types separatelyin (1) winter, (2) spring, (3) summer, and (4) autumnThe solid dots denote the mean. The
box and whisker plot presents the median, the first and third quartiles, and th&th and 95th percentiles,
respectively. The upper numbers denote theesults of Kruskal-Wallis test (KW) and the coefficients of

variation (CV) of pollutant means across the various types.

In the case of PM;, NO, and CO, the mositable atmospheric conditiofise., Node 9)are associatedith



248 dramatically increased nesurface pollutant concentrations all seasons excepummer The wintertime

249  average concentrations of BMNO, and CO in Node 9 reach up t8712 eg/m?®, 100.2 eg/m® and 3.6 mg/n®,

250 respectivelyThese values ar& 8 times higher than #tin Node 1(i.e., near neutral conditionith the highest

251 increasing amplitud€a factor of7.3) relaéd to PMys. As have known, Node 9 corresponds to the strongest
252  nightime stability in the lower ABL and the lowedaytimeBLH. All of these ABL characteristics asxtremely

253  conducive to the accumulation of air pollutants emitted near thegrbar Node 3, the concentrationsRif; s,

254 NO, and COare the seconbighest compared to those of the other tyfdss ABL type featureshe strongest

255  stability in the upper ABL, suggesting that processes operatitige different heightghroughoutthe ABL may

256 have a significant impact on nesarface pollutant concentrations.

257

258 The diurnal cyclesof PM,s, NO, and CO are extremely pronouncedunder the strongstable conditions

259 although very reducedn the days witmear neutrahight On average, the wintertime diurnal range of ,RM
260 increases froni8.2eg/m’in Node 1 t095.4eg/m’in Node 9.The corresponding diurnal range increfmseNO,

261 is 18.9to 33.6eg/nT, and for CO0.2to 1.7 mg/nt. In Node 1, the diurnal variations are characterized Wweak

262  two-peak pattern following the traffic rush houssiggeshg that traffic is theprimary driver of these pollutanis

263  diurnal cycles in BeijingLiu et al., 2012 However the diurnal effects of traffic emissions asignificanty

264 amplified bythe stableABL dynamics It is clear thathe more stable conditions near the ground, the higher peak
265  concentrations are observél winter, thestable ABL conditiongxerta more important influence on the evening
266 traffic emissions, resulting in laroadeveningpeak In contrastthe morning peaksignatureis much lowersince

267 the morning emission is counteracted by tlestabilizationof the ABL. However as human activities bag

268 earlier during the warm season, maximum concentrations in spring and summer are typically observed during the
269  morning rusthouss.

270

271 However increasing atmospheric stability has the opposite effect onsngace @ concentrationsSince

272  aerosols can absorb and reflegtas radiation and thereby inhitite photochemical production o (%ao et al.,

273 2016Kaufman et al., 2002the lowest averag®©; concentration i®bservedn Node 9.In addition considering

274  thatozone ismairly produced in the upper ABlnearsurface @should bestrondy modulatedoy dowrrmixing

275 processe§Tanget al., 2017brang et al., 2017aln this light, the varying daytime {peaks across the ABL types
276  can bepartly attributed to the various magnitudes of vertical mixing. This is supported by daytime BLH. As have
277  shown in Fig.4, the daytime BLH is highest in Node 1, followed Mgde 7, Node 3and thelowest inNode 9.

278  Suchordering isgenerallyconsistent with the daytimesQeaks in these typeBue to the persistent downixing



279 caused by strong wind sheattse nearsurfaceOs; remains a relatively highocturnal concentratiofe.g. about 45
280 eg/m® in winter) in Node 1 In contrastthe stablenocturnalconditions (e.g., Nodes 9, 7 and 3) atenmorly
281  associated with lowD; concentratior{e.g. about 18g/m?® in winter) due tothe lack of vertical mixing, as well as
282  the strong chemical titration by NO emittiedm vehicles.

283

284
285  Figure 6. Mean hourly composites of (a) PMs, (b) Os, (c) NO,, (d) SO, and (e) COin Beijing for the four

286  typical ABL types separatelyin (1) winter, (2) spring, (3) summer, and (4) autumn

287

288 The highest average $C€oncentrations argypically observed ifNode 3 but occasionally iflNode 9. Overthe
289  North China Plairhigh stacks are emitting a significantly larger amount of &@npared to small stack&hao et
290 al., 2012. The frequent surface temperatimgersions together with the large s€missions from higher stacks

291 favor the formation of elevated $@ollution layersover Beijing (Chen et al., 2009 If sufficiently strong, the






























