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Abstract. FormaldehydéHCHO), a key aerosgbrecursorplays asignificantrole in atmospheric photoxidation pathways
In this studyHCHO columndensitesweremeasuredisinga Multi-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 centeMeasurements 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
surfaceO; concentratiorduring noontimendicated that the secondary sousxef HCHO throughphotochemical reacti@nof
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
considerabhaffected by the transport of pollutarfisOCs)from pollutedarea in the southThe effectsof control measures

on HCHOVCDs during the APE(eriodwereevaluatedDuring the perioabf the APEC conference, the average HCHO
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VCDs were~38%a 20%, and~30%= 24% lower than that during the prAPEC and posAPEC period calculated at 95%
confidencdimit, respectivelyThis phenomenoigould be attributed to bothe effects of pevailingnorthwest windields
during APEC and strict control measur&¥e alsocompare the MAX-DOAS resultswith the Copernicus Atmosphere
Monitoring Servic CAMS) model. The HCHO VCDs of the CAMS model and MAXDOAS were generallyconsistent
with acorrelation coefficienR? greater thai.68. The peak valuewereconsistently captured by both datatasets but the
low valuesweresystematically underestimated by the CAMS modhis finding may indicatehatthe CAMS model can
adequatelgimulate the effects dhetransport and the secondary sogreeHCHO, but underestimag¢he 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 conferenceg group ofcollaborabrson
atmospheric pollution prevention and controthe Beijing-Tianjin-Hebei (JingJin-Ji) region and surrounding areas
compiledthei The APEC xiomfeua&lnictey (disetal. r2al6)8ane pravihces; igctuding Beijing,
Tianjin, Hebei, Shanxi, Inner Mongoliand Shandong implemented different emission redustiategiesn accordance
with the air quality assurance pl@Wang et al., 201#. Since November 1, 2014, parts of theg-Jin-Ji region and
surrounding areas had begun to implenargmission reduction plaaccording to thAPEC conference air quality
assurance policyrormal emission reduction measures wiemplementedn the Jing-Jin-Ji region and surrounding areas
from November &andincludedlimiting the production of factories, shiing down construction sitegnplementingtraffic
restrictions based on evesnd odd numbered license plateandimproving roadcleaningprocedues(Wang et al., 2016a)
In response to the possible adverse weather conditions from Noveniifieitf8efienhanced emission reduction measbires
were implemented ithe Jing-Jin-Ji region andsurrounding areasom November 6Thesevarious efforts cougld with
relatively favorable weather conditionempared wittprevious yearsesulted irthe emission reduction measuresimg
significant effectsBased orestimatiors, all types of main pollutantsverereducedby over 40%in Beijing andby over30%

in other provincesthrough these measur@/ang et al., 2016ajrromNovember 112, 2014 theair quality wasatan
2
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excellent levelreferred toas "APEC blue'teference.

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; Taalg 2015; Chen et al., 2015; Wang et al., 2016a; Wang et
al., 2016b; Wang et al., 2017a). Wang e(2016a) selected five representatinesitu stations in different locatioria

Beijing, which wereMiyun Reservoir Station (City Background Station)zifan Station (Regional Station), Changping
Station (Suburban Station), Olympic Sports Center Station (City Station) and Xizhimen North Street Station (Transport
Station) and found thaaverage concentrations of §BIO,, PM,o, and PM s decreased b§2% 41%, etc,respectively
whereas the average @vel approximately doubled over this period tithe same periodverthe last five years (PM

since 2013 O; production rate depends on the ratiosahtile organic carbo(VOC) and NOx. Thairban and suburban
areas of Beijingrecontrolledby the NOx saturated condition o @roduction. Sincemission control measurase mainly
focuson NOXx, but not VOCs, decrease of NOx can caaigeificant increasesf O; concentration (Wang et al., 26a)
Although the traffic and urban stat®prodweea lot ofpollution due to motor vehiclemissiors, the NQ concentrations of
suburban and regionakgions significantly droppe7%)compared with the traffic and urban stati¢23%)as a result of
the control measures. The M@mitted by motor vehicles ithhe Beijing urban area remained high even under the measures
takento limit the number of vehicles (Wang et al., 2016a). Space observatiaalso used to evaluate the effeft

emission contromeasures on the changas\O, tropospheric vertical column densitiasgDs) and aerosol optical depth
(AOD) in Beijing andits surrounding®ased orthe Ozone Monitoring InstrumenOMI) andModerate Resolution Imaging

SpectroradiometeMODIS) retrievd. The results showed that N®CD and AOD were mostly reducdxy 47% and 34%

in Beijing, respectivelyHuang et al., 2015; Wei et al., 2016; Meng et al., 2015). The analytical results of the Chemical Mass

Balance (CMB) model showed that the contributiohsoalfired boilers, dust, and motor vehicles to BMn Beijing were
around 2%, 7%, and 3Q%espectivelyduring the APEC summit (Cheng et al., 2016). Zhang et al (2017) analyzed the
characteristics of aerosol size distribution &melvertical backsattering coefficienprofile 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 expegieace sigtificant decreasesf 47% and 68%
3



than before and after the APEC peri{@hang et al., 2017). Published studiesefocused mainly on the effects of
commonly measured gas pollutamqarticulate matterand aeross) but not HCHO (Cheng et al., 2016; Fan et al., 2016;
Huang et al., 2015; Li et al., 2016; Liu et al., 2016; Meng et al., 2015; Tang et al., 2015; Chen et al., 2015; Wa0d &#;al.,
Wang et al., 2016b; Wang et al., 2017a; Wei et al., 2016).
5 As an abudant product of the oxidation of many volatile organic compounds (VB&HO is known toharm human

healthfor instance, bylamagng oral epithelial cell§Nilsson et al., 1998; Pinardi et al., 2018)variety of other
hydrocarbos generallydeterminethe concentration of HCHO hus HCHO is used asreindicator ofVOCs (Fried et al.,
2011) Tropospheridormaldehydemainly originatesfrom two sourcesThe primaryemissionsemanatdrom incomplete
combustionsuch as anthropogenic (e.g., industeiaissions) and pyrogenic (mainly biomass burning) souSsesndary

10  source originatefrom the photeoxidationprocesof many VOCsIn addition a small fractionof HCHO originatesfrom
thedirect emissions dfiogenicsourceqe.g., vegetation)lhevariability in HCHO over continents igarticularlydominated
by thedistributions oflocal emission®f non-metham volatile organic compounds (NMVOCSs) (Chance et al., 2000). Being
a short lifetime oxidation product, lofiying VOCs, such as methane (QHcontribute to the background levels of HCHO
(Pinardi et al., 2013; Stavrakou et al., 2009; Vrekoussis et al., Z0d®monitoringof NMVOC emissions is essential not

15  only for the hydroxyl radicalOH, but also for the formation and transport of secondeggnic aerosol@Palmer et al., 2006;
Stavrakou et al., 2ID; De Smedt et al., 201HICHO is an important indicator of atmospheric photochemical reactimn
an active gas, HCHO can be photolytedjenerate Hofree radicals. H@rapidly and radically reacts with NO to generate
OH, which can influence the oxidation ability of the atmosphlteof the photolysis equations of HCHO to form OH

radical at wavelengths below 370 nm are listetbigws:

20 HCHO+h7- H+ HCO(/ ¢370nm) - bi +C (1)
H+O2- HO: )
HCO+Q - HQe +CC 3)
HOz2+NO - OH +NQ @)

Therefore, HCHO can reflect anthropogenic VOC emissions and VOC emissions ttirefagt productiorof shortlived

25 NMVOCs.ldentifying the major sources of HCHO is essential for quantifiheghotolysis sources of OH and their
4
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contributions to aerosol formation afat effectively controlling photochemical pollution (Bauwens, et2016; Chang, et

al., 2016; Ling, et al., 2017; Ma, et al., 2016; Tanaka, et al., 2016).

The mplemetation ofa series of temporary reduction measures for atmospheric pollutant esissitajor international
events in China is relatively rare. The APE@msnit provided an opportunity to study the relationship between
environmental concentratiomsmdpollutant emissionéCheng et al., 2016%tudying the influencesf control measures on
HCHO is crucialfor improving air quality.

A typeof passivedifferential optical absorption spectroscagystem calledMulti-AXis Differential Optical Absorption
SpectroscopyMAX -DOAS), has beemisedoverthe past decad® measuréropospheric trace gas(Honningeret al., 2004;
Wagner et al., 2004; Sinreigh al., 2005; Wagner et al., 2007; Vigouroux wt al., 2008 information obtained from

MAX -DOAS measurements includgepospheric column densities, surface mixing ratios, and vertical profiles of aerosol
extinction and trace gas mixing rati#$CHO can be measured in the ultraviolet spectral ramgjagthe 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;iSchtal., 2016; Wang et al., 2017b; Wang et al., 2p17¢

In this study, weused thegroundbasedVAX -DOAS instrumentinstalled inthe HuairouDistrict (suburban area)f Beijing

to evaluatethe effectsof the sources and depositions of HCHO and their relations with emission control measures and
meteorological conditions during the periivpdm October26, 2014to November20, 2014.Two pollution episodes and their
relationship with meteorological conditiongrere analyzedluring APEC toevaluatethe effects ofregional transport and
local emissionsAfterwards,three episodesiefined ash p-ARECO t he per iaomd @PECAReEQSsedo
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 HClHQurcesand evaluatethe dominant error
sourcesof HCHO simulationsof Copernicus Atmospherilonitoring Service CAMS) model Finally, the HCHO VCDs
retrieved from the MAXDOAS measurements wetteencomparedwith the results from th€ AMS modelsimulationsfrom
Octoberl, 2014to DecembeB1, 2014 Consistencies and discrepancies betwthemodel and measurements are discussed.
This studycanbe used aa referencefor evaluating theeffectivenes®f photochemical pollutiorontrol measures adopted

duringthe APEC summit Moreover, this studgould practicallyassist inthe development o€ontrol strategies the future
5
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and alsoprovides support for verifyng the modekimulations

2 Experiment and Methodology

2.1 Monitoring locations and instrument

To evaluate the emission control measures, a supersite was established in theakancgmpus of the University of
Chinese Academy of Sciences (UCAB)Huairou District, northeastuburban areaf Beijing. The APEC conferenceas
alsoheld in theYanqgi Lakeregionnear the campus of UCA&ig. 1). The field campaignvas performedor nearly four
months fromOctober 1, 20140 January 20, 2015. However, this study only discusses the periodCfobober 2014 to
December 2014.

The Yanshan Mountains aiethe west of the site, and the Yanqi Lake lies at the edge ofdhatainsto southwest of the
site. Beijing urban areasd the mdustrial citesof Tangshan, Baoding, Shijiazhuang and Tiagji@ also located in the south.
Relevant pollution soureein Tangshan, Baoding, Shijiazhuarend Tianjinare primary pollution hotspots 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 bring anthropogereemissions. e site
is mainly influenced bymissios from vehicles on China National Highway 111 that ruftem the north and soutas well
assomestationarysourcedrom the rural settlemestcrossthe highwayZhang et al., 2017)

The MAX-DOAS instrument waseployed on the balcony (without a roof) of a classroom on'tHeodr in 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 fromthe MAX-DOAS instrument Nitrogen oxide (NO, N@ and NOx) was measured by
chemiluminescencéThermo Scientific, Model 42j)and ozone () was measured byV photometry(Thermo Scientific,
Model 49i) Thesegas analyzers had precision values of 0.5 ppb and 0.4qxu®ctively

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 spectrometasplaced in a temperatw@ntrolled box at 20€to ersure that the

spectrograph could work at a stable temperatnder thechangingambient temperatufieom -15€ to 302 in China The
6
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spectrometewas producedy Ocean Opticand wasamed Mya (https://oceanoptics.com/product/maya2@B6-customy.

The spectrometarovers the range of 290 nm to 420 nm, and its instrumental function is approximated as a Gaussian
function with a full width at half maximum (FWHM)f 0.5 nm.MAX -DOAS was routinely operated for 24 h. Dudhe
intensity ofthe sunlight, only the daytime measuremewtse used for analysis. The nighttime measurements could be used
to correct the dark current and offset. The azimuth angle view ¢élscopevas fixed at 0°(North) during thentire
observation period. A full MAXDOAS scan comprises six elevation angleas) (3°, 5°, 10° etg and lasts for

approximately 10 min (sdeig. 3). Each measurementdhan average of 108cansandtheintegration timewas adjusted
automatically based ahelight intensity.Table 1lists the detailed setup tie MAX -DOAS instrument.

Meteorological parameterg)cludingwind speed (WS), wind direction (WD), temperature (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 timeintervals. During the campaign, tieewere cleadiurnal variatios in maximumtemperaturet noon

and minimum temperature at nigfthe temperature was within a range-19.6€ to 20.7€, with a sudden drop to below
0€ on December 1, 2014he wind roseindicatal that the prevailing wind direction was frothe northwest Fig. 4b).
Halfacre et al2014 defines therelatively calmconditionswith wind speedsf less thar8.5 m §' as he static weather
situation The static weather situatidrequentlyoccurredduring theobservations, while wind speedsmbre than 3.5n s*

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 ltas®kenLambert Law(Htninger and Platt,

2002; Bobrowsket al., 2013; Roozendael et al., 2003; Trebs et al., 286¥inger et al., 2004; Wagner et al., 200&he
spectra obtained frothe MAX -DOAS observationsiere analyzed using WINDOAS software (Hermans et al., 2003). The
fitting rangewas from 335 nm to 360 nnThe gas crossections of HCHGat 293K (Meller and Moortgat, 2000BrO at

223 K (Fleischmann and Hartmann, 2004), ND294K (Vandaele et al., 199&); at 223 K and 243KSerdyuchenko et al.,
7
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2013), and @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, 20Mas used as the Fraunhofer reference spectrum (FRS) for all the retrievals to
determineslant column densities (SCD)his daywas a very clear day withery low pollution andvas alsoduringthe
periodwherestrict pollution control measuregere in placeTheRing structure (Fish and Jones, 2013), which is used to

account for rotational Raman scattering effestss calculated using DOASIS software (Kraus, 2006) based on the FRS and
wasincluded in the fitTable 2lists the parameter settings used for the HCHO analysiex¢ladeddata for solar zenith

angle (SZAs) larger than 75%ecausethé stronger absorptits of stratospheric species and a low sigoaloise ratio.

Data withalarge root mean square (RMS) of the resid@al®?) and large relative intensity offsefere 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 crii. The root mean square

of the optical depth dheresidual spectral structuress 1.08x10°.

The geometric approximatiomas used to convert the dSCD to the tropospheric V@Ehe 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 ngdilermans et al., 2003; Héningand Platt, 2002; Kraus, 2006). The SCD

includes two parts of the abgtion signal ofthetroposphere and stratosphefe.remove the interference of stratosphere
absorption and variatioin instrumental properties, dSCD at-ainith elevation anglesere subtracted by the dSCD at 90°

el evation angle in the same elevation sequence to deriyv
DSCD==dSCDa, 20= dSCDa so. (5)

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

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

dSCD . «v- dSCD - s _ DbSCD
AMF:  o«o- AMFE - DAMF

VCD = (6)

AMF is often used to descrilibe absorption path of a gas in the atmosptignieksma et al (2008)proposed the geometric

approximation methotb calculateAMF:



AMKa) =1/sina . (7
Thenthe tropospheric VCD can be obtained frirafollowing equation

VCD= % . (8)

sin(a)_

Numerous studiesavecompaked theerror between geometrical VCD and VCD from profile invergBrinksma et al.,
2008; Hendriclet al., 2014; Khninger et al., 2004; Wang et al., 2017bYang et a(2017) showed that the geometric
approximatios are usuallyunderestimatg 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°. The geometric light paths at Ll&nd 30 are
good approximations in the boundary layeowéver lowersystematic errorg/ere achieveat 15 thanat 30° by using the
geometricabpproximationdiscussed itsection 2.3 beloyv Additionally, the geometric approximation meth@sdmore
stable andess influenced bgloudsthan the profile inversiomethod(Héninger 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 MFXAS results:

a. The ystematic error of the HCHO VCDs calculated by the geometric approximation depends on the layer height of the
trace gaseand aerosols. To evaluate the systematic error of the geometric approximation, we calculated more exact
tropospheric HCHO/CD ayre usingthe PriAM inversion algorithm (Wang et al, 2017b). HCHO VCDgeo at elevation angles
at 15°and 30°are obtained from the geometric approximation. The relative differences (Diff) bet@n,- and

VCDgeo for HCHOwere calculated by Eq. (9):
Diff :VCDgeo- VCDawmr ©)
VCDawvr

In Fig. 6, the average relative differences for elevation angles of 15and 30°are shown as a function of the effective cloud
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fractions (eCF), as O0<eCF O01,U10JkeClbud Hact®ns (eOF) &edevdlead 00 . 7 ,
from the ECMWF CAMS model. It can be seen that the biases causkdusg ofthe geometric approximation are

generally much smaller at EA=18%an at EA=30; with the Diffbeingmostly smaller than 6% for thselevation angle

of and smaller than 16% for the 30°elevation angle in all pesiddhebias for Diff caused by using the geometric
approximation is about 2%.

b. The fitting error ofthe DOAS fit is derived fronthe dSCDfitting error to VCD error by usg geometric approximation,

as
) 2 . >
VCDittingerror — VCDerror _\/2 dSCD , 90 ﬁttlng:gl-error + dSCD 80 fittingerror ’ (10)
VCD 2(~ -T3VCD
sina

andthe hourly average athe HCHO VCD fitting errorwasfrom 4% to 2/% for the entire periodvith the absolute fit error

is ~1.2x10".

c. Cross section error alsonstituteone of the error sources. Some previous research reported that cross secsof error
O, (aerosols) and HCHO arékand 9%, respectively (Bogumil et al., 2003; Meller and Moortgat, 2000;Thalman and
Volkamer, 2013; Vandaekt al. 1998 ). Wangtal (20178 estimated the errors 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 emrdrecaalculated by combining all the above error sources

adding up tabout 7% - 28% with 17% on average.

24 ECMWF CAMS model

The European Centre for MediuRange Weather Forecasting (ECMWEF) is at the forefront of research for numerical
weather prediction including probabilistic forecasting.opernicus Atmosphere Monitoring Servi(EAMS), which is
managed by ECMWfpublicly provides generally reliablatmosphdc information. The CAMS model was established
utilizing the wealth of Earth observation data from satellite and grbasdd system3he CAMS modelproduces reatime

analyses and forecasts of atmospheric composition foglthel view for each dayPersson and Grazzini, 200CAMS

10
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reattime productscan be freely downloaded viaptatform (http://apps.ecmwf.int/datasets/data/canmsaltime/levtyg=sfc)

(Anders, 201k The operational CAMS usdslly integrated chemistry ithe Compositionintegrated Forecasting System
(C-IFS). GIFS is a new global chemistry model fibre forecasing and assimilation of atmospheric composition.the
simulationof HCHO, chemistry originating from thEransport Model 5T{M5) had been fully integrated into thelES, in
which only gas phase reactions of HCHieincluded.The actual emission totals in the T255 simulation for 2008 from
anthropogenic, biogenic sour¢emd biomass burning were used iFHRS (Flemming et al., 2004 All of the analyzed
parameteracquired from the CAMS model aa¢00:00, 06:00, 12:00, and 18:Q0rC. We usal the CAMS model datavith

grid resolutionsof 0.125 0.125 0.25% 0.25, and0. 5% 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&$2d on the MAXDOAS measurements
from theperiod ofOctober 26, 20140 November20, 2014 As the measurement station is at a rural siteatedabout50
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 Decembet,2014.Sincethe daytimeperiodis relatively short in autumn, the availabi®AX -DOAS
measuremertime wasfrom 06:30 to 18:30 LT. The effects of different cloud coefficients on MAXOAS inversion VCDs
and the HCHO VCDs from MAXDOAS andthe CAMS model under different cloud coefficientgere compared. The
results show thathe cloud coefficient hd a negligible influence orthe retrieval of HCHO VCDs by MAX-DOAS.
Additionally, sunny and cloudless weathlgg@nerally occurred during the entire B® period Thus, allof the dataobtained

in thedifferent cloud coefficientsvere used.

3.1 Effects of pollutant transport
Fig. 7 shows thdime serieoof HCHO VCDs measured by MAKOOAS andmeteorological parametens the period of3 to
8 November, 2014 Two peak values (November 4, 2014 and November 7, 2014) were observed durindFAgE@ and

7¢). Relative humidity, solar radiationtensity, and ambient temperature are important pleddationfactors(Starn et al.,
11
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1998; Solberg et al., 200Zhang et al., 2009The daily averagethtensity ofsolar radiatiorand temperaturen November
4 and 7were compared witldata fromthe two period of November 4 t&7 and October 1 to December 31, 2qE#4. 8).
The differencein averagedolarradiationand temperaturen November 4 and ¢ompared tdhe period from October 1 to
December 312014, were 2.2%, -23.5% et¢ respectively.Solar radiation and temperatuchd not changesignificanty
duringthe two peakperiodsof November 4, 2014 and 7, 2014; thus, the enhanced HCHO waduesot be caused byan
increaseghotooxidationrate The increasé HCHO was probablyrelated toa changén wind direction tothe south.Fig. 7
indicates the increases in wind speed, arbminant southerly wind flow with a speed of more than 2.0' ndring the
two dayswas detectedouth air flowwas dominantduring the two daysf peakHCHO valuesduring the APEC summit. At
noonon November 3, 4, and 7, tiveind directionchanged tsouthandthe wind speedvas relatively strong (approximately
4.0 m s%), thereby leading tthe rapid accumulation of HCHO in a few hours. Thereafiee,wind directionchanged to
northwest andhe wind speeddropped below2.0 m s* during the nightime alongwith a gradual dissipan in pollution,
which indicated that the contamination dhe supersitewas affected by the pollutiotransportedrom the southwest areas.
The value on November6, 2014was probablycaused by theapd dispersion conditiongnderthe northwest winds with
speed of more than 3.8n s, with theair mass mainlyriginatingfrom the clean northwest area

To further demonstrate thedfect ofregionaltransport we analgyed24-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 used3:00 LT (UTC0:00) as the start time
of thebackward trajectoriesAs shown irFig. 9, pollutants over the polluted regiomcluding Shijiazhuang and Baodirig
the southwest of Beijingwere transported to the observed ama November 4, 2014The observed area wasainly
affected by the pollution in Tangshamd Langfandocated in the south and southeast of BeijingNmvember 7, 2014
Under thedominantnorthwestwind (November5 to § 2014, the concentrationof HCHO were significantly lowerthan
that onNovembe 4 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 sobtdl a significant
impact on the increase HCHO observed at the site

We further analyze the relationship between HCHO VGIand wind direction and speddom October 8, 2014 to
12
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November20, 2014(Fig. 10). Both localemissionand transport from remote sourdagpaced theobservedHCHO VCDs.
The mainwind directiors of the UCAS sitewere east, southand northwestwith approximatepercentage of 17%, 16%,
and 12%, respectively The amount ofHCHO VCDswas strongly dependent on the wirsppeed andlirection (Fig. 10).
HCHO VCDsconsiderably depend omind directions and theaverageHCHO VCDs were 7.6 x 10> molealescm?under
the southerly wind (including southwest and southeadthis finding was attributed to the fact thafangshan, Baoding,
Shijiazhuang and Tianjirand other heavily pollutedities ae locatedin 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., 28&bet al., 2015 In contrastthe northeast and
north directios correspondo a minimum inthe average HCHO VCD5(6 x 10 molec cn). The nortterncities areclean
with low VOC emissionsandthe nature sources of VOC in the north should be much lower than the anthropogenic sources
in the winter seasolhus few precursorsof HCHO were transportedo the measurement statiom the north wind The
lower HCHO VCDs under such conditions are mainly duteveer VOC precursors of HCHAn summary the wind from
this aregprominentlycontributes to thélispersion of the pollutanttn terms othe dependencef HCHO on wind speedthe
HCHO VCDsdecreasalong with the increasing wind speednder the nortérly fast andcleanwind, which resuls in the
rapid dissipation of theollution. Underthe southerly wind, the HCHO VCDsincreasewith increasng wind speedThus,
transport from the south polluted air ttee observation sitecculs more easly under southerly winds with relatively high
wind speed. In conclusion when winds are from the southge sitewasconsiderablyaffected bythetransport of pollutants
from the polluted urban argancludingurban superimposed emissgnom the Beijing city center, BaodingShijiazhuang

Tianjin, and Langfang

3.2 Evaluation of HCHO during APEC

The MAX-DOAS resultsin the period ofOctober 26, 20140 November20, 2014wereused to evaluate theCHO values
during APEC The periodwas split into three episodes. The first episode was defined as the period of APEC (from
November 112, 2014), wherein strict air quality policies were iempkented at a regional scale. The second and third
episodeswerd e f i ne d -ABE @driedfroinctaber 263 1, 2014 aARECS perfoéfrom powesnber 13,

2014 to November 20, 2014.
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Fig. 11 presend the varying series of the daily mean vaoé HCHO VCDs duringAPEC in thethree episoded he result
showsa fifluctuatinge f f ect 0 wi t h sihcteasingtHabrtp@pvey evral days and dropping sharply for a few
days duringhe APEC summit This phenomenowas also observed in NO/CD observations in Beijing urban asgiu et
al., 2016) The average HCHO VC&were9.7 x 10", 6.0 x 10", and8.6 x 10"> moleccm? before during, and afteAPEC,
with fitting errors of 9.4%, 1Q01%, and9.7%, respectively A noticeabledecreas of ~38%ca 20%, and~30%%= 24% during
APEC was found compared with before and aft&PEC, which wascalculated at 95% confidendiit. This reduction
could be attributed to the controleasurementsnplementedduring APEC. Howwer, the systematic differencie wind
fields between the threspisodesould also play a role considering the effectgheftransport of pollutants giussed in Sect.
3.1. The vind rose for wind speedt thethree episodes shown inFig. 12. The prevailing wind direction othe three
episodesvasfrom the northwest.The frequency of northwest wiath the APEC periodwasmore tharin thepre APECand
postAPEC periods.Furthermore,the wind speeih the APECperiodwashigher.Underthe prevailing northwestvind, the
transport of pollutants from the polluted south area to the observedvasgauchlessthanthatunder the southerly winds
Thereforethe prevailing northwest windields may also contribute to the low HCHO during APEC

As the measurement stationlecatedin the nortlern suburban area of Beijinghe effects ofthe control measureswhich

were mainly implementedn the urban ares, on HCHOwere only observed at the station when dominant southerly winds

occurred(Fan et al., 2016, Li et al., 2018)/e thusplottedthe dependence of HCHO VCDs on the wind speed and directions

in Fig. 12di f for thepre APEC, APEC and postAPEC periods Fig. 12d f indicatethatthe averaged HCHO VCDs under

south windsduring APECwere about6.5 x 10**molec cn, whichwas considerably lower than B)or 9.2 x 10*molec

cm? in the pre APEC 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 showaiginl1 were 25% and 18%ower than the peak values
under similar wind fields in the pf8PEC and posAPEC periods. In generathe HCHO values under the dominant
southerly wind fieldwere considerably lower during APEC than the= APEC and posAPEC periods. The phenomenon
implies that thecontrol measure$iad a certain effect on reducintpe concentrationof HCHO. This suggestshat he
implementation of control measures during the APEC summit reduced the concentrations asfd\&2rosoléLiu et al.,

2016; Zhang et al., 2017)
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3.3 Sources of HCHO

The hourly averagkHCHO VCDsin thethree episodewereanalyzel to characterizeéhe diurnal variationKig. 13). The
hourly average HCHO VCDs exhibited evident daily variationHigh values appead in theearly afternoon and lowalues
appeaedin the morning Atmospheric photochemical reactmarerelated to the intensity of solar radiatias indicated in
Equation 1 The atmospheric photochemistry reaction is geneeallivewhen the intensity ahe solar radiation is strong
Therefore HCHO productivityof secondary sourceshggh (Anderson et al., 1996[Peaksin diurnalvariationgenerally
emerge 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 preigleiction,
secondary production of formaldehypiémarily cause the peak at 14:0a-hediurnal variationin VOC emissiongcould

also play a rolen the diurnal variation of HCHMHowever,thetypical life time of VOCs can reach several days. The
diurnal variationgn VOC emissiorareunlikely to changethe abundance of atmospheric VOCs. Tdfere diurnal variation
in photo reaction rate could Itiee dominant driving factor. Other smalkér peals appeaedin the eveningluringotherperiod
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, Pinardi et al(2013.The absoluteHCHO valuesduring the APEC
periodwerestatisticallylower than thoseén the preAPEC and posAPEC periods

Determining pollution sourceas crucial to contrding air pollution. Threetime intervalswere used fodetermiring the main
HCHO sources The firstinterval was defined as noontime from 11i0@:00and is associatedith strong photochemical
reactiors. The second and thirihtervalswere defined aghe morning rush hour from 7:0@:00 andthe evening rush hour
from 16:00 18:0Q0 To further determinevhether the pollution sources of HCHO at UCA&re primary or secondary
formations from other VOGghe correlations oHCHO with the primary poll@nt NO, or secondary pollutant Owere
analyzed(Anderson et al, 1996; Possanzini et al., 20@)face O; datawere obtainedrom in situ measuremestin the
UCAS supersiteand troposphere NO/CD datawere retrieved from the same MAROAS measurements usiggometric

approximation The linear correlatisof noontime average HCHO VCD with NOCD and Q from 11:0G 14:00 and rush
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hour average HCHO VCD with NO/CD and Qfrom 7:00 9:00 and 16:0018:00 are shown ifig. 14. Direct analysis of
the dataindicates that noontime average HCHOdha higher correlation coefficient with NOVCD and Q thanrush har.
Thisimplies that a small amount of HCHO comes from the traffic emisslariagrush 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

from secondaryphotcoxidation formation at noorHere it needs to clarify that the;@ata is from the surface measurements,

but NO, and HCHO are the tropospheric VCD. Since N@d HCHO are mostly in the boundary layer, the effect of the

discrepancy of measured layers on the correlation analysis is not signifitaottrast,a correlation coefficienof 0.38
between HCHO VCD and NO/CD during noontimawvas better thamluringrush hourR?=0.06), which may be due to the
contribution of vehicle emissions to HCHO precursérsonger NQ lifetime with less dispersion efficiendy winter and
HCHO from continuously generatephoto-oxidation contributedto the higher correlationbetween HCHO VCD and NO
VCD at noon higher thaduring rush hour.The transport of N9and VOC mayconstituteone ofthe cause The VOCs
from transportgenerate HCHO due to strong phatxidation at noonThis resultindicaiesthat secondaryphotaoxidation

formation of HCHO from other VOCsouldbe the dominant soured UCAS.

3.4. Comparisons withthe model data

HCHO VCDs retrievedfrom the MAX -DOAS measurementaere compared with those frotne CAMS modeldatafrom
the period ofOctober 1, 20140 December 31, 201é-ig. 15). The average value dhe data from MAXDOAS in the
period of7:30i 8:30 LT was selectefbr comparison with th€AMS data at 0:00 UTC8:00 LT) (Fig.158). 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. 15¢9. The CAMS model results with different grids are showrfig. 15, and their differencesvere found to be
negligible. On average,he CAMS model underestimai® HCHO VCDs by 1.6i 2.0 x 10" molec cnf and 1.3i 2.1 x 10"
molec cnf compared tdhe MAX -DOAS measurementst 8:00 LT and 14:00 LTrespectivelydue to different griesizes
The correlationcoefficientsandlinearregressions betweehe MAX-DOAS dataand the modelesults are shown iRig. 16.
The correlation coefficienR® was more than 8 and 079 at 8:00 LT and 14:00 LT, respectivelk comparison of the

resultsin Fig. 15and 16 shows that theCAMS model and MAXDOAS resultsaregenerallyconsistentandthe peak values
16
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were particularlyconsistently captured by both datasddst thelow valueswere systematically underestimated by the
CAMS model As the peak valuesvere mostly related to théransportatiorof pollutantsfrom the southern area, tiigh
consistencyof the peak values between MAXOAS andthe CAMS modelimplies that the CAMS modelcanadequately
simulate therangort of pollutants In addition, in the CAMS modegnly gasphasechemical reactionsereconsideredor
HCHO, as describedin Section 2.5. Therefore the high consistencyof the HCHO values betweethe MAX-DOAS
measuremes and the CAMS simulations indicate that the heterogeneous reactions could not dominatesebendary
formationof HCHO from other VOCsThe underestimation dhelow HCHO values by the CAMS modebmparedo the
MAX -DOAS measurementsould beattributedto the lowerconstraintof local emissionsin the model near the UCAS
measurement statipandthe lack of heterogeneous reactaon 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, dugo the establishment of tHéCAS from 2013and theholding ofthe
APEC meetingn 2014 the economy near tHeCAS hasgrown rapidly, and the traffic flow ldeincreased significantlin
recent yearsThus,the use of the 2008 inventocpuld underestimate theighwayemissionsAs UCAS is inthe suburtan
areaof Beijing, vehicle emissioscould largely contribute thedCHO 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 transport ofpollutants 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 muchsmaller than the datp-day variationsn HCHO. Thus, the transportatiasf pollutants could ba dominant factor
of the captured distinct dap-day variationsn HCHO.

The underestimatioof HCHO by the CAMS modebecamestatistically significant after December 1, 201Zhis
phenomenon could be related to thecrease inthe temperature after December 1, 20I#ne seriesdataof coincident
hourly averaged meteorological parametersasured athe supersitefrom October28 to Decembei31, 2014 at 8:00 and

14:00 LT areshown inFig. 15b and d, respectivelyTemperaturés an important parametenpacing the production rate of
17
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secondary HCHOWhen the temperature decreashs,generation yield of theesondaryphotochemical reactioto produce
HCHO decreasg resulting inlow concentratioa of HCHO. The temperaturdramaticallydroppedafter December 1, 2014,
which could cause low production rateof HCHO. The secondary soursef HCHO can bebettersimulated than thical
primary source in the mode(Stavrakou et al., 2@ Anderson et al., 2015; Kwon et al., 201The CAMS model could
thus underestimatehe local primary emissianof HCHO, but theMAX-DOAS measurementsould suitdly obtain the
HCHO frombothlocal primary emissiors and secondary generatiobhus, when theecondary source of HCHO is reduced,
namelytheil ocal 6 pr i mar y predomirastycantitsute  the HGEHB ®CDshe difference between the
MAX -DOAS observation and CAMS modatcomes more pronounced

R represents the ratio of HCHO VCDs in the morning (&0 and noon (14:0QT). If Ryogel IS close toRyax-poas, it
indicates that the trend diurnal variation of HCHO from the model simulation and M&XOAS observation is consistent
suggesting thathe model can reasonably simulate the systematic diurnal variattd@HO. The consistencyof Ryax-poas
and Ryogel Can beused tacharacterize the abilitgf the model to simulat¢he diurnal variationof HCHO. The Ryax-poas and

Rwodel are calculate as followingEqg. (11) and Eq(12):

HCHO VCDuax-poas at8:00 LT
Rwmax-poas = . (11
HCHO VCDuax-poas at 14:00 LT

HCHO VCDrnodel at 8:00 LT
Rmode= (12)

HCHO VCDiodel at 14:00 L1

The scatter plots and linear regressions of dailyxBoas and Ryoqe areprovidedin Fig. 17. Although large scattersere

found, most of the dotserearoundthe 1:1 line.Thus,the modekanreasonablgimulate the systematéiurnal variationin
HCHO. It needs to be noted that the diurnal variatiohlCHO isthe result of the combined influencepyfmary emissios,
secondary formation, and meteorologye foundthatRyax.poas Was generally larger thanRge. However, itwas
impossible tadeterminethe factor causing the deviationRyax-poas and Ryeger Thereforethe R comparisagenerally
only evaluate the quality dhe model simulations on diurnal variatiomsHCHO.

Cloudscanimpact the MAXDOAS measurementEirst, clouds can affect atmospheric radiative transport and thus
influenceoptical paths. Furtharore the atmospheric absorber densifieg (phote)chemistry or convective transppére

potentiallyaltereddue to he changsin optical paths (Grats, ea et al. 2016). Second, AMFs calculated by geometrical
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approximation could be significantly biased from the reality under cloudy conditions (Brinksma, et al. Th@0&fects
could impact comparisons between MAOAS andthe CAMS model.To testthis, we compard MAX -DOAS ancthe
CAMS model HCHO results under differegffective cloud fractiongeCF)from the ECMWHTable S1in the Supplemen)
(Fig. S1, S2, 8 and S4in the Supplemen). The consistencies between ttveo dataets varieanly slightly as the cloud
fractionsincreasd. This outcoméndicatesthat cloud havelittle effect on thecomparison®f MAX -DOAS andthe CAMS

model| which isconsistentvith thefinding of Wang et a(2017H.

4 Conclusiors

We studiedthe tropospleric HCHO VCDs at the UCASsite in HuairouDistrict, Beijing aroundthe APECsummitbased on
the MAX-DOAS measuremestrom Octoberl, 2014to DecembeB1,2014.

The UCAS site was affected lihe transporation of pollutantsfrom the south. wo peak values on November 4 and
November 7, 2014 during the APEC summérecausediy a changén wind directionto the souttand an increas@ wind
speed of> 2.0 m s* when the polluted air masses from Hoeith were transported to the UCABe.Marked windspeed and
direction dependensef HCHO VCDs wereidentified. Wind directiondependenciemdicatedthatthe HCHO values ithe
area aroundJCAS were considerablyaffected by thdransportatiorof pollutantsfrom the south, includingthe southwest
and southeast where hdgvpolluted cities are locatedsuch asTangshan, Shijiazhuangnd Tianjin. Conversely winds
from thenorth and northeasbntributel to the dispersion of HCHO

The impact of control measures on HCH@re evaluatedusing approximatelyone monthof MAX-DOAS data from
October 26 to November 20, 2014, which vadinedin three episodes. The firspisodewas the period of APEC (from
November 112); the second and third episodegret he -AMPEGO peri od 26/8lp 2014 Gnod theb e r
i p eARECD periodfrom November 1820, 204. During the period ofhe APEC conference, the average HCM@s 6.0 x
10" molec cm?, which was ~38%ga 20%, and~30%g 24% lower thanthat during thepre APEC andpostAPEC period
calculated at 95% confidentieit, respectivelyPrevailing northwest windields and strict control measur@scombination
led to therelativdy low HCHO valuesduring APEC.

The daily variationin HCHO VCDs at the UCAS sitandicatal thatthe valuesat noonandevening rush houwere higher
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thanthosein the morning Furthermore peak values appezd around noonanda goodcorrelation coefficien®? of 0.73
between HCHO and {was found around noontimeThis finding indicatesthat thesecondarysource of HCHO through
photochemical reactiendominatén the area aroundCAS.

Thetime seriegdlataof HCHO VCDsretrieved by MAXDOAS andthe CAMS modelwereconsistenfrom October 1, 2014
to December 31, 2014The CAMS model underestimaig HCHO VCD by about 24% on averagecomparedto the
MAX -DOAS measurement§.he CAMS model could adequatelgimulate theeffects ofthe trangort and thesecondary
sourcs of HCHO, but underestimate the local primary sourcs, which were more pronouncedinder lowtemperature
condifonswhen the production rate of secondary HCi@srelatively low Generally consistent ratios of HCHO VCDs at
around 8:00 LT and 14:00r werefound for the CAMS model simulations and MADOAS measurements. It indicates that

the CAMS modelcanreasonablgimulate the systemattiurnal variationn 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

10  Table 1 Setting of MAX-DOAS.

Parameter Data source Fitting interval nm
335360 nm (HCHO)
338360 nm (NQ)

NO, Vandaele et al., (1996294K X
O Serdyuchenko et al., (201323 K, 243K X
O, Thalman and Volkame(2013, 293K X
BrO Fleischmann and Hartman(2004,223K X
HCHO Meller and Moortgat(2000, 293K X
Ring Chance and Spurr, 1997 X
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Polynomial 5
degree

Table 22 Parameter settings used for spectral analysis usin/INDOAS, w h e indicatsthe cross section used in theetrieval.
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Figure 1: Supersite on the Yanqi Lake campus of UCAS
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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, 2014
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