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Abstract. FormaldehydéHCHO), a keyaerosol precursoplays asignificantrole in atmospheric photoxidation pathways
In this studyHCHO columndensites weremeasuredisingMulti-axis Differential Optical AbsorptionSpectroscopy

(MAX -DOAS) instrumentat the University of Chinese Academy of Science (UCAS) in Hudbistrict, Beijing, which is
about 5km away from the city centeleasurements were takdaring the period oDctoberl, 2014 to Decembedl,
2014 andthe AsiaPacific EconomicCooperation (APEC) summitas organized oNovembersi 11. Peak values o0HCHO
vertical column densitie@/CDs) around noon and a goadrrelation coefficienR? of 0.73 between HCHO/CDs and
surfaceO3; concentratioruring noontimendicated that the secondary sousagf HCHO throughphotochemical reactienof
volatile organic compound®OCs) dominatel theHCHO valuesn the area aroundCAS. Dependenceof HCHOVCDs
on wind fields andackward trajectaeswere identifiedandindicated thathe HCHO values ithearea aroundd CAS were
considerablaffected by the transpoof pollutants(VOCs)from pollutedarea in the southThe effectsof control measures

on HCHOVCDs during the APE(eriodwereevaluatedDuring theperiod ofthe APEC conference, the averag€HO
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VCDs were37.95% and 30.75%wer than that during the p#®PEC and posAPEC periods, respectivelyThis
phenomenoitould be attributed to bothe effects of pevailing northwest windields during APEC and strict control
measuresWe alsocompare the MAX-DOAS resultswith the Copernicus Atmosphere Monitoring Servi€@AMS) model.
TheHCHOVCDs of the CAMS model and MAXDOAS were generallyconsistentvith acorrelation coefficienR? greater
than0.69. The peak valuewere suitablyconsistently captured by both datatesets but thelow valuesweresystematically
underestimated by the CAMS modehisfinding indicateshatthe CAMS model candequatelsimulate the effects dhe

transportand the secondary sousasf HCHO, butunderestimatgthe local primary source

1 Introduction

The 2014 AsiaPacific Economic Cooperation (APEC) conferem@sheld inthe Huairou District of Beijingfrom
November 511, 2014 To improvethe air qualityin Beijing duringthe APEC conferencega group ofcollaborabrson
atmospheric pollution prevention and controthie Beijing-Tianjin-Hebei (JingJin-Ji) region and surrounding areas
compiledthei The APEC conf er ence aliuetal, 20415%)Some prosirces tincladmg Beijing,o | i cy 0
Tianjin, Hebei,Shanxi, Inner Mongolisand Shandonignplemented different emission reduction measurements in
accordance with the air quality assurance \&ang et al., 2016)Since November 1, 2014, parts of thegJin-Ji region
and surrounding areas haégun to implemerd&nemission reduction plaaccording to thé\PEC conference air quality
assurance policyrormal emission reduction measures wiemplementedn the Jing-Jin-Ji region and surrounding areas
from November 3andincludedlimiting the production of factories, shiing down construction sitegnplementingtraffic
restrictions based on eveend odd numbered license plateandimproving roadcleaning(Wang et al., 2016)n response
to the possible adverse weather conditions from Novenildgl, 8hefienhanced emission reduction measoivesre
implemented irthe Jing-Jin-Ji region andsurrounding areasom November 6Thesevarious efforts could with relatively
favorable weather conditions than previous yeessilted inthe emission reduction measurewimgsignificant effects.
Based orestimatios, all types of main pollutantsverereduceddy over 40%in Beijing andby over30%in otherprovinces
through these measur@&/ang et al., 2016FromNovemberli 12, 2014 theair quality was atnexcellent levelreferred to

as "APEC blue."
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Presenly, many studiebaveanalyzed the effectsf emission reduction measures during the APEC summit. Grbased
observations were taken to investigtteair quality changeassociated witl series of stringent emissioaduction
measures (Fan et al., 2016; Li et al., 2016; Liu et al., 2016; Tang et al., 2015; Chen et al., 2015; Wa0d éaalvang et
al., 2016b; Wang et al., 2017a). Wang et al (2016a) seldoedepresentativen situ stations in different locatioria

Beijing and found thaaverage concentrations of gQO,, PMy,, and PM s decreased by 63%, 40.8%, 36.4%, and 471%,
respectivelywhereas the average concentration ¢frforeased by 10&%, compared with the same periosglerthe last five
years (PMs since 2013 Osin urban and suburban areas of Beijing is mostly in the control aredatile organic carbons
(VOCs). The possible reason for the increas®; is that the emission control measures of NOx are greater than the
emission control measures of VOCs, which leads to the weakening of the inhibitigifiooimation by NOX, resulting in
significant increass inO; concentrationAlthough the traffic and dran statios prodwe a lot of pollution due to motor
vehicleemissiors, the NQ concentrations of suburban and regionatisns significantly dropped compared with the traffic
and urban statioress a result ofhe control measures. The B@mitted by motor vehicles ithe Beijing urban area remained
high even under the measutakento limit the number of vehicles (Wang et al., 2016a). Space observatimaalso used
to evaluate the effecf emission control measures on the chang@®$O, tropospheric vertical column densities (VCD) and
aerosol optical depth (AOD) in Beijing and surrounds base@dzmme Monitoring InstrumenOMI) andModerate
Resolution Imaging Spectroradiomet®t@DIS) retrieval The results showed that NOCD and AOD were mostly
reducecby 47% and 34%n Beijing, respectively(Huang et al., 2015; Wei et al., 2016; Meng et al., 2015). The analytical
results of the Chemical Mass Balance (CMB) model showed that the contributions-fifezbhbilers, dust, ad motor
vehiclesto PM, 5in Beijing were around 2%, 7%, and 3Q%spectivelyduring the APEC summit (Cheng et al., 2016).
Zhang et al (2017) analyzed the characteristics of aerosol size distributitireardical backscattering coefficieptofile
during the 2014 APEC summit using lidar observation. Particles with larger sizes were better controlled during the APEC
period, with the number concentration of accumulation mode and coarse mode particles exgeniemrcsignii cant
decreasesf 47% and68% (Zhang et al., 2017). Published studiasefocused mainly on the effects of commonly
measured gas pollutanigrticulate matterand aeross| but not HCHO(Cheng et al., 2016an et al., 2016duang et al.,

2015;Li et al., 2016; Liu et al., 2016eng et al., 2015Tang et al., 2015; Chen et al., 2015; Wang ekall6a; Wang et al.
3
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As an abundant product of the oxidation of many volatile organic compounds (M@TISY is known toharm human
healthfor instance, § damadng oral epithelial cellgNilsson et al., 1998; Pinardi et al., 2018&8)variety of other
hydrocarbos generallydetermine the concentration of HCHThus HCHO is used asreindicator ofVOCs(Fried et al.,
2011) Tropospherdormaldehydemainly originatesfrom two sourcesThe primaryemissionsemanatdrom incomplete
combustionsuch as anthropogenic (e.g., industrial emissions) and pyrogenic (mainly biomass burning) Secwcesiry
source originatefrom the photeoxidationprocesof many VOCsIn addition a small fractionof HCHO originatesfrom
thedirect emissions dfiogenicsourcege.g., vegetation)hevariability in HCHO over continents igarticularlydominated
by thedistributions oflocal emission®f non-methar volatile organic compounds (NMVOCSs) (Chance et al., 20B8ng

a short lifetime oxidation produdongliving VOCs, such as methane (QHcontribute to the background levels of HCHO
(Pinardi et al., 2013; Stavraket al., 2009Vrekoussis et al., 2010y he monitoringof NMVOC emissions is essential not
only for thehydroxyl radical OH, but also for the formation and transport of secormtg@anic aerosol@Palmer et al., 2006;
Stavrakou et al., ZID; De Smedt et al., 20191CHO is an important indicator of atmospheric photochemical reactin
an active gas, HCHO can be photolyzed to generateftd® radicals. H@rapidly and radically reacts with Nt© generate
OH, which can influence the oxidation ability of the atmospheleof the photolysisequatiors of HCHOto form OH

radicalat wavelengths below 370 ramne listed as follows

HCHO+ h3 f H+ HCO(av 370nmf H, +CO. (1)
H +0,f HO,. 2)
HCO+ O,f HO, + CO. 3)
HO, +NOf OH + NO,. (4)

Therefore, HCHO can reflect anthropogenic VOC emissions and VOC emissions ttivefagt productiorof shortlived
NMVOC:s. Identifying the major sources of HCHO is essential for quantifiheghotolysis sources of OH and their
contributions to aerosol formation afat effectively controlling photochemical pollution (Bauwens, et al., 2016; Chang, et

al., 2016; Ling, et al.,@.7; Ma, et al., 2016; Tanaka, et al., 2016).
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Theimplemeration ofa series of temporary reduction measures for atmospheric pokutésgiors in major international
events in China is relatively rare. The APEC sunpmitvided an opportunityto study the relationship between
environmental concentratiomsidpollutant emissionfCheng et al., 2016Btudying the influenceef control measures on
HCHO is crucialfor improving air quality.

A typeof passivedifferential optical absorption spectroscagystem calledMulti-axis Differential Optical Absorption
SpectroscopyMIAX -DOAS), has beemsedoverthe past decado measurdéropospheric trace gas(Honningeretal., 2004;
Wagner et al., 2004; Sinreich et al., 2005; Wagner et al., 2007; Vigouroux wt al., 2A@Mformation obtained from

MAX -DOAS measurements includgspospheric column densities, surface mixing ra@os, vertical profiles of aerosol
extincion and trace gas mixing ratiddCHO can be measured in the ultraviolet spectral rasgeythe MAX-DOAS
techniqugVigouroux et al., 2009; Wagner et al., 2011; Pinardi et al., 2012, 2013; Li et al., 2013; Borovski et al., 2014;
Cheung et al., 2014; Franco et al., 2015; Lee et al., 2015; Schreier et al., 2016; Wang et al., 2017b; Wang et al., 2017c
In this study, weused thegroundbasedVAX -DOAS instrumentinstalled in HuairowDistrict (suburban area)f Beijing to
evaluatethe effectsof the sources and depositions of HCHO and theiations with emission control measures and
meteorological conditions during the pmd from October26, 2014to November20, 2014.Two pollution episodes and their
relationshig with meteorological conditiong/ere analyzedduring APEC toevaluatethe effects ofregional transport and
local emissionsAfterwards,three episodegiefined ash p-ARECO t he periamd @PECAReEGsedo
evaluat theinfluences ofmission control measures on the changeé$CHO VCD during APEC The correlatios between
HCHO VCDs with NQ VCDs and Q were used to determine the main HClKHQurcesand evaluatethe dominant error
sourcesof HONO simulationsof Copernicus Atmosphere Monitoring Servid@AMS) model Finally, the HCHO VCDs
retrieved from the MAXDOAS measurements wetteencomparedwith the results from th€ AMS modelsimulationsfrom
Octoberl, 2014to DecembeB1, 2014 Consistencies and discrepancies betwbemodel and measurements are discussed.
This studycanbe used as referencefor evaluating theeffectivenes®f photochemical pollutiorontrol measures adopted
duringthe APEC summit Moreover, this studgould practicallyassist inthe development of control strategigsthe future

and alsoprovides support for verifyng the modekimulations
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2 Experiment and Methodology

2.1 Monitoring locations and instrument

To evaluate the emission control measures, a supersite was establishedYanqi Lake campus of the University of
Chinese Academy of Sciences (UCAB)Huairou District, northeastuburban areaf Beijing. The APEC conferenceas
alsoheld in theYangi Lakenear the campus of UCA&ig. 1). The field campaignvas performedor nearly four months
from October 1, 2014 and January 20, 2015. However, this study only discusses the periodtéioen 2014 to December
2014.

The Yanshan Mountains aie the west of the site, and the Yanqi Lake lies at the edge ofdhatains in the southwest of
the site. Beijing urban areandthe industrial cites of Tangshan, Baoding, Shijiazhuang and Tiaajie also located in the
south.Relevant pollution sourcsein Tangshan, Baoding, Shijiazhuarand Tianjin is primarypollution source. In Beijing,
vehicles arethe predominantpollution source,especially in the urban aredLin et al., 2009; Lin et al., 2012; Shao et al.,
2006; Tang et al., 201%Yei et al., 201% Thus, air flowcoming fromthe south may bringnthropogeniemissions. The site
is mainly influenced bymissios from vehicles on China National Highway 111 that rufitem the north and soutas well
assomestationarysourcedrom the rural settlemestcrossthe highwayZhang et al., 2017)

The MAX -DOAS instrument was deployed on the balcony (without a roof) of a classroom df ftberdn the laboratory
building in the camps of UCAS (116.67E, 40.4N). The UCASsupersiteis on the top floor of the laboratory building,
which is aboutl0 maway from the MAX-DOAS instrument Nitrogen oxide (NO, N@ and NOx) was measured by
chemiluminescence (model 42i; Thermo Scientific), and ozogew&@s measured byV photometry(model 49i; Thermo
Scientific). Thesegas analyzers had precision values ofgpb and 0.4 ppb, respectively

Fig. 2 showsa structural representation of the MABOAS system. This system comprises a telescope, stepper motor,
spectrometer, and computer. Sunlight is focused by the telescope, which is installeds@ntdaeaches the spectrometer
through an optical fiber. The spectrometgrsplaced in a temperatw@ntrolled box at 20Cto ersure that the
spectrograph could work at a stable temperatnder thechangingambient temperatufieom -15C to 302 in China The
spectrometewas produced by Ocean Optiaad wasamed Mya (https://oceanoptics.com/product/maya2@eo-customy.

The spectrometarovers the range of 290 nm to 420 nm, and its instrumental function is approximated as a Gaussian
6
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functionwith a full width at half maximum (FWHM) of 0.5 nfMAX -DOAS was routinely operated for 24 h. Duehe
intensity ofthe sunlight, only the daytime measuremewtse used for analysis. The nighttime measurements could be used
to correct the dark currenbd offset. The azimuth angle view of the telescaps fixed at 0°(North) during thentire
observation period. A full MAXDOAS scan comprises six elevation angles (EA) (3, 5, 10, 15, 30, and 90} and lasts for
approximately 10 min (sd€ig. 3). Each meagement hd an average of 100 SCANS, atiintegration timewas adjusted
automatically based ahelight intensity.Table 1lists the detailed setup tie MAX -DOAS instrument.

Meteorological parameters)cludingwind speed (WS), wind direction (WDgmperature (T), and relative humidity (RH)
were continuously measured by a MetPak automatic weather station (Gill Instruments Ltd, Lymington, UK) at the UCAS
superstation from October 28, 2014 to December 31, 2Bit4d 4a). All of the measured meteorological parameterse
recordedat 1-min time intervals. During the campaign, thevere cleadiurnal variatios in maximumtemperaturet noon

and minimumtemperaturet night The temperature was within a range 1.59€ to 20.7€, with a sudden drop to below
0€ on December 1, 2014 he wind rose indicaté that the prevailing wind direction was frothe northwest Fig. 4b).
Halfacre et a2014 defines therelatively calmconditionswith wind speedf less tharB.5 m §' asthe static weather
situation The static weather situatidrequently occurrediuring the observatiowith a wind speedf less than 3.5 m™s

and wind speeds of more than 3r6s’ usually appeared under northwest and west svind

2.2 DOAS spectral retrieval and determination of troposphericVCD

MAX -DOAS, which is an optical remetensing technologghatrecords thespectra of scattered sunlight at different
elevation angles, can be used to quantitatively measure trace gases taseeLambert Law(Hdninger and Platt, 2002;
Bobrowskiet al., 2013; Roozendael et al., 2003; Trebs et al., 2004; Héwninger et al., 2004; Wagner et alTi208ggctra
obtained fronthe MAX -DOAS observationsrere analyzed using WINDOAS software (Hermans et al., 2003). The fitting
rangewas from 335 nm to 360 nm. The gas crgsstions of HCHGat 293K Meller and Moortgat, 2000BrO at 223 K
(Fleischmann and Hartmann, 2004), NtD294K (Vandaele et al., 199&); at 223 K and 243KSerdyuchenko et al., 2013),
and Q at 293 K(Thalman and Volkamer, 2018)ere included in the fit. A spectrum at the 90°EA recorded at 12:09 local

time (LT) on November 6, 2014as used as the Fraunhofer reference spectrum (FRS) fheaktrievals to retrieval slant
7
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column densities (SCDThis daywas a very clear day with very low pollution an@s alsoduringthe periodwherestrict

pollution control measuresere in placeThe ring structure (Fish and Jones, 2013), which is used to account for rotational
Raman scattering effectwas calculated using DOASIS software (Kraus, 2006) based on the FR&aimtluded in the fit.

Table 2lists the parameter settings used fa& HCHO analysis. Wexcludeddata for solar zenith angle (SZAs) larger than
75%ecause otthestronger absorptions of stratospheric species and a low-¢tgnaise ratioData witha large root mean

square (RMS) of the residuals and large relative intensity offaet alsoexcluded.

Fig. 5 shows an example of the DOAS spectrum analysis in evaluating the HCHO SCD at 12:30 on November 19, 2014. The
red and blue curves indicate the fitted absorption structures and the derived absorption structures from the measured spect
respectively. HCHGCDwas 7.21 x13° molecules cm with anerrorof 8.14 x 10" molecules cri. The root mean square

of the optical depth aheresidual spectral structuress 1.08x10°.

The geometric approximatiomas used to convert the dSCD to the tropospheric V@GEhe first step, the differential slant

column densities (dSCDsjere derived from the DOAS spectral analysis with &alled FRSandmeasured in a small sun

zenith angle at 90°levation around noon (Hermans et al., 2003; Hdwninger and Platt, 2002; Kraus, 2006). The SCD

includes two parts of the abgtion signal ofthetroposphere and stratosphefe.remove the interference of strspiere

absorption and variatioin instrumental properties, dSCD at-afnith elevation anglesere subtracted by the dSCD at 90°

el evation angle in the same elevation sequence to deriyv
DSCD: dSCDs, 90— - dSCDx s0 . (5)

VCD is definedas the integrated concentration of trace gas concentration thitreigkmosphere aloragvertical pathandis

calculatedrom dSCDby the use of & mass factor (AMF) as follows:

dSCD . «v- dSCD -+ _ DSCD

VCD = = .
AMF:  o«o- AMFE - DAMF

(6)

AMF is often used to describe the absorption path of a gas in the atmogitgtema et al (2008proposed the geometric

approximation methotb calculateAMF:
AMHKa) =1/sina . @)

Thenthe tropospheric VCD can be obtained frtirafollowing equation

8
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VCDz%. (8)

sin@)

Numerous studiesavecompaked theerror between geometrical VCD and VCD from profile invergidrinksma et al.,

2008; Hendrick et al., 2014;dhinger et al., 2004; Wang et al., 2017hYang et a(2017) showed that the geometric
approximatios are usuallyunderestimat by 10% in comparison to thprofile inversiors for HCHO VCDs at R°elevation,
butthe error is largefor largerelevation angleandlargerrelative azimuth angléRAA). Thisstudy usd the geometric
approximation method to determine HCHO VC&anelevation angle of5° to avoid surface obstacles on light paths along
the line d sight Lowersystematic errorgere achieveat 15 thanat30° by using thegeometricabpproximation

(discussed irsection 2.3 beloyv Additionally, the geometric approximation methisdmore stable aniéss influenced by
cloudsthan the profile inversiomethod(Haninger et al., 2004Cléner et al., 2010; Wagner et al., 2009; Wagner et al.,

2011; Erle et al., 2013).

2.3 Error budgets

The following error sourcesere considered as the error estimates for the MAXAS results:

a. The gstematic error of the HCHO VCDs calculated by the geometric approximation depends on the layer height of the
TGs and aerosols. To evaluate the systematic error of the geometric approximation, we calculated more exact tropospheric
HCHO VCDAMF usingthe PriAM inversion algorithm (Wang et al, 2017b). HCHO VCDgeo at elevation angles ahd5°

30°are usually obtained from the geometric approximation. The relative differences (Diff) between VCDAMF and VCDgeo

for HCHO were calculated by Eq. (9):
_VCDyeo- VCDamr
VCDawr

In Fig. 6, the average relative differences for elevation angles of 15and 30°are shown as a function of the effective cloud

Diff

9)

fractions (eCF), as 0<eCF 01,010JkeClbud dactidns (eOF) &edevihiead 00 . 7 ,
from the ECMWF CAMS model. It can be seen that the biases caushduse ofthe geometric approximation are

generally much smaller at EA=18fan at EA=30¢ with the Diffbeingmostly smaller than 6% for the 1Bfevation angle
9
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of and smaller than 16% for the 30°elevation angle in all pesiddhebias for Diff caused bysing the geometric
approximationis about 2% (Ma et al., 2013; Wang et al., 2017c).

b. The fitting error ofthe DOAS fit is derived fronthedSCD fitting error to VCD error by ursg geometric approximation,

as
rror [ ittin error2 ittin error2~
VDo = YCD* |2 dScCD | gmgl + dSCD a0 irgerer” )
vCb 2(—— T3 VCD
Sina

andthehourly average ofhe HCHO VCD fitting errorwasfrom 3.61% to 27.19% for the entire period.

c. Cross section error alsonstitutene of the errosources. Some previous research reported that cross secticroerror
O, (aerosols) and HCHO aréband 9%, respectively (Bogumil et al., 2003; Meller and Moortgat, 2000;Thalman and
Volkamer, 2013; Vandaele et al. 1998 ). Wahgl€2017l estimated thereors related to the temperature dependence of
the cross sections, and the corresponding systematic error of M@si€stimated to up td6.

Since the three errors are mainly independent, the total error can be calculated by combining all the abouecegror s

adding up tabout 2% on average.

24 ECMWF CAMS model

The European Centre for MediuvRange Weather Forecasting (ECMWF) is at the forefront of research for numerical
weather prediction including probabilistic forecastiRiAMS, which is managed by ECMWIpublicly providesgenerally
reliable atmosphdc information The CAMS model was establishedutilizing the wealth of Earth observation data from
satellite and grounBased system3he CAMS modelproduces realime analyses and forecasts of atmospheric composition
for the global view for each dayPersson and Grazzini, 200CAMS realtime productscan be freely downloaded via a

platform (http://apps.ecmwf.int/datasets/data/camsaltime/levtype=sf3/ (Anders 2015. The operational CAMS

usesfully integrated chemistry ithe Compositionintegrated Forecasting Systd@-IFS). GIFS is a new global chemistry
model forthe forecasing and assimilation of atmospheric compositionthe simulationof HCHO, chemistry originating

from theTM5 CTM had been fully integrated into thelES, in whichonly gas phase reactions of HCH@eincluded.The

10
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actual emission totals the T255simulation for 2008 from anthropogenic, biogenic souraad biomass burning were used
in C-IFS (Flemming et al., 2004 All of theanalyzed parameteesquired from the CAMS model aet 00, 06, 12and 18
UTC. We usal the CAMS model datavith grid resolutionsof 0.12% 0.125 0.25% 0.25, and0. 5x 0. 5° at 8:00 LT

(00:00UTC) and 14:00 LT(06:00 UTC)

3 Results and discussion

We evaluate the impact of emission control policy on air quality during AB&S&d on the MAXDOAS measurements
from theperiod ofOctober 26, 20140 November20, 2014 As the measurement station is at a rural siteatedabout 50
km away from the Beijing downtown area, wind fieldshich are transporteref pollutants, were considered in the
evaluation Additionally, MAX-DOAS andthe CAMS model were compared to verifythe model datain the period of
October 1, 2014 to December 31, 20$%Mcethe daytimeperiodis relatively short in autumn, the availabi®AX -DOAS
measuremertime wasfrom 06:30 to 18:30. The effects of different cloud coefficients on MAXOAS inversion VCDs and
the HCHO VCDs from MAXDOAS andthe CAMS model under different cloud coefficientsere compared.The results
showthat cloud coefficient tdhanegligible influence otthe retrievalof HCHO VCDsby MAX -DOAS. Additionally, sunny
and cloudless weathgenerély occurred during the entire APEC peridichus all of the dataobtainedin the different cloud

coefficientswere used.

3.1 Effects of pollutant transport

Fig. 7 shows thdime serieof HCHO VCDs measured by MASOOAS andmeteorological parameteis the period of3 to

8 November2014 Two peak values (November 4, 2014 and November 7, 2014) were observed durindfA®REE and

7€). Relative humidity solar radiatiorintensity, and ambient temperature amgportantphotc-oxidationfactors(Starn et al.,
1998; Solberg et al., 2001; Zhang et al., 2009e daily averagethtensity ofsolar radiatiorand temperaturen November
4 and 7were compared witllata fromthe two periods of November 4 t&Z and October 1 to December 31, 2QE#d. 8).

The differencsin averagedsolar radiatiorand temperaturen November 4 and €ompared tdhe period from October 1 to

11
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December 312014 ,were 2.22%, 2.47%, 34.4%nd-23.5%, respectivelySolar radiation and temperatucéd not change
significanty duringthe two peakperiods of November 4, 2014 and 7, 2014; thus, the enhanced HCHO waduesot be
caused byanincreasedhotcoxidationrate The increasén HCHO was probablyrelated toa changen wind direction to
the south.Fig. 7 indicates the increases in wind speed, and a southerly wind speed of ma® that was detecte@outh
air flow was dominantduring the two daysf peakHCHO valuesduring the APEC summit. Atoonon November 3, 4, and
7, thewind directionchanged tsouthandthe wind speedvas relatively strong (approximatelyddn s*), thereby leading to
the rapid accumulation of HCHO in a few hours. Thereafteg,wind directionchanged to northwest aride wind speed
dropped below2.0 m s* during the nightime along with a gradual dissipain in pollution, which indicatel that the
contamination ofhe supersitevas affected by the pollutiotransportedrom the southwest areashevalueon Novembers,
2014was probablycaused by theapd dispersion conditionsnderthe northwest winds with spesa@f more than 3.3n s?,
with theair mass mainlyriginatingfrom the clean northwest area

To further demonstrate thedfect ofregionaltransport we analyzed24-h backward trajectoriesf air masausingthe National

Oceanic and Atmospheric  Administration Hybrid Single Particle Lagrangian Integrated Trajectory

(http://ready.arl.noaa.gov/HYSPLIT.phpn November4 to 7, 2014 (Fig. 9). We usedd:00 LT (UTCO0:00) as the start time
of thebackward trajectoriesAs shown inFig. 9, pollutants over the polluted regiomciuding Shijiazhuang and Baoding
the southwest of Beijingywere transported to the observed ama November 4, 2014The observed area was mainly
affected by the pollution in Tangshamd Langfandocated in the south and southeast of BeijingNmvember 7, 2014
Under thedominantnorthwestwind (November5 to § 2014, the concentratiaof HCHO were significantly lowerthan
that onNovember4 and 7 2014 andreached the minimumndera high wind speedf up to 70 ms™*. Changsin dominant
wind fields play important roles in the changesHCHO at UCAS. Regional transport from the sobtd a significant
impact on the increase HCHO observed at the site

We further analyzel the relationship between HCHO VGIxand wind direction and speddom October 8, 2014 to
November20, 2014(Fig. 10). Both localemissionand transporfrom remote sourcesnpaced the observedHCHO VCDs.
The main wind directionof the UCAS sitewere east, southand northwestwith approximatepercentage of 16.3%6, 16%,

and 12%, respectively The amount ofHCHO VCDswas strongly dependent on the wirgppeed andlirection (Fig. 10).
12
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HCHO VCDsconsiderably depend amind directionsand theaverageHCHO VCDs were7.57 x 10*° molealescm?under
the soutterly wind (including southwest ansloutheast) This finding was attributed to the fact thafangshan, Baoding,
Shijiazhuang and Tianjirand other heavily polluted citiesealocatedin the south of UCAS, including the city center of
Beijing (Lin et al., 2009; Lin et al., 2012; Shao et al., 2006; Tang et al., 2dbet al., 2018 In contrastthe northeast and
north directiois correspondo a minimum in HCHO VCB, being6.64 x 10**moleccm?on averageThe nortlerncities are
cleanwith low VOC emissionsand thusiew precursorof HCHO weretransportedo the measurement stationthe north
wind. The lower HCHO VCDs under such conditions are mainly difewar VOC precursors of HCHAn summary the
wind from this aregprominentlycontributes to thelispersion of the pollutant$n terms of thedependencef HCHO on
wind speedthe HCHO VCDsdecreas@longwith the increasing wind speeghder the nortérly fast andcleanwind, which
resuls in therapid dissipation of thgollution. Underthe southerly wind, the HCHO VCDsincreasewith increasng wind
speed Thus, transport from the south polluted air tioe observation siteoccuis more easly under southerly winds with
relatively high wind speed In conclusion when winds are from the soutthe sitewas considerablyaffected bythe
transportof pollutants from the polluted urbames, including urban superimposegimissiors from the Beijing city center,

Baoding ShijiazhuangTianjin, and Langfang

3.2 Evaluation of HCHO during APEC

The MAX-DOAS resultsin the period ofOctober 26, 20140 November20, 2014wereused to evaluate tHdCHO values

during APEC. The periodwas split into three episodes. The first episode was defined as the period of APEC (from

Novemberl1i 12, 2014), wherein strict air quality policies were implemented at a regional scale. The second and third

episodeswerd e f i ne d -ABE @driedfrofinctaber 263 1, 2014 aARKECO perfoefrom powesnber 13,
2014 to November 20, 2014.

Fig. 11 present the varying series of the daily mean valaé HCHO VCDs duringAPEC n thethree episoded he result
showsa ffluctuatinge f f ect 0 wi t h sihcteasingHabrip@pveV e\ral days and dropping sharply for a few
days duringhe APECsummit This phenomenowas also observed in NO/CD observations in Beijing urban asgdiu et

al., 2016) The average HCHO VC®were9.65410"°, 5.9x10"°, and8.65x1.0*° moleccm® before during, and afteAPEC,
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with fitting errors of 9.39%, 10.12%, and 9.74%espectively A noticeabledecreas of 37.95%, and 30.75%uring APEC
was found compared with before and aft&PEC. This reduction could be attributed to the contmkasurements
implementedduring APEC. Hovever, the systematic differende wind fields between the thremisodesould also play a
role considering the effects die transportof pollutants dscussed in Sect. 3.1. Thena rose for wind speedt thethree
episodess shown inFig. 12. The prevailing wind direction dhethree episodesasfrom the northwest.The frequency of
northwest wing in the APEC periodwasmore tharin the pre APEC and postAPEC periods.Furthermore,the wind speed

in the APECperiodwashigher.Underthe prevailing northweswind, thetransporiof pollutants from the polluted south area
to the observed areeasmuchlessthanthatunder the southerly wind3 hereforethe prevailing northwest windields may

also contribute to the low HCHO during APEC

As the measurement station Iscatedin the nortlern suburban area of Beijindhe effects ofthe control measurements
which weremainly implementedn the urban ares, on HCHOwere only observed at the station when dominant southerly
winds occurredWe thus plotted the dependence of HCHO VCDs on the wind speed and directidrig.ii2di f for the
preAPEC, APEC and postAPEC periods Fig. 12d f indicatethatthe averaged HCHO VCDs under south widdsing
APEC wereabout6.46 x10*molec cn, whichwas considerably lower than 10.29, 6.46d 9.20 x10™molec cnf in the
preAPEC and postAPEC periods. In addition the peak values due to transport from the south urban area on November 4,
2014 and November 7, 2014 during APEC showifrion 11 were 25.75% and 18.3% lower than the peak values under
similar wind fields in the prdPEC and posAPEC periods. In generalhe HCHO values under the dominant southerly
wind field wereconsiderably lower during APEC than theeAPEC and posAPEC periods. T phenomenoimpliesthat

the control measuresada certain effect on reducirtge concentratiorof HCHO. This suggestshat he implementation of
control measures during the APEC summit reduced the concentrations, @d@erosoléLiu et al., 2016; Zhang et al.,

2017)

3.3 Sources of HCHO
The hourly averagEHCHO VCDs in thethreeepisodesvereanalyzel to characterizéhe diurnal variationKig. 13). The

hourly average HCHO VCDs exhibited evident daily variationHigh valuesappeaed in theearly afternoon and lowalues
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appeaedin the morning Atmospheric photochemicatactiors arerelated to the intensity of solar radiatias indicated in
equation 1The atmospheric photochemistry reaction is geneaatlivewhen the intensity ahe solar radiation is strong
Therefore HCHO productivityof secondary sourcesliéggh (Anderson et al., 1996lPeaksin diurnalvariationgenerally
emergel at 14:00, which is likelyelated to theliurnalvariationsin photochemicateactionrates Since most light is
availablein the early afternoon and local direct emissions are relatively smaller compared to secondary prafakiction,
secondary production of formaldehypdemarily cause the peak at 14:00:hediurnal variationn VOC emissiongould

also play a rolén the diurnal variation of HCHGHowever thetypical life time of VOCs can reach several days. The
diurnal variationsn VOC emissiorareunlikely to changetheabundance of atmospheric VOCs. Therefdrernal variation
in photo reaction rate could ledlominant driving factor. Othersmalker peals appeagedin the eveningluringanother period
of busytraffic (16:0Q 18:00 LT),which might becaused by primary pollution sour¢esg, exhaust fumes fromehicles.
Thus, the diurnal variatiain HCHO during all three episodegeresimilar tothetypical patternsof secondary sources
reported inAndersonget al(1996), Lee, et al2015, Pinardj et al(2013.The absoluteHCHO valuesduring the APEC
periodwere obviouslylower than thosén the preAPEC and posAPEC periods

Determiningpollution sourcess crucial to contrding air pollution. Threetime intervalswere used fodetermiring the main
HCHO sources The firstinterval was defined as noontime from 11id@:00and is associatewith strong photochemical
reactiors. The second and thirihtervalsweredefined aghe morning rush hour from 7:0@:00 andthe evening rush hour
from 16:00 18:0Q To further determinevhether the pollution sources of HCHO at UCA®re primary or secondary
formations from other VOCghe correlations oHCHO with the primary pollint NO, or secondary pollutant Qvere
analyzed(Anderson et al, 199@0ssanzini et al., 2002purface O; datawere obtainedrom in situ measuremats in the
UCAS supersiteandtroposphere N9VCD datawere retrieved from theameMAX -DOAS measurementssinggeometric
approximation The linearcorrelatiors of noortime averageHCHO VCD withNO, VCD andOj; from 11:00 14:00 and rush
hour average HCHO VCD with NO/CD and Gfrom 7:00 9:00 and 16:0018:00 are shown iftig. 14. Direct analysis of
the dataindicates that noontime average HCHOdha higher correlation coefficient with NO/CD and Q thanrush hour.
Thisimplies that a small amount of HCHO comes from the traffic emisslaringrush hourA good correlation coefficient

R? of 0.73was found between HCHO VCD and; Guring the noontime, which indicates that the main source of H@BO
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from secondary photoxidation formation at noorin contrast,a correlation coefficienof 0.38 between HCHO VCD and
NO, VCD during noontimewas better tharduring rush hour(R?=0.06), which may be due to the contribution of vehicle
emissions to HCHO precursoré longer NQ lifetime with less dispersion efficiencyn winter and HCHO from
continuously generatephoto-oxidation contributedto the highercorrelation between HCHO VCD aidiO, VCD at noon
higher thanduring rush hour.The transport of N9and VOC mayconstituteone ofthe cause The VOCsfrom transport
generate HCHO due to strong phaitxidation at noonThis resultindicaes that secondaryphotcoxidation formation of

HCHO from other VOCshould be the dominant souragJCAS.

3.4. Comparisons withthe model data

HCHO VCDs retrievedfrom the MAX -DOAS measurements/ere compared with those froine CAMS modeldatafrom
the period ofOctoberl, 2014 to December 31, 201Big. 15). The average value dhe data from MAXDOAS in the
period of 7:30i 8:30 LT was selectedor comparison with theCAMS data at 0:00 UTC 8:00 LT). The data from
MAX -DOAS in the period13:30i 14:30 LT were averagedor comparisos with the CAMS data at6:00 UTC (14:00 LT)
(Fig. 15aand 15¢). The CAMS model results with different grids are showiFim 15, and their differences/ere found to
be negligible.On averagethe CAMS modelunderestimaig HCHO VCDs by 1.56i 2.02x 10**molec cn? and1.27i 2.12 x
10" molec cnf compared tothe MAX -DOAS measurementat 8:00 LT and 14:00 LTrespectively,due to different
grid-sizes The correlationcoefficientsandlinearregressions betweehe MAX-DOAS dataand the modealesults are shown
in Fig. 16. The correlation coefficieri®” was more thar0.68 and 079 at 8:00 LT and 14:00 LT, respectively comparison
of theresultsin Fig. 15 and 16 shows that theCAMS model and MAXDOAS resultsare generallyconsistentandthe peak
valueswereparticulaly consistently captured by botlatssets but thelow valuesweresystematically underestimatég the
CAMS model As the peak valuesere mostly related to théransportatiorof pollutantsfrom the southern area, ttnegh
consistencyof the peak values between MAXOAS andthe CAMS modelimplies that the CAMS modelcanadequatly
simulate therangort of pollutants In addition, in the CAMS modebnly gasphasechemical reactions/ereconsideredor
HCHO, as describedin Section 2.5. Therefore the high consistencyof the HCHO values betweeithe MAX -DOAS

measuremeds and the CAMS simulationsindicates that the heterogeneous reactions could not dominatsebendary
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formationof HCHO from other VOCsThe underestimatioof thelow HCHO values by the CAMS modebmparedo the
MAX -DOAS measurementsould beattributedto the lower constraintof local emissionsin the model near the UCAS
measurement statipandthe lack of heterogeneous reactian the modelcould alsocontribue to the underestimation of
the low HCHO valuesThe China National Highway 11 nearby and runs fromorthto south The actual emission totals
for the 2008 inventoryincluded anthropogenic, biogenic and natural soureesl biomass burninghus,highway emissions
were considered in th2008 inventoryHowever, dueto the establishment of tHeCAS from 2013and theholding ofthe
APEC meetingn 2014 the economy near tHéCAS had grown rapidly, and the traffic flow libincreased significantly in
recent yearsThus,the use of the 2008 inventocpuld underestimate theighwayemissionsAs UCAS is inthe suburtan
areaof Beijing, vehicle emissios could largely contributethe HCHO amountunder theweak transportatiorof pollutants
from the pollutedsouthernarea.ln generalthe CAMS model carsuitably capturedistinct day-to-day variationsn HCHO.
In addition dayto-day variationsin HCHO could beattributedto variationsin transportof pollutants the secondary
formation rate of HCHO, and local primagmissions While a constant primargmissionrate is assumed in the CAMS
model simulationsthe fluctuatiors in solarradianceand temperaturevhich impact the secondary formation rate of HCHO,
are much smaller than the deyday variationsn HCHO. Thus, thetransportatiorof pollutants could be dominant factor
of the captured distinct dap-day variationsn HCHO.

Theunderestimatiomf HCHO by the CAMS modédbecamesignificant after December 1, 2018his phenomenon could be
related to thedecreasein the temperature after December 1, 20T#me seriesdata of coincident hourly averaged
meteorological parametenseasured ahe supersitdfrom October28 to DecembeB1,2014at8:00 and 14:00 LT arshown
in Fig. 15b and d, respectivelyTemperaturdés an important parameténpacing the productiorrate of secondary HCHO
When the temperature decreaghs,generation yield of theesondaryphotochemical reactioto produce HCHQlecreasg
resulting inlow concentratioa of HCHO. The temperaturdramaticallydroppedafter December 1, 201#hich could cause
alow production rateof HCHO. The secondary sourssf HCHO can bebettersimulated than thécal primary source in
the modelStavrakou et al., 2@ Anderson et al., 2015; Kwon et al., 2017he CAMS model couldhusunderestimat¢he

local primary emissiomof HCHO, but theMAX-DOAS measurementsould suitély obtain the HCHOfrom both local

primary emissiois and secondary generatiofihus, when theecondary source of HCHO is reducedmely thei | oc al ©
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primary emissions of HCH(redominantlycontribute to the HCHO VCDghe difference between th&1AX-DOAS
observation and CAMS model @bvious

R represents the ratio of HCHO VCDs in the morning (80P and noon (14:0QT). If Ryogel IS Close tORyax-poas, it
indicates that the trenid diurnal variation of HCHO from the model simulation and MA&XOAS observation is consistent
suggesting thahe model can reasonably simulate the systematic diurnal variatid@HO. The consistencydof Ryax-poas
and Ry.qel Can beused tocharacterize the abilitgf the model to simulatéhe diurnal variationof HCHO. The Ryax-poas and

Ruoger @re calculate as followingEq. (3) and Eq(4):

HCHO VCDuax-poas at8:00 LT
Rmax-poas = . ©))
HCHO VCDuax-poas at 14:00 LT
HCHO VCDnodel at 8:00 LT
Rmode= . (4)
HCHO VCDnodel at 14:00 L1

The scatter plots and linear regressions of dailyxBoas and Ryeqe areprovidedin Fig. 17. Although large scattersere
found, most of the dotsverearoundthe1:1 line.Thus,the modekanreasonabhgimulate the systematitiurnal variationn
HCHO. It needs to be noted that the diurnal variatroRlCHO isthe result of the combined influencemfmary emissiog
secondary formation, and meteorologye foundthatRyax.poas Was generally larger thanRqe. However, itwas
impossible tadeterminethe factor causing the deviatiomRyax-poas @and Ryege. Thereforethe R comparisagenerally
only evaluate the quality ahe model simulations on diurnal variatiomsHCHO.

Cloudscanimpact the MAXDOAS measurementBirst, clouds can affect atmospheric radiative transport and thus
influenceoptical paths. Furtharore the atmospheric absorber densifieg (phote)chemistry or convective transppére
potentiallyaltereddue to the charagin optical paths (Grats, ea et al. 2016). Second, AMFs calculated by geometrical
approximation could be significantly biased from the reality under cloudy conditions (Brinksma, et al..Th@0&fects
could impactomparisons between MAROAS andthe CAMS model.To testthis, we comparel MAX -DOAS andthe
CAMS model HCHO results under differezffective cloud fractiongeCF)from the ECMWHTable S1in the Supplemen)
(Fig. S1, S2, 8 and S4in the Supplemen). Theconsistencies between the tdatasets varieanly slightly as the cloud
fractionsincrease. This outcoméndicatesthat cloud havelittle effect on thecomparison®f MAX -DOAS andthe CAMS

model which isconsistentvith the finding of Wang et a(2017h.
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4 Conclusiors

We studiedthe tropospteric HCHO VCDs at the UCASsitein HuairouDistrict, Beijing aroundthe APECsummitbased on
the MAX-DOAS measuremestfrom Octoberl, 2014to DecembeB1,2014.

The UCAS site was affected bijre transporation of pollutantsfrom the south. o peak values on November 4 and
November 7, 2014 during the APEC summérecausediy a changén wind directionto the souttand an increase wind
speed of 2.0 m s* when the polluted air masses from toeith were transported to the UCAS sh#arked windspeed and
directiondependenceof HCHO VCDs wereidentified. Wind directiondependenciemdicatedthatthe HCHO values ithe
area aroundJCAS were considerablyaffected by thdransportatiorof pollutantsfrom the south, includinghe southwest
and southeast whetgeavly polluted cities are locatedsuch asTangshan, Shijiazhuangnd Tianjin. Conversely winds
from thenorth and northeasbntributel to the dispersion of HCHO

The impact of control measures on HCk@s evaluatedusingapproximatelyone monthtof MAX -DOAS datafrom October
26 to November 20, 2014, which wdsfinedin three episodes. THast episodewas the period of APEC (from November
1i 12); the second and third episodesret he -MPPE@&O per i od T3rlo m 2Mclt4o baémdCOZidhod i p o
from November 1820, 204. During the period ofhe APEC conference, the averag€HO was 9.65 x 10 moleccm?,
which was 37.95% and 30.75%ower thanthat during thepreAPEC andpostAPEC periods, respectively.Prevailing
northwest windields and strict control measuréscombiration ledto therelativdy low HCHO valuegiuring APEC.

The daily variationin HCHO VCDs at the UCAS siteéndicatal thatthe valuesat noonandevening rush houwere higher
thanthosein the morning Furthermore peak values @peaed around noonanda goodcorrelation coefficienR” of 0.73
between HCHO and Qwas found aroundnoortime. This finding indicatesthat thesecondarysources of HCHO through
photochemical reactiadominatein the area aroundCAS.

Thetime serieslataof HCHO VCDsretrieved by MAXDOAS andthe CAMS modelwereconsistenfrom October 1, 2014
to December 31, 2014he CAMS model underestimaie HCHO VCD by about 1.63 x 10" moleccm? on average
comparedo the MAX -DOAS measurement3he CAMS modelcould adequatelysimulate theeffects ofthe trangport and

the secondarysource of HCHO, but underestimai the local primary source, which were more pronouncedinderlow
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temperatureconditionswhen the production rate of secondary HCK@s relatively low Generally consistent ratios of
HCHO VCDs at around 8:00 LT and 14:0@refound for the CAMSmodel simulations and MAXDOAS measurements. It

indicates thathe CAMS modelcanreasonablsimulate the systematiiurnal variationin HCHO.
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Tables
Spectrometer | Azimuth | Elevation| Temperature Location Measuring
time
Name Maya 3°, Site Yanxi
(Ocean 0° 5°, Lake
Opticy 10°, 20¢€ campus of
15°, UCAS
Spectral | 290 30°, Longitude | 116.67€ | 6:30-18:30
range | 420 nm 907
FWHM | 0.5 nm Latitude 40.4N

Table 1: Setting of MAX-DOAS.

Parameter Data source Fitting interval nm
335360 nm (HCHO)
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338 360 nm (NQ)

NO, Vandaele et al., (1996294K X
Os Serdyuchenko et al(2013, 223K, 243K X
O, Thalman and Volkame(2013, 293K X
BrO Fleischmann and Hartmanf2004,223K X
HCHO Meller and Moortgat(2000, 293K X
Ring Chance and Spurr, 1997 X
Polynomial 5
degree

Table 22 Parameter settings used for spectral analysis usin/INDOAS, w h e indicatésthe cross sectiorused in theretrieval.
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Figure 4 (a) Time series of the meteorological parameters with a time resolution of 1 min containing ambient temperaturelative
humidity (RH), wind speed(WS), and direction (WD). (b) Wind rose. Data obtained during the period of October 28, 2014 to

5 December 31, 204.
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