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Abst Mectcarri e iaeatlrcCBOMAXDIOYAS experi ments on the 6th
Beijing in January, September, and October 2014. Th
NQ wer e retrieved from medxursedDidpgectemadai dly Optei chMu
Spectrosch@AS) MAXchni que and suoad((od ONDL)iINartoem t he e
urban Beijing during the exWRFCMA®nNnmmabdepesyotsem Whe
to simulate the wind fields by assi mixt&tQi on of ot
concentration ratéeéosa)] sbonkbedéd whpecnhitshsei oensgt. i nlfahtei ohMO
emi ssions in ur banmoBletdgsi inge d @&MAIXD OtAlBe MEasanement s i
this study wer e -rcomplauteidon oe mihsesimoun tiinvent ory i n Ch
Ou€CaMAXDOAS measurement resVCDsi mhdardarthy ghkan NOn t |
mont hs. Thheaakivi @ ufsise longp atche spat ivValD,d iwsittrhi Buhtei ome anf |
VCD along the 6th Ring Road typically being higher
addition to the sead@@mallr nekiyf fvearrd mad dx,e ntihonfy orusttnieanat e |
( foywerdarge even within the same mont h, mainly due |
speed, t hegandax®dN@n cefntN@ti on, agrfdr drmet ecami sxiten ofod
the measured positeons! ogide a lr daindgfegeidmifroinesge tThrhee heat i
and -hnecant i ngvep22 i D8%lo BN .o | ec'bands 612% 0 1101 .296 1T 10
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mol ec'l esesspectiveNow.alTuhees d we rtehghee A a h iginegedh .n B4l 8 0 n

86 14 2¥mol ®c'ddreds 0..29392Mmol1 & c'ly,l erse spBhe ivecgrtainty ra
ofnolvak9 i1%52. 01 %he monthly emission rates from MEI C 2
estimeokegdgaEticularly in January. Our results provi
validation of satellité€@aMAXDDASt smearsdir amenot shown hb

effectively for dynamic yeamisitons ngr amdmegdaiings os$u

1. Introduction

Over the past deeattecbaeeredusrbgmentl|ly in autumn an
to massive anthropogemhb s feimbfreusesl icsin sa nfdr ¢oil entele¢ salur,ces
2013Zhang et al . HigR0ol8d)ncentrations of aerosol
wi tdhnadii amedtesdndn (P)M hr eat en p(utbaloi cethealldtist 210 b4)

tradgercati on by af f etc pienn g ustibos ittbhioeh iwteya, t bgencda &reesruclh g ma t
and absorption Ldfaos elt@haelnm @ de2adtlaBbeng s Rr0eliignt s have sh
organi ¢ OMattemnul fate, nitrate, and ammeomi JAanwmadeg up
2013 i n Hueainjgi neg BtactloOomhd)wdveiitmaneasaead PMecentl y w
of industry an-di atHelbreiin rtelye oBe i jwitenng s sh @ sr emchudc @ ch eS @
of sul fatvbhi i @ PMaffic emi ssAemssnaubdaysetli bh &athehibgho!
observations at the campus of Peking Undidveéeweinty in
in spring anddeiavény fall ableadf &M|. Tad e O sayPrit8eagrnt ed t hat
nitrate formation was more significant than sul fate

Thereforet hest apatvaomieanpioam | o(ft oN& tahred N@vn d thed has NO

|l attea peréeocgrtseraoadmendiVtaray i mportant for understand
and its influencing factors.
Emi ssion inventories aaea&l luesduatl dayp pimovaecl ho,p ewdh ibcyh tihse

combinations of acti vi tmptsitoant iasntdi dsn d(ussu crhoad s per noedrugecyt
regspeci fic eniHaoi cen Zddan,@ r2sdt Zh;hoa,le 0SBD;E2t s et al . |
2013) Howevelrarughdcer ¢ aanéuese mins shiodntsom nventories as
statistics, emiaslsi ahbodatcitmm spr dfeimpe(sMa aardd gvWand al

Aardenne, 2004; . ZMaoe®veral .est2i0mMa2t)i ng O66cpmurrent 66

2



65

70

75

80

85

90

met hodol ogy is fucdamenpalblycdifbincwlft blasi c stati s
year s befhti-chplwn d hemi s sisom eussteifnudt es vuppp leesntei nnta tteos , b onthtic
are subject to uncertainties i(nStemilesssi .cMislnaarcse®r s
model i ng, in which emissions are optimized to reduc
data, is a powerful met hod -uphaap prod arcels. t Reec eprrtolbyl ;e ms
to the estsieanaits inonosf hNaGs b e exne nwiisdseiloyn rreaptoerst ear. e Nde
constraining satellite observatiimund sstvesitiNdg atl h ec orl eul ment
density (VCD)xeam & sproinmarsyt i Nriau pe sa pf r Mara 2t0i0da; d @ It ¢ 'o m

et al Kon»@@abov &vmngl et RB0O6eR0@¥yrickRiOdQu. et al .,

Neverthel ess, errors and uncertaiwhtiilcebssads td |1l aregkd st
decretake aomcuracy ofpasti mataedl gemi ashogb|y polluted
and its JuMar eunddilimgse2QhPa,ce2dhb6nbmenocap,asuséate a
cloud bl ocks, profile shape, interference from oz
parameters, fitting wdlien eentg tahl .wi n2d0olws ; aMad esto aflo.r,t h
2011,) 2Rl amadawnsy (AMF) errors can produce additional
from the sl ant to vertical cob asnmds . m8dosurced mert, s CO
tropospheric columns amdad gqertécbampgroéonieevaan difan #@Oan:
validate satellite retrieval product s.

The Mwlitsi Di fferential OpticaiDOABSrpt-h@peadsgpect rro
remote sensing techni gwdedseddet omalleduusagof hehbkaste
measdrfrom hori zomodiahdiitriegcotuigohn zteon irteht m tpiewa&li t Be YED
trace gases and aerosols with relld&dfPtinnéingehi g aénsi
Wagner ettlaltt, ah@0 SMAOAS RDHD8Hheen extensively used t
column i nfoJamat isomeofotd@r pol(lWittatnrtosc k Bhe tvralrk noau,s2 O Oe4g;
et allrio0oes8Vladmmi x2 0e0t8 ;aelt. ,aH2.6,8 02/0clk3 ;€an a¢t ,al20,142008
Wagner el Mbp o@&@rl IMMXOAS measurements havexbeen use:q
emi sdiroms and iresgi Bred j(sJuoghha nasss o n, eMe fall a gy a n2s0s0o8n) et al
2009)Mannheim andl hbudiwi gis b a D(@thh.a,i gahf¥&G)y 6&haabghai 201
(Wang et, aNort RBWECRdMmaal Comp@dNn8Pbatsedgobdbsmed vati ons at

si CaMMAXDOAS measurements can bpoovidmttdlafl ordmaettird b udn
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pollutants, whi ch i s i mportant for explaining t h
obser vaantd owmasl i davViChbg &ahd NOx emisdgih@en newt i rhdtgens pfirx
resolution mealTsRIGPeOMEIN tisn sbtyr utmeabtFo voenr tnheegwa® @ rt taisrse |

Beijing. Mor eover, due to the rapid expansion of ul

l ocations and strength nofglhamesscihamgedusog®eifhnc Brtl

i ntensMAXDORQE measurement campaigns are stx || neede
in Beijing. Mean wind speed and wind dirweatei on al ol
usually usedemiosesbnmaie@s POsivih oe swisthdidfii el d changes

circulation and then resul t seiins aliroareesnts@iomt; iegs ailn ,qu
Shaiganfar t01&l,. Da2)0,51r eefti naeld ,an2d0 1&9c cur atree si mul at
needed for the accurate emission estimate.

I n this study, weemiss simanhedf tbem tobah B& jing bas
obtained f €alhA ADrOtASn smievaesur ement s on the 6th Ring Ro
September, and OctobeWREEMARQ® 1Ma d ellh es yodtfd m nwei tLPAPdBat a
met hod was used to derive wWiN®@do nsgpeeretdr,atwionnd rdaitrieocst,i
needed to est ixeanies stiootnaslaNuansbe@drS oNm@ a s uWee metntt smpt e d
to accuratel xembssmaher ahes N®nd t he seasonal di f fe
uncertainties and appropriate meteorol cQOASRI condi t
measur .€lthe rst oarpgearniizsed as f ol |l ows: SkaMtAIXDOAR descrilb
expersiamalntt he retrieval met hegdCDh,ort lermedaely sy opoemp
si mutltediend sdameé&l dhe rnandogNOodd NtOhe met hodaluxssEM@ t o qu
emi ssions. Section 3 YCds eamtds tthleexemd $ wlath @ slo fAIOt lwe | N(

their uncertainties due to simulated errors in the

2. Theory, experimental, and method

2.1 Formula to estimate urban NOx emissions

The compfile®DeadNOoss the urban BeijingSaseasenmareded

accordihreg ct @msed i ntoefgrlablr anheitmh cedt (aCl.M)( 2010) .

0 B 060 i DI XI (1)
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Hem@® O | i s t h\eCINOat the sampling posétndhcati ¢dhi hheh
normal vector parallel to the Earthdéds surface and o
drivingi souhe; average wichdyeect whi wht hsndeheoetBN® by
height of 1606uGaMAWBOASrmeasiurements along cl osed dri
emi ssions sources, i.e., the 6th Ring Road of Bei]ji
Weaveraged the wind vector data from the WRF model

by t he wienntteiralelxy podecreasing profiles according to

o — (2)

Headrgd i s the wind VYeandindicalt ¢éstude assumed scale
wi nter.

Accordi n@l M ot hteh ec oxnepnhiestsei oM@ from the encircled a
considering the partdiA)i oannidn gt hbee tfwepdht eNQ iafnedt iNiGe of |
0 @ b J0 (3)

o — 4

HerAd s simply f@#e)ransi#oNOfbuNCk concentratwhoinchin the
are simulated by t hel tCMAYQ anofdwed ctiino rnchp Ojshi udi@ei ght o
A=1«€To analyze whether there is orx, nwe theoi mphcul e
anot her Lebghltieer rd sntge tlood hof Davis et al. (2019) .

o — (5)

WhefQeis t hephoN | yQii s trlad etdeenppeenrdaetnutr er at e constant f
bet ween JN& acnad @Qud ader ding t®i tkermenhet af ., 1982

Adescribes txlie odned¢dye @mi @i on soBAceesbeoemeamat ed
from txhe f 8O, mewhi ch is the reciproccadns#fant@ld produ
concenttrlataomada @i r( Mhae nesti tayl aipM)2048hsport time t, wh i

between eumicsiamd ssGdingi ded pygibthe wind speed

O g a (6)

)

o



We firstly calculated averaged si muanadteNlGawdnd spe

t hexINC et igner ffamen to 1000m at every sampling positi
150 each journey, and computed the distance between th
BeijihgThen, we ¢ odnp wi@sld EtThheed wiaketciameul at ed wi th ¢

average OH concentration and air density from surf

journey.

2.2 Car MAX -DOAS measurements

155 2. 2.1 Instrument and experi ment
We measured and r eiVrCiDe wud b xitgrhd phéessgh e oiad N® Beijing (
to as 6th Ring Rd) in January, SepDOAMBer hsandmOnt ol

mountedon t he vehicle.
The instrument, manufactured at Hoffmann Messtect®ikbH, Germany, is a fully automated,

160 light-weighted spectrometer designed for the spectral analysis of scattered sunlight by tHeQASK
techniqugH@ninger et al., 2004Davis et al.,2010 The same type of instriant was used in previous
studies, including longerm site measurements in Beijiilgla et al., ®13apnd aCar MAX -DOAS
observational journey in Eurof@/agner et al., 2010a)he instrument consists of a hermetically sealed
metal box of approximately 3 liter volume containing entrance qpitilesy coupled spectrograph and all

165 electronicsA spectrometer with the model Ocean Optics USB2000+ is ésstkpper motor, adjusted
outside the box, rotates the whole instrument to control the elevation viewing angle. The spectrograph
coverstherang2924 36 nm and its entrance slit is 50 em wide.
device) detects the light in 2048 individual pixels. The whole spectrograph is cooled by a Peltier stage to
guarantee a stable temperature of the optical setup and adsmiatturrent signal-or this study, the

170 instrument was mounted on the r@bfa car. Inside the car, two 12V DC batteries alternatively supplied
electronic power for the running of instruments and a laptop computer, with a script run by the DOASIS
softwae (Kraus, 2001b)to control the measurement process and the recording of spectra. The
temperature of the spectrograph was set to be maintairiéd@tn January and at’Q in Septenber
and October, well below the ambient temperatures during the experimental days of the study. The signal

175  spectra of dark current and electronic offset were measured each day before and after the field experiment

on the road, with 10000 msec and 1 saardfark current measurements and 3 msec and 1000 scans for
6
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electronic offset measurements. Measurements were made alternativehaat 3W\elevation angles
with every 30\ measurement immediately followed by aA9@easurementEache | evati on angl e
me a s u r hadae intégration time of about 1 min i ncl udi ng 00y picaals]l ¥y 030&N av
spectrum

The i nstr umeartwasoperhteddormdasurehseattered sunlight from the driving forward
direction. There were no high buildings ootlvsidesot he 6t h Ri ng Rd. , and the me
made atfia | vdiThdvdrivéng speed was typically controlled at 80 km H?, and it generally
took about 2.02.5 h to complete one circle (about 187 km) aroutde 6t hFRgange iUt 8k o
driving rCaMAxD @AS tenxeper i ment cam da smeap i @flt Bleisjtirndut
yeaM®Gemi ssatoen with a resolution of 0.25Whilcl®. 25A f
includes transportation, power .pédbrant hi sesitddgti alhe
experiments were carried outci b mdgoludr nseeylse cetaecdh ddaayys., |V
there are 19 cirdhiengamplimgypeavaidkabhet his experi
conditions are |isted in Table 1. The average wind

and October werel2the Zo5,reasmpdndihgmtoiab, chowdds f2;

and the mean planetary boundary | ayer (PBL) height
dominant wind directions in the three monohkBemwere r
directions, a ndi nsateaitgiddi owii mdd ffiielld. can \»ff ewet the e
synthetically analyze distribution of wind field us:

data with a spatial resolutionEofopeaBiéBeMefieam5A e
Range Weat hekECNWH)e.calsn ¢$ ieimed cadisrescti on changed sl ic
circling journey period which is marked as south (.
field duringasome&ejgamnghemts idn veome areas of Beijing
ot her typle (n@) wpweeldpiwn t hree journeys which is mar ke
estimate the NOx emissions accurately unsiignhg stohe CI |
that the transport across the encircled area is f as
(I'brahim .etl nalt.hi s2 0sltOu)t ficei rwcel ionngiyf bcuocnosd gdsesrt ent  wi nd
or N type) hawh ndalsgpteieveesityy mat e t he NOrf eminasi oms. T

alljdhrenegbadi sgl ected ones foriemiTabienlesti mati on
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2.2.2 Spectral retrieval

The retrieval of N@ slant column densities (SCDs) is based on the DOAS mdflatt, 1994) The
WinDOAS software(Fayt and Van Roozendael, 20Mas adopted to analyze the spectra in the 400

431 nm range on a daily basis. The Fraunhofer reference spectrum (FRS) was selected among the
measured spectra at the 3fevation angle each day by two stepstf a spectrum measured around

noon was chosen; second, the spectrum corresponding to the minimun$S@ID derived in the
preliminary analysis using the FRS from the first step was finally selecte@dbEbeptiorcross sections

of NO; at 294 K(Vandaele et al., 1998D; at 221 K(Burrows et al., 1999)and the Oxygedimer O,

at 298 K(Greenblatt et al., 1990as well as a FRS, a Ring spectrum calculated fhenFRS by DOASIS

(Kraus, 2001apnd a polynomial of third order were included in the spectral fitting process. Figure 2
shows an example of our spectral analysis for a measurement on 18 January 2014, 11:39:38 BJT. As
shown in the figure, the atmospheric MNibsorption structure can blearly extracted from the measured

spectra.
2.2.3 DerivationVe6b tropospheric NO

The trace gas VCD in the troposphere can be calculated using its SCD divided by the air mass factor

(AMF) at an elevation angle,:

SCDr
VCDr oprZ‘; (8)

For thein-situ MAX -DOAS measurements, a FRS from the same elevation sequence was used in
most cases, and the stratospheric absorption can be assumed to be the same during one elevation sequence.
Therefore, the ZDuop can be calculated by extending Bgto Eg. 9 using the sacalled differential
tropospheric slant column densitPSChirop(a) = SCDhrop(a)i SChrop(907 ) divided by the differential

air mass factor (DAMkyy(a) = AMFyop(@)i AMFiop(905 ):

DSGD op DSChas (9)

VC
b °PDAMFrop DAMFrop

with DSCDinead@) = SCDmead@) | SCDer(Wagner et al., 2010b;Ma et al., 2013a)
For theCarMAX -DOAS measurements, the trace gas concentrations can change significantly during
one measurement sequence and thus the dependence of rétaeserhs DSCDs on the elevation angle

may not be so regular as for timesitu measurements. Therefore, it would be a better choice to use a



single FRS for the analysis of all the spectra measured along the drivind\Wageer et al., 2010b)

According toWagner et al. (2010bEQq9 can be futher extended to

DSCh: ad -DSC se
235 VCD, o, rpeﬁwr(ogjgf t (10)

where DSClset depends on the solar zenith angle (SZA) and thus local timekdr each elevation
sequence during the individual measurement day, DS&R is calculated from a single pair of

measurements with

AME ; 99 DS CR § ) AME [ GIDISICD, (9 QA,
AME rGEIME (690 A)

DSCRt0et (1D

240 The time series of the calculated DS&R(t) in this study could be fitted by a learder polynomial,
e.g., P(x) = a+ a® + &®?, as a function of time. The fitted polynomial then represents the best guess
for DSCDyiiserand can be used to calculate the \igirom Eq.10. In this study, the AMF was calculated

by thegeometricapproximationBrinksma et al., 2008/Vagner et al., @L0b), that is:

~ Lo
AME 6§ )8 (12
245 As an illustration, Figure 3 shows the changes of individuad BOCDneasand DSCDyset for 30

elevation angle of each sequence as a function of time on 18 JanuarA2@héwn in Fig. 3asecond
order polynomial fitted from individual DSGke: data points as shown in Figiénds tdbe stable and

can be used to representarerage/alue ofDSCDyfiset

2.3 LAPS-WRF-CMAQ model simulation

250 2.3.1 Model setup and dat a

To quantyjefnyi stshieonNsO i n Bei jing more accurately, refin
to NOx concentration ratio were neWRFEMAQI modkeils stu
system with high spatiotempor al resolution and dat e
speed and wi md dicrcaic tait gannrdaition cefmt N@t iCamMAd¥ur i ng t he
255 DOAS expeThafenmrtesmemadelneslystem includes three compo
(Al bers et thale. WRIW %@h)hée lakes amndalt he ZTOMAO) modet al .,
1996)Si mul ation of wind speed -WRH todelCctiwhich amprion
observed data at t he su+dfianea sa rod -aHingehm dlidoymearése vuasriinagt i
assimilat(@Alnbemest hatd Tahle. , CMAI® 6mo d e | i s usspeadt itad si mu

260 distribuyuamednNOfcdN®centration. The Local Analysis anct
9



265

270

275

280

285

290

by N@GAA Earth System Research Laboratory, i s used i
around the worl d. |t is a mesoscale meteorological

observations to generate -@auolrwiand,s mMerorseéeemmat i alepy edien

of at mospheric f e(aMcu@iensl egndet pTréoleckejsrheer@®ilgn al real i ¢
met eorol ogi cal anal yses fiiteiladn coafn tbhee uWRF naosd etlh ea nid
simulation of wind field. WRF is a mesoscale numer |

at mospheric research and oper aqtuiadnaly fmorded a giteivied ompe
u. S. Enwilr Prmdretcti on Agencyds At mospheric Science N\
of computer programs for modeling air, qW®li SY i ssuece
Os, and others, particulate amadtersi(PM)i,tpidegoadat,i
This study focused on Beijing at a horizont al res
varying thickness (between t-mesdseutruflttaetahommingu e5.0 ThhRea )
horizont al rtelsrod ait § otns off dgrhieds were 36 km, 12 km,
and the output tempor alWRFntsemualat wass lweare Thei (LA ¢
analysis data @avArXPOAShedperngenhe, wiltAh ThnldApati al
addition, to improve t hgansdi Mud actoinocne notfr awiinodn sf,i enhtadn ya
data of the same periods, such as wind speed, wind
observed at 2400 surface weather stations and by 12
fild of the WRF maddelensisongditmesndotomraé¢e vari ati onal
met hod in the LAPS modeImu krTehseo | GUMA @ nmoednei|s su soens itnhvee n
for the (MElad )22001122 0. 25A T (Bhabd etsakuf adDBOARDY 7)

gridded MEI C emission datasets at a horizont al resc
generated by the Sparse Matrix Opera(bONCKe2@24) Emi
using reasonabl e temporal ared,h saRtli7gl. aMelt ema toil g i cma
from the WRF simulations werndypriopasgsed otro CMA®a t ue
Met eoi@Hemiystry I nterf@Oket ®rance sBiddie(liGRE] BN s m

is CBOS5, and the boundary conditions of t+race gase:
l atitude profiles based on results from the NOAA Ag
simul ati omnwalweafyyd rag titale offi thte experdiume ptr otbbd eav aind t

i mprove the simulation accuracy.
10
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2.3.2 Validation of si2mul ated surface wind and NO

Model l ed wind speeds and directions were validated
Bei jRFinggu¥2e,s S3 schmtvh&Sd4scatter distribution between
observation, wind rose of modell ed wi Wdadldpteeced i on a
t hebserved hourly windfrsddmepdi aond(ddYyEetTIZppogMaeamt aug o
(MTG), and Shunyi (SY) meteorological statsi ons, whi
of Beijing, respectivel y. I't was shown that the te
stations were consifiteipee rwsiptelc ttnhee scelrsi earlv abtliitomtsh e s p e
simul ations were hidhertbhampiahéesobtetheticompl ex t
observation data aWdi moldeetled Ftiag ..t ISEO laekdtiShsgil gkt S 4 a)
accurately, we corrected the simulated wind speed
st atiinomg der t o reerdruockep etchivef iscyashideymmied t he rel ative err
wind speed based uorn wreeaatshuerre neetnatsi oants ffoor each journ
bar to simulated wind speed at eveffhesampltehgtipons
coefficient bet ween simulated andfobhHsdamdetlhevi nds slp
pastshees 99. 9% significance testismbhhheée ,r avoti hindarwv ad gearo
sl. Except for the MTG station, si mulrieh edcowomdande ec
with the observati omasr,y pwairntdi cdiil raendityiFdfngm (SHithgee rpa 8i,
simul ated wind direction af e didmeesros padtitnhceiedseenrti awi tohf
wind direction, and simulations are | arger than mea
to the effects of the complex topography and | imite
Theri mary wind direction armdnedtt scdmeiquteerrcty witt b hteh e’
because these are affected by the complekntopograp
gener@adrrwibhieddspeed and awienldi alb Ir @ cft 0 ro neeshtditsresait a nosn, o f
and t he unwgdruteaitrot v hef vE rwiiatli oone iodfi Sl onsds efdi e3 .d3 .
Figure S4 presents the tempor£lonwarnitataitdam ni nf rsoinmul
18 toberctl3, 2014. The hxxxwmlcyenmeadumeame (tshoavin N@ F
obtained from the National Environment Monitoring S

in thei WDliag opsi stent wi t h t h®t eodb seadlaadseo nt.t o Tthiee s |

11
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observations, eiRdepsSepoembBbanuidady @hdn @ddDabéeony
higher than the observations. The <correlzation coe
conceniBavBonanpdasthlea r®3.ud9®» significance test (Fig.
absol ute arile6o.rl 4 MAE) I 9r.e2slpBlee b sl @mi gih ¢ Is o dnes

NOz omponleenatdionga sy bdbiagesdenbsti mhyi ommppeniphar l® t o
observat don qdTMVMaRset t he xiomelemtteddat NOns angdanldence the

NOxrreel i abl e f oxre méd stsii mantsi.ing NO
2.4 Selecton of the journeysfor estimating NOx emissiors

To esti maftleu xtelpe éM&a cEc ur at el y, we f i rwdttlhye SReMSeEcst ed s
of simulated wind speeds at t h¥ rfoamurt hvee ptrhi Brar syt asteil e
journeys. Then we assessed whedrhairt itchnes meeteeto rtoH eo g¢ |
Shaiganfar et odl t he3@L3B)l xf gshwevalaly e pPoiag eas Dutt he hae
problem of | arge partitioning ratio due to the abse
in aund mmi mater. The assessment results of other fou
t hjeourinmywhi ch more than two lpmobédmshatcbluifeti meétc
coeffdhohewWcsober 12 and 113, 5 wki chiightli el argeer it & ad
corr ghaiogpanfar et al ., 2017) , so we also adopted t
Enox LasiMOD neGasur ements outside of the 6th Ring Rd

used tongamRAdxEfYy F

3. Results anddiscussion

3.1 Tropospheric NO2 VCD
Figure 4 jporuersppenyu ¢ reeripeor al v ari at IN@V CiDn otnh ¢ hter & p s R @
Rd of Beijing in January, SeptevWwiGBrinahanowatybwas R
than that in other months. The highest aWNalDues occur
ranged mesBINB3HWo M. 244mol ecu'tiens Jcamuary, but val ues
|l ower thdtmod4esuPiedO0S8enpt ember anCOc tvead eure.s Tdhuer i M@
mornings of January 23'%nd Oc'thod terclul, 3 swoetrmee 89g. 05 1T 1
to the maxi mum and mini mum values

, respmeagthé&¢vel y, du
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360

365

370

375

caused by hifgler ceomils ii aresd lhevadri ngh d tTaiby #A Stlgf .amd

similar patuverrinatoifors ed@\WOiikadpwaspheund predOAIISslI Yy by s
measurementMai at Baljjng013a; Hendrick et al ., 2014)

To investigate the differeN€EPsamonghehepahiabk tbas
computed the mewv@bhlfyoravevargy NOmpRing Rdi of 3keopgng
January, September, and October, 2014. Firstly, we
morning of aSsepttheembreef e2r3ence poiWVi@D froan tthhley caav ecrud gad ,i
the most sampling sites (&€ emqgi mtes ) aflcarul altle do d hreer \ma
value at each reference point using the data of the
sampling@ peifretr etnc e poi nEFi gaasel Bsshowsant Hadb kime mont
VCIyal attsmost sampling points dmarigeed &nhha Ry ntgh &d iwr r
two months (by a factor of twohamaamoesriVLRisem)of THNE@
September were similar to tA VoG vianl u@otrdaterrt.rh elam da d
soutpertns of the 6th Ring Rd were al/l |l arger than t
NQVCD in thersgubhemwas related to strong | ocal e mi
transport ahdout Hoesbmatir aalnd t he@eMen g ye to.f.alTAsa n@dwdny) i n Fi
4, the maxiamemajpE@DN&®Ogcurred on the morning of Janu
occurred on the .morning of October 13

We investigated the spatVMGDO bdeitswereinb utthieosne dtiw of ecrierncc
as shown in,WdDh .vabl.uel[sheonMNQ he 6th Ring Rd in the mor
particularly in the north and '2outlPmdd té 6a'd. @ess cmwi t h

On October >VIGO waisg alt dNEn tseods tahnedmni gbhet eradslbdtee d out her n

emi ssion sources closer to the soobwtihdu6stttieaRi ntgh eRd, w
north .Rihreg shpati al di stribution differences between
emi ssi on hewrtiimg tskemason in January (see sWetion 3.2

usedgt hdnECWMF reanalysis data for January 23 and O
I 0O.h2%5Avestigate the impacttofbubhevV@Daffi JOekd 7o0n
shows theawi 8d0Di ahd 14: 00 BJT on t;NEOewhwol dayge, [
with weak south wind and convergence of southeast a

areai,wvddutes were far smaller with strong north wind
13
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400

405

resulted in tbhedthrasopaoht ascfeaNOn HebeonPdawmuacg anoc
23. Strong north wind fupmré¢edeedotuhd ramaspor OcodObM
indicate that the wind field hasVCBRnrigBeeiijmpnagc.t s on t
Figure 8 presents the spWECD adv a@r &4 evaibfufd & roéendste owfi md
fields. T,WNE€EDmMmaadanmb®Ot sampling points along the 6th
the south wind fiel.d HihgdmiNDsdaorm ctells@ cvaetoeed hwiwti midn t he
Ring Rd ion Bleéjinpgeg. mbO) hsand the baxvVikCdr d nnd heonce
north and south areas were remar kabltyo dtioiuct @ef ent due
Beijing. Hence, southerly wind can transfer air pol
hi gh fN@ x whereas | mpacotfd uaf amer tshmawil ed odrc &Ose t
concentr avYChao noofretNnO owWwe IBeewgrn .ngConvergence of the win
parts of the 6t h R ngmRY akférodnm otblr lld ler t mundi ng ar ea

parts of the ring road.
3.2 Quantification of NOx emissions

Figure 9] chrrpeyutrmeey vari adoia@mhoienreesBiemati edg For f i ve
journeys in January, TBradieenbe bel aBe®Ihds olb &0, 2014 .
mol ec'ti| &fdaesg enpxdoff iBg the hepdt-hegt {dgn(g8&ep) ember and
peri od2s2 . .Wed®8 1 .12 &0 ec'bd re@. 6s1 204 1.719 6410l ec4l es s
respectivel yowdheesvenaghdEReamnign p2a » B4lBl e r e

mol echdeB0 89492I3 2ol ec’d| ersesspecti vel y. -tl4no wremey al , t
vari ati onnyopaantdiogiroes nef sfFent wi t haViCIDa tt Iheoefr otwhoer dnse a nt hNeC
esti manNog sleeft eEmi ned maiVICIDy ISyeaslh@aNOvariation <char
esti makwedr eE obvi ous. Spexviasi dalglhye,r time Jtaomtualr yE t han
mont hs. Thexd mviehaglkieokd i m@stPparhessu mutchho saes i-me & thien gqh o n

per iThhee.oal heat eBlgi jiinng ciemblead e@mcddgur ban area and scat

combustion in dwbuntedyeaWealk abrc adbadmids stihoen arvaetreasg eo
four sectors including industry, power, residenti al
Rd of Beijing in January, Septetamhbes\NnGeamiflsisOcam breat e 0

i n ulaamp hceor r espoadveagignetSecenphad oOétMabl e S&Hr amee E

14
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435

power andseeti adme miad ldebrl yi nhiJgaghrou ehrey tt veeoredmpetch s ) |y
Enoxf r otnhree si dweand b au t Bno tienmeXkatntluaam y ot her mont hs. I n
cenheatinnggrban area are from power plant and resid
swhrb or rural area.

I n addition to the sewn@gonaheyli VheraRddebarlin didhes| bma
even within the same month, mainly due toguncertain
and NOXx concenytrragtieempdmMNMOha eemi ssi on sources to t|
under different meteor ol ogiVvcC, owimddi tsipoenesd., Ilam da dwd int
at the sampling pxeimtss, otnhe ad £t iimatoebdvi M@sl y affect
NO angcoNCcentrati on andValinheeal,h |201R e tTihnues , 0 ft hdOxe st i mat e
emi ssion rate could ;NEDveny kamagé¢, ecBamt deh ddrdm NOBe c
't shoul d bleomeoatne dwitnhdS esppteeeetb eotno 1 4 jsigtdleE@losf otrh i s
jourisneydtow altthRgpwgwer y. llonw a daithhd mkha,r ei fl arnpge, high E

can be. derived
3.3Comparisons with MEIC inventory and other estimates

We compared teemiessstiiomma tweid i@ thtei onul émi ssi on i nventor
released by Tsinghua Uni(Zédraigt wtf arl . 202D0PKENh@NYE0 E
horizontal resolution of MEId .2@Y2ciug tup@FArijndds25 4
resi demmidalt ransportati on, are included.

Figure 10 presents txeenisppdtoinalr adiesst roivleut iBeng i mmfg NG
and October, 2012 xefmir emi MMEl ZonA Wwiaghl N©Oated, within |
and | ows®and sirsmi ewicht s s.urTrhoee mMiGss g ®ns i n January were
than those in the other two mont hs.

Figure 11 showsermihesiecsn CranddiA 300 ANBOCome as ipemelat $
sel gcootuer(dseeye SiemtlJarudny, September, and October, 201
averagemi NOi on rates from the MEIC 2012 for the sam
(hereafter exprethMBElI @GsMBMEDIKEY Mouws hy .| owewsbd Nhan t he
JanuWwhitl ®ewo e md sstsiemaatree very cJtohsee MEN dS eMwtinagt ipha d y

smal |l er nblhan OclieEd. fferences bwetawaeern hteh eMEd <t iMmatt d

15



440

445

450

455

460

douing some jour neysThvwerde frfeemaernkeagiainyh elvidiregen.2 ® h2 &ur i r
the 10 journeys may bev xraissteidenmys gilontihevemterwnnuz
timescales of the two dmiisistiyono fe skidhicem akt sdtik,Im@(t32)a 1 tkh e
Firstihoxd ntheig@&ssimdyed for t heMBEleG rMa2altlhde,s twahbel ri esahse dt
for the year 2012. Secondly, our results represent
dayti me, whereas the MIEC 2012 denoted monthly aver
2012 is | arge,mnparntdi onitina,aellr2y0 (lilgrit . adllet2TdleBr)e ar e al so | a
uncertainti esEvdxta usheed ebsyt,mecrmngidst ehey oaf cwirncd ifnigel d
jour neéewneraandsf eNrO@m kseorur ce ar eas ATHh&h Msrshuane sB & ihjaitngd he
wind field is constaperdmdi hlygat hehefwimedsspeeednits al
However, the wind fi(dlachuadauryi Rrg sannde gthcovuerbreatyeshd),ed3)
systematiceatl.(2I01Dbhbrahbsm pointed out that systematic
percamave | argehempmcssion estimate, particularly if
VCD are accompanied by strong devi)atfirooms tadfe tahses uane
average val ues.afFoero heaxdaampol icety VoD ,twhaes measured, and t
field changed during the measurement journey. I n su
direction can nlcead atigotaté dweonralkseow t her |l y wind can
NQemi tted idcrentthhealsowtgh ons of Heabéer CRAMAXDODAS t o Bei|j

measurements will be overestiemagted omndamusaocwyt 2 6wi nd
3.4 Uncertainty analysis of estimated emissions.

We calcul ated wdxeceoorceireagn am ftobéoufEar el ati ve devi a
based on the ersVoODs, osfi mud aaswerdedwi M@ndaped@hand dir ec
standarad i deav ( STD) of wind speed over a period of
uncertainties of thet.emiXx0k1l®)n. eTshearnaftoer g, bwea hfiinr st ¢
ofnobased on gihreulSaltDe do fwicmd r sapnédé di nhaef treerasurement err
VCD (aboutefN. AD2Q013Ma) for each | ourAnaecyc. o rTdhienng twoe tchae
first derivative ofAegidadifem en4) NOxd |ti i exa®: R @fnd t h
NQ a sampling position on the 6tFi Rumg RO oDHowseit

uncertainext 0oesf oV e Et menrcreagyt sai amrvgxisr &n @8t ob fOLEAS2 1 10
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mol ec’il @ s%2. 0.1 %

We also givarthati eg dNi®naattihce xBNlOH e NOme at t he entire
emi ssion calculation during five journeys (Fig. S7
factors i;NEDudwngdN®Opeed, xiNgDda tdido ,eloaini M@t itmkee t MOt he
tot al uncveoX Tabhey3pf En general, there are obvious
NQ/ N ati o xhhtleNOme and ispedcsiafhieco 8 s avaallybed s tis mat e
t h@oxEor jeocaucrtnpeeyc.i f itclgB NG @t i o xhhf eNOmein at&nudarygetrhan
in September tamay eOchH oibgasrpnatnid of t he a6btthh eRi npga rRds t h
fomost j dmoregyo.r contri buthenpacdfs foifvevi fnalctspreed and
t heasger most journeys except for September 14. For
speetduehoert aslbatgy bahrBer than other four fynaxtors. Fo
is mainly caused by the errorfForofOcNObketeirfi@triama 4drB
contributixbN® ad fiaolt da@ eN©Omarrhkuashl @6 t i s i mportant to ob
vector p ofNiOlaensd, ONHO c o necxecnetprtaV¥fCdornt Mlat educe the uncer
Enoesti mation using the CI M.

We also calcul ate ,t hteo Ledgédhdsoni mmadtos, dheVOCs on
Oduring five journeys is 0.85, 207,80Sedte@mherl. 1D, Q@m
12 anrdeslp3ecti vely. Resul ts tshtahw etehgtoutrmey NSO nl iSe@t i
October are affected by OC¥Whahd Vea@d tanéxtcaueerhb

the NOx | if dtiiome gain d héa tEu may .

4. Conclusions

We <carr i edcioractloetOBadéea XD QAS experi ments on the 6th Rir
January, September, and ;@asobetyri 20t4d. afile t WVED t @ fmp |
distributions werexéemivesitomat @ades Thenuthan NBei jing

measurxevMCDNQ oget her with theet or eNOxn erda twliaondde tfai nedl sdié Q

simul atledARPWRFCMMAE® model system, and the results were
from the MEIC inventory 2012.

The ,WMOD v alvee &g e dexfpoerr i preeantinaelyJ anuary were all | arg

in the other two monitshssi,omsiinmeywsdiubee@Do Whieg heyrpiecmal |y
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|l arger at the southern apanbhset bérhhpattsh Réeogu Re awde:
resulted in the tramnbpomtsantdhacoumubasi om tcheb®&O Pr |
wind suppressedthemtrhaespout hefn N®Or ea. Such inhom
tropospdveCrDi cbrNOig at bveall il keantgieonf oaf satell ite product
ot her megacities.

The |jawroueyneyinarisagomeetreed |[Ear ge, even within the ¢
due to uncertainties in the gaanldc uNQxt icoonn coefn twiantd osnp, e
decay raftreomft N emi ssion sources to téer omeagiuc a&ld p
conditions.noXWlaé uaseli agé hlBeheéahiogargee aensdtd 2w@dnc@4 t o be
6. 114 2% o0 | e c'bd ) .es41.9213 %o | ec'yl esp sct wiviedhcyamt ai nty rang
0fl9.i%2. 01 %he monthly emission rates in the area wit
20klZleower t han Nohe pastimatad| i in Januas@ndThe di ff
the monthly emissionalmet &sitlbw teheerMiENImMQU a2 0 1d2i f f er enc e ¢
emi ssions inventory, the different timescales and u

Our resulCaviAsxbOWSt matasurements can be used effecti

and updatixemi ei bhe NOom megacititehBRod CcaMAXs Bei jing
DOAS accurately in Beijing and other similar megaci
as small fluctuations of the wianbd ef iweilndd, drierleacttiivoenl,y
be selected to avoid the impact of extra transfers

additi onprVCD,t BemNDt aneous observations of wind spee

NQconcent rraetcioonmnse nadbkeed t o r edbBwex the uncertainties o

Dat a av.ailThabi NEENELY reanal ysi s and E CMWF ar e publ

http://rda. ucarareudftut/pdsat/a swewiws. /edcsTOE3 .in/t Eepetbreehygt si

NOmeasurements and meteorol ogical observations incl

availabtep:at/ 113. 108. 142anMndAft g eonkhdE &eeascppewchtliivsen vy . Th

tropospVeEDi daN@ derived from this study are avail at

Aut hor cohMramdtXOGndesi gned the research. JIJM, JJ, J

measurement s, and JM lpyesrifsoramedd rtehter isepveaclt.r aXC aanmad J |
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experiment and performed the model simulations. XC,

and analyses. XC and JM analyzed the results and wr

Compegtintlereesawt hors decl are that they have no conf|
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mede cwroa lregipmoanld i

Tabl e 1. Sampl iCAdMARROA D de x pdr itnheen t
conditions over Beijing in January, September,
Journey Wind  Type of Total PBL
Date Time (BJT) speed  wind cloud Height
(m/s) field* fraction (m)
1 2014/1/18 10:4813:09 2 St 0 564
2 2014/1/19 13:31-15:40 1 O 7 167
K 2014/1/21 13:1515:32 3 S 0 163
4 2014/1/23 10:3912:25 3 O 7 187
5 2014/1/23 13:0%15:12 2 O 7 163
6** 2014/1/24 10:4212:03 2 N 8 39
T 2014/1/24 13:0315:09 3 N 8 39
8+ 2014/1/26 10:21-12:13 5 S 5 341
9 2014/1/27 09:11-11:38 2 St 7 75
10* 2014/1/27 13:3015:28 2 O 0 178
11+ 2014/9/14 09:4012:52 4 N 10 173
12%* 2014/9/14 15:0217:17 2 N 10 226
13 2014/9/17 09:0711:42 2 St 7 173
14+ 2014/9/19 09:0911:50 2 S 3 178
15 2014/10/9 13:0414:44 1 St 7 43
16+ 2014/10/10 09:5212:28 2 S 7 663
1= 2014/10/12 14:0216:42 3 N 7 167
18** 2014/10/13 09:1211:59 3 N 0 186
19 2014/10/13 13:1116:27 3 O 0 130
*Four ofvy pesafréed etdh ( S) , Nor t ht a({N5t,) .Ot her
740 ** The dmrtal iamienarily selxemiesditomsesti mate
745
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Tab2 eOvertvlipgwbdfemsit kecircding journey

. Large wind .LaTge Gap/route .Small .
Date Time (BJT) variability I|fet|me close to the dlfferenpe Multiple
N correctiorf centré between influx problems

and outflux i
2014/1/26** 10:23-12:13 N N N v N
2014/1/27** 13:3015:28 Y N N N N
2014/9/14 09:4012:52 Y Y Y N Y
2014/9/14** 15:0217:17 N Y N N N
2014/10/12**  14:0216:42 Y Y N N Y
2014/10/13** 09:1211:59 Y Y N N Y

755 *Whether the condition meets otrheowtraintde rN ad eonfo tSeh aYiega |
respectivel y.
** Multiple problems mean whether morethantvo ndi t i ons caor meet the criter

***  Tohaeo i ve cir sl ian@ ijmestea g¢tyo esti mate the NOx emiss

760 Tab3ldl eError contributionbe (%)cods mumdidead Eihipact or s t

circlimg journey
Factors Jan. 26, AM Jan. 27, PM Sep. 14, PM Oct. 12, PM Oct. 13, AM
V CDygeo 10 10 10 10 10
Wind speed 27.02 26.83 7.97 33.10 3.68
Wind direction 10.97 16.50 20.54 33.78 38.37
NOX/NO; ratio 12.21 13.46 7.82 29.33 29.48
Lifetime 3.63 7.67 48.60 15.22 19.02

765

770
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(with NO; differential slant column density (DSCD) of 1.23 x!10nolecules crf) and p) at a 9G\
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