N B

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38
39
40
41
42

Mapping the drivers of formaldehyde (HCHO) variability
from 2015to 20190ver eastern China insights from FTIR
observation and GEOSChem model simulation

Youwen Surt), Hao Yin® 3, Cheng Liv? 38 9% 1" Lin Zhang?", Yuan Chengd”, Mathias Paln?,
Justus Nothol®, Xiao Lu?, Corinne Vigouroux?, Bo Zheng'?, Wei Wang", Nicholas Jone¥,
Changong Shah, Min QinY, Yuan, Tian'?, Qihou HuY, and Jianguo Lid&

(1 Key Laboratory of Environmental Optics and Technology, Anhui Institute of Optics and Fine
Mechanics, HFIPS, Chinese Academy of Sciemtefgj 230031China)

(2 Centerfor Excellence in Regional Atmospheric Environment, Institute of Urban Environment,
Chinese Academy 8tiences, Xiamen, 361021, China

(3 Department of Precision Machinery and Precision Instrumentation, University of Science and
Technology of China, Hafe230026, China

(4 Laboratory for Climate and OceéAtmosphere Studies, Department of Atmospheric and
Oceanic Sciences, School of Physics, Peking University, Beijing 100871) China

(5 State Key Laboratory of Urban Water Resource and Environment, Séhiermliconment,

Harbin Institute of Technology, Harbin 150090, China

(6 Institute of Environmental Physics, University of Bremen, P. O. Box 330440, 28334 Bremen,
Germany

(7 School of Engineering and Applied Sciences, Harvard University, Cambridge, M3, 0233

(8 Key Laboratory of Precision Scientific Instrumentation of Anhui Higher Education Institutes,
University of Science and Technology of China, Hefei, 230026, China

(9 Anhui Province Key Laboratory of Polar Environment and Global Change, Univefsity
Science and Technology of China, Hefei, 230026, Ghina

(10 Royal Belgian Institute for Space Aeronomy (BIR&B), Brussels, Belgiym
(llLaboratoire des Sciences d-CNRSUMS®aMR8212, de | 6ENnvI
Gif-sur-Yvette, France

(12 Schml of Chemistry, University of Wollongong, Northfields Ave, Wollongong, NSW, 2522,
Australia)

(13 Anhui University Institutes of Physical Science and Information Technology, Hefei 230601,
Chinag

Correspondence: Cheng Lichliu81@ustc.edu.gnLin Zhang ¢ghanglg@pku.edu.¢mard Yuan
Cheng(ycheng@hit.edu.cn)

Abstract:

Themajor air pollutant emissiortsave decreased and ttyeerall air quality has substantially
improved across China in recent years as a consequence of active clean airfpoliciggating
severe air pollution problem#s key precursors diormaldehyde (HCHO#aNnd ozone(Os), the
volatile organic ompounds (VOCs)n Chinaare still increaimg due to thelack of mitigation
measures for VOCdn this study, we investigatatie drivers ofHCHO variability from 2015to
2019over Hefei, eastern Chinéy using grounebased highresolutionFourier transform infrared
(FTIR) spectroscoppnd GEOSChem model simulatian Seasonal and interannual variabiliteds
HCHO over Hefei were analysedcand hydroxyl (OH) radical productionrates from HCHO
photolysiswereevaluatedThe relative contributions of emitted and photochemical sources to the
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observed HCHQvereanalysedby using ground levetarbon monoxideGO) and Q (Os + nitrogen
oxide (NO)) as tracers for emitted and photochemical HCHO, respectively. Contributions of
emission sources fronvarious categories and geographical regiaasthe observed HCHO
summertime enhancemsntvere determined by usinga series of GEOSChem sensitivity
simulatiors. The columnaveraged dry air mole fractions of HCH®4€Ho) reached anaximum
monthly mean value of 1.1 £0.23pbv in July and aninimum monthly mean value of 0.4 £0.11
ppbv in January. Th&ncro time seriefrom 2015to 2019over Hefei showed positive change
rateof 2.38 £0.71% per yearThe photochemical HCHO is tltmminant source of atmospheric
HCHO overHefeifor most of the year @1%). In the studied yearshé HCHO photolysis was an
important source dDH radicaloverHefeiduring all sunlight hours of both summer and winter days.
The oxidations of botimethane (Ck andnonmethane VOCs (NMVOCsjominate the HCHO
production over Hefei and constitute the main driver of its summertime enhanceiftemts.
NMVOCs relatedHCHO summertime enhancements wemminated by theemissions within
eastern Chinalhe obseved increasing change rate of HCHO from 2842019 over Hefei was
attributed to the increase photochemical HCHO resulting from increasing change rates of both
CH, and NMVOCs oxidations which overwhelmed the decrease in emitted HCH®is study
provides a valuablesvaluation ofrecentVOCs emissios andregional photochemicalapacity in
China.In addition,understanding the sourcesHi€HO is a necessary step for tackliaig pollution

in eastern China and mitigating the emissions of pollutants

1 Introduction

Formaldehyde (HEIO) is one of the most criticatoposphericpollutans, which not only
directly threatens humahealth butalso plays a significant role iatmospheric photochemical
reactiongFranco et al., 2013pnes et al., 2008otholt et al., 1992\ otholt et al., 2000yigouroux
et al., 2009 Indeed, the chemistry of HCHO is common to virtually all mechanisms of tropospheric
chemistry Chapter 6, Seinfeld and Pandis, 2D1burthermore, lte observationof HCHO
variability allows us to constraiwolatile organic compoursd(VOCs) emissions andmprove
currentunderstanding of the complex degradation mechanisms of V&@g.sRalmer et al., 2003;
Millet et al., 2008; Boersma et al., 2009; Stavrakou et al., 2009; Fe@bmisg et al., 2012;
Barkley et al., 2013; Marais et al., 2014, Streets et al., ZBaB;et al., 201)8

Naturalsourcesuch asiomass burningmissionand anthropogenisourcessuch as vehicle
exhaustsindustrial emissions, and coal combustioanemit HCHOdirectly into the atmosphere
(Albrecht et al., 2002dolzinger et al., 1999The emittedHCHO s mainly attributedo incomplete
combustion ands closely associated witthe emissios of benzene (gH120), toluene (GHsg), or
carbon monoxideGO) (Friedfeld et al., 2002; Garcia et al. 2008a et al., 2015 In addition
photochemicaformation of HCHOhasbeen identifiedrom the atmospheric oxidation pfethane
(CH4) and numerousnonmethaneVOCs (NMVOCSs), which are closely associated witine
formation ofozone Q3) or O« (O3 + nitrogen dioxide (NG)) or glyoxal (CHOCHO) (Chapter 6,
Seinfeld and Pandis, 201&iedfeld et al., 2002; Garcia et al. 20@Bang et al., 2020As a result,
the relative contributiorof emitted and photochemicalsources toatmosphericHCHO can be
estimated via linear multiple regression analysizethodthat aims at reproducirthetime series
of observedHCHO from a linear combinatioof the timeseries of CQor GH120 or GHsg ) and
O3z (or Ox or CHOCHO)as tracers foemittedand photochemicaHCHO, respectivelyFriedfeld et
al., 2002 Garcia et a).2006 Hong et al., 2018; Li et al2010; Lui et al., 201 Ma et al, 2016;Su
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et al., 2019 The separation betweemittedandphotochemicasources of HCHO is important for
improving the air quality imegaities (Garcia et al.2006.

The relative contribution of emitted and photochemical sources to atmospheric HCHO has

been analysed by using the GO (Friedfeld et al., 2002; Li et al., 2010; Lui et al., 2017; Su et al.,
2019), CO O« (Hong et al., 2018)c0i CHOCHO (Garcia et al., 2006nd CO/GH120/C7Hsi Os
(Ma et al., 2016}racer pais in variouspolluted environments. In thes¢udies, HCHO column
measurements were sometimes used as representative-slineaeconditions because the HCHO

has a vertical distribution that is heavily weighted toward the lower troposphere over polluted areas.

Improvedknowledge othecontributions of different emissicategorieand geographicakgions
to HCHO enhancemestis significant for improving the understanding of the HCpi©duction
regime, and furthefor regulatory and control purpos@dolina and Molina, 2002Surl et al., 2018
However, previousstudies have often concentrated thve separation betweeemitted and
photochemicalsources of HCHOwhile contributons of different emissiorcategoriesand
geographicakregionswere rarelymentioned or onlyanalysedqualitatively by using the back
trajectoriesanalysis techniqu@-riedfeld et al., 200ZFranco et al., 201&arcia et al., 2006; Hong
etal., 2018; Lietal., 2010; Luietal., 2017; Ma et al., 2016; Su et al.,.2018 studythe drivers
of HCHO variability over Hefei, eastern Chinavere mappedising grounebased highresolution
Fourier transform infrared (FTIRpectroscopyand GEOSChem model simulatiorBeasonaand
interannual variabilitie®f HCHO wereinvestigated andhydroxyl (OH) radical productionrates
from HCHO wereevaluatedin addition toseparation betweeasmitted and photochemical sources,
contributions ofdifferent emissiorcategoriesand geographicalegionsto the observedHCHO
summertimeenhancementerealsoinvestigated.

China has implementedl series ofctive clean air policies in recent yeawsnitigate severe
air pollution problemsTherefore the emissions of major air pollutants halecreasedand the
overallair quality has substantially imprové8un et al., 2019Zhang et al., 201%heng et al.,
2018. However,currentclean air policiedack mitigation measures for VOCsvhich are key
precursors of HCHO ands@Lu et al., 2018Zheng et al., 2018Yherecentincreasing trend in ©
in Chinawas largely attributed to the increas&/i@Csin recent yearfLu et al., 2019)Multi-year
time series of grounrtdased~TIR measurements of HCHO in this study providesaaluationof
recentregional VOCs emissiors over eastern Chind he degradatiorof HCHO provides a large
source of OH radical which play a significant role in atmospheric photochemical reactions
(Chapter 6Seinfeld and Pandis, 2016Jhe OH radical production ra&om HCHO photolysis
estimated in this studgrovide anevaluationof regional photochemicaktapacityrelated tothe
degradation of HCH®@ver eastern Chindn addition,understanding the sourcest€HO is a

necessary step for tackling the problems of poor air quality in eastern China and mitigating the

emissions of pollutants

The next section describeshe methodology which includes site description and
instrumentationthegroundbased-TIR HCHO dataset the 3¢regression model used to determine
seasnal and interannual variabilitiesf HCHO, the linear regression model uded source
separation and the GEOSChem sensitivity simulatiors used for source attribution. Section 3
reports the results faromparison with ground level in situ measuremeASHO variability on
different time scale sourceseparationandOH radical production rates from HCHghotolysis
Section 4 reports the results for source attribution using GE@8n sensitivity simulatiors.
Conclusions are presenténl sectionb.
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2 Methodology
2.1 Site descriptionand instrumentation

As shown in Fig.1, the FTIR observation site

is locatedbn an islandn the western suburbs tife megacitHefei (the capital of Anhui Province)
in eastern ChinéTian et al., 2017)The Anhui Institute HOptics and Fine Mechanics, Chinese
Academy of Sciences (AIOH@AS) directly operates this site on campus, adjacent to the Shu Shan
Lake that covers an area of 207.5kifhis area prevails southeast winds in summer and northwest
winds in winter. The regnal landscape is mostly flat with a few hills. The downtown Hefei is
located to the southeast of this site and is densely populated with seven million people. The site is
surrounded by wetlands or cultivdtéands in other directions. Locahthropogenicemissions
mainly come from theity andnatural emissions are originated from cultivated lands or wetlands.

The FTIR observatory consists of a high resolution FTIR spectromi&&125HR, Bruker
GmbH, Germany) ana solar tracker (Trackex Solar 547, Bruker GmbH, Germanylhe near
infrared (NIR) and middle infrared (MIR) solar spectiee alternatelyrecordedin routine
observations (Wang et al., 2017). The MIR spectra are recavilbda spectral resolution of
0.005cmt which follows the requirement®f Network for Detection of AtmospheriComposition
Change (NDACC,http://www.ndacc.org/last accessed on 3 June 2018 this study,the
instrument is equipped with a KBeam splitter, an InStbetector, and filter centered at 28 cnt
1for HCHOmeasurements. The entrarfiedd stop sizeanging from 0.80 td.5 mm was employed
to maximise the signal to noise ratio (SNR) consistent with the maximum frequency possible for
the selected wavenumber rangbe number of HCHO measurements eachmeasurement day
varied from 1to 17 with an average @. In total, there wer&23 days ofqualified measurements
between 2015 and 2019

Ground levelhourly meanconcentrationof CO, @, and NQ from 2015to 2019 were
provided by theChina National Environmental Monitoring Center (CNEM@tworkoperatedy
the Chinese Ministry of Ecology and Environment (http://www.cnemc.cn/en/, last access: 22 March
2020).The CNEMC networkhas monitored six ground level air pollutants (including C& N,
SO, PMio, and PMy) in nationwide sites in mainland China since 2013, and by 2019, it was
extended to more than 2000 sites in 454 cities. The datasets have been used in mang studies t
evaluate local air quality over China (Gao et al., 2018; Hong et al., 2018; Hu et al., 2017; Li et al.,
2018; Lu et al., 2018; Shen et al., 2019; Su et al., 201®).measurements taken at the nearest
CNEMC site were used in this study, which is apprately 700 m away from the FTIR site (Fig.
1(b)). The Oz and NQ measurementare based on a differential optical absorpspectroscopy
(DOAS) analy®r and the CO measurements are based on a gasitionrélter infrared analyar.
All analysers are regulartalibratedby the CNEMC staffs to ensure theasurement errors for all
gases are within 2%http://www.cnemc.cn/en/, last access: 22 March 2020)

Ground levell0-minute mearconcentrationef HCHO from 2017to 2019were provided by
a longpathDOAS instrument{LP-DOAS) located over approximately 900 m away from the FTIR
site (Fig. 1(b)) The LRDOAS instrument consists af 150 W xenon shegrc lampas the light
source, a telescopeéth diameter of 220 mm and fodahgth of 650 mm acting as th@nsmitting
and receiving componerdaretrareflectorand agratingspectrographrhe telescope and the retro
reflector were placed about 30 m above ground at two buildings whickaeted by a distance
of 350 mresuling in a total measuremeopticalpath of 700 mLight from xenon lamps directed
to the telescope and transmittediards to the retreeflector Reflectedight from the retrereflector

(


http://www.ndacc.org/

© 00 N O O WOWN P

=
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

41
42

is received by the same telescope and redirected to the spquitrégrapectral analysié fan is

installed in the emitter/receiver unit to avoid the influence p§€herated by the xenon lan#p.
similar experimental setup with LEDs as the light source have been demonstr&bdrbgt al.
(2012) andzheng et al. (208). The measurement error for HCHO by ttRDOAS is estimated to
be 3%(Chan et al., 2012; Ling et al., 2014)

Ground levelminutely mearconcentrationsf H,O from 2015to 2019were available from a
cavity ringdown spectroscopy (CRD@nalyer (G240, Picarro, Inc., USAhich is located
side by side with thETIR spectrometeiFig. 1(b)) The CRDS analyzesamples ambient ailon the
building roofnear the solar tracker doraad outputs bD concentrationvith a measurement error
of 1%.

2.2 Ground-based FTIR HCHO dataset
2.2.1Retrieval strategy

The SFIT4version 0.9.4.4lgorithm wasiused in theHCHO retrieval and the retrieval settings
were prescribedrom a harmorsation project described in Vigouroux et al. (2018)e refer to
Pougatche\et al. (1995) for more detaitsn the retrieval principke Total columnsand volume
mixing ratio (VMR) vertical profilesof HCHO are obtained from itgressureand temperature
dependent absorption lind=ur micrewindows (MWs)were used: two stronmeswithin 2778
2782cm ! and two weak lines within 27632766cm * (Vigouroux et al, 2018. The profiles of
CH4 and Q andtotal columns of HDO and PO were simultaneously retrievéa addition to the
HCHO profile for minimsing the crosénterference.

All spectroscopic absorption paramet@esebased on the atm16 litist fromthe compilation
of Geoffrey Toon(Vigouroux et al., 2018 In this atm16 line list, the HCHO and.® lines
correspondo the HITRAN 2012 database (Rothman et 2013).This HITRAN 2012 database
includes the latest improvedCHO parameters (broadening coefficients, Jacquemalt, &010),
which complement the release in HITRAN 20@othman et al., 2009) of new HCHO line
intensities fromthe same group (Perrin &t, 2009).The spectroscopic parametéos the lines of
H-0 and its isotopologues iatm16 are from Toth 200ttp://mark4sun.jpl.nasa.gov/data/spec/
H20O/RAToth_H20.tarlast access: 5 Septembéx®); some lines fromO3 and CH in the vicinity
of HCHO havebeen empirically adjusted or replaced with older HITR#¥sions in atm16 when
obvious problems were found in tRETRAN 2012 databas@/igouroux et al. 2018)

Thea priori profiles of temperature, presspyeend HO wereinterpolated from théational
Centers for Environmental Protecti®CEP) 6-hourly reanalysis data arlde a priori profiles of
other gases werfeom the averages dhe Whole Atmosphere Community Climate Modetrsion
6 (WACCM) simulatiors from 1980 to 2020The diagonal elements dhe a priori profile
covariance matrig: and the measurement noise covarianagimSgwereset to standard deviation
(SD) of the WACCMsimulationsand the inverse square of the sigtmahoise ratio (SNR) of each
spectrumrespectively. Th@ondiagonal elementsf both S, andSegwereset to zeroWe regularly
used dow-pressure HBr cell to diagnotiee instrument line shape (ILS) of thigh resolution FTIR
spectrometeat Hefeiand included the measured ILS in the retrieval (Hase et al., 2012; Sun et al.,
2018).

2.2.2Averaging kernels and error budget
The verticainformation contained in the FTIRtrievals can be characterized by the averaging
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kernel matrixA (Rodgers, 2000). The rows &f are the so called averaging kernels and they
represent the sensitivity of the retrieved profile to the real profile. Their full width at half maximum
(FWHM) is a measure of the vertical resolution of the retrieval at a given altitude. The area of
averaging kernels represents sensitivity of the retrievals to the measturéhisrsensitivity at a
specific altitudeis calculated as the sum of the elements of tmeesponding averaging kernels
(Vigouroux et al. 2018. It indicates, at each altitude, the fraction of the retrieval at each altitude
that comes from the measurement rather than frona thiori information (Rodgers, 2000). A
value close to zero at artain altitude indicates that the retrieved profile at that altitude is nearly
independent of measurement and is therefore approachirgygheri profile. The trace of the
averaging kernel matrii is the so callediegrees of freedom for signal (DOFS) and it quantifies
the number of independent informatiorttie retrievedvertical profile.

Fig. 2 shows the averaging kernels, cumulative sum of DOFS, and pidgite of randomly
selected HCHO retrievalt Hefei The groundbased=TIR measurements of HCH&t Hefeihave
a sensitivity largethan 0.5 from the ground tdaut 15 km altitudeindicatingthatthe retrievals
are mainly sensitive tihe tropospherél hisalsomeanghat the retrieved profile farmation above
15 km comes forless than 50% from the measorent, orin other words, thathe a priori
information influences the retrieval by more tha@%.The typical DOFSQwer the total atmosphere
obtained aHefei forHCHO is1.2+0.2( 1,impaning that weannotprovide more than one piece
of information on the vertical profile. This is the reason dimdy total column®f HCHOor column
averaged dry air mole fractions of HCH®w€Hno) are discussed in this paper amot vertical
profiles.As expected bthe lowDOFS, theshape of the retrieved profiehichis heavily weighted
toward the lower tropospheigvery similarto the shape of tha priori profile (not shown here)

We calculated the error budget talling the formalism of Rodger2@00, and separatedla
error items into systematic or random esralepending on whether they are constant over
consecutive measurents, or vary randomly. Tablesimmarizes the random, systemadiag the
combined error budget fdotal columnof HCHO demonstrated in Fig.. Zhe input covariance
matrix of temperaturdnas been estimated using tliferences between an ensembf NCEP and
Sonde temperaturprofiles near Hefei, leading to 2 to 5 Ktime tropsphere and 3 to K in the
stratosphereror each interfering spexs, the associatetvariance matrixvereobtained with the
WACCM v6 climatology. The input covariancenatrix of measurement error are basedtbe
inverse square of tHteNR of each spectrurfsee section 2.2.1The FTIRspectrometeat Hefei is
assumed to be not far from the ideal condition, hadrtput uncertainties follskground curvature
optical path differencdield of view interferogranphase and ILSareestimatedo bel%. For the
HCHO spectroscopic parameters, the list in atm16 follows HITRAN 2012 (Rothman et al.,
2013), which used the work of Jacquemart et al. (2010)wandse 10% fdiine intensity, pressufrg
andtemperaturédroadening coefficientgor each individualetrievalparameteandthe smoothing
errar, theinput covariancenatrix areprescribed from theptimal estimatiometrievaloutput

We sedrom Table Ithatthe major random errsfor HCHO retrieval at Hefearemeasurement
noise (1.59%), smoothing error (0.83%), aedhperature uncertaint§0.61%), and the major
systematic errarareline intensity uncertainty9.04%) and Ine pressure broadening uncertainty
(6.60%). Total randomandsystematicerrors are estimated to bk 71%and11.24%, respectively.
Total retrieval error calculated aguare root surof the squares dbtal random andystematic
erross is estimated to bE2.2%%.
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2.3 Regression model foseasonal andnterannual variabilities

The ®asonality and interannual variabildHCHOfrom 2015to 2019were evaluated using
a bootstrap resampling methddllowing that of Gardiner et al. (2008 sar di ner @&t
method has been used bwmy studiego estimate theariability of atmosphericompoundsn
different time scalesrcludingGardiner et a] 2008;Jones et al2009;Sun et al., 2018; Sun et al.,
202Q Tian et al., 201 ?Viatte et al., 2014Yigouroux et al., 2015; Vigouroux et al., 2078ng et

al., 2012 Franco et al., 2096The followingnonlinearegression modef 0 was applied to
fit the FTIR time serie®f HCHO @ 0:
® 0 o 0O -0 p
. s e .‘~..é/\_© oo n0 10 1AC
W 0O O 00 0 Al 0 OE+— o0 Al 6= o0 OE+— C
cQUu o@Qu cQu oQu
, ® 0 o
(0 =] — - p T o
W o

where Ay is the interceptA; is the annual growth rat andAi/Ao is the interannuathange rate
discussed below. e A2 As parameters describe the seasonal cydke the measurement time
elapsed since 2018nd0 (répjesents the residséletween the measuremsand the fitting model.
Generally, the bootstrap resamplingnodelc a n 6 t  theadiprhaliayode of an atmospheric
compoundwith a large diurnal variabilityn order to minimize this influenceye performedthe
regressiorfit on daily meandatasetandincorporated the error arising frotime autocorrelation in
the residual into the uncertainty in ttieang ratefollowing theprocedure ofSanter et al., 2008)
Fractional differences of FTIRCHOtime series relative to their seasl mean valuserepresented
by @ 0 were calculateth equation (3) t@nalyseseasonal enhancemsnt

2.4 Regression model fosourceseparation
The emitted and photochemical HCH@ere separateldy usingground level CO and {03

+ NQO,) astracersrespectivelyThe methodology in this studgllows that ofFriedfeld et al. (2002)
which has been used extensively in source separation for atmospheric H€kdirfg Friedfeld
et al., 2002Garcia et al., 200&:1ong et al., 2018 et al., 1994;Li et al,, 2010, Lui et al.2017;
Ma et al., 2016, Su et al., 2019; Wang et al., 2008er polluted atmosphere z@acts withitric
oxide (NO)emitted from vehicle exhaust to form N@n this case, Oz + NOy) is in principle a
bettersurrogateof photochemical processasit alsoaccounts for titrated §Garcia et al., 2006;
Li et al, 1994. Therefore this studyuses Q as a tracer for photochemicblCHO. A linear
regression modetas usedo establish a link among the time seé$ICHO, CO, and Q(Garcia
et al., 200§ The observed HCH@b 0 can be reproducdua the following linear regression
model &® 0:

® 0 0O -0 T

@ o | | ® o | @ 0 v
wh e r,e1, W anactk cdéfficients obtained from the multiple linear regressiotfitvhich is

al

neither classified as emitted or photochemical contributions represent the regional HCHO condition

int he backgr ou nigthe @missionggicioeHCEIQ with respect to,@@dl; denotes
the portion of HCHO from photochemical prodoctiU ( t ) fitting restdirjwhich is assumed
to be independent withiconstant variance aradmeanof zero (Garcia et al., 20060 0 and

® 0 areground leveMVMR time series of CO and\OrespectivelyThe relativecontributions

of emitted Re), photochemicalR,), and backgroundR;) sources to the observed HCHO can be

(2
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calculated byFriedfeld et al., 200X5arcia et al., 2006; Hong et al., 2018¢t al. 2010, Lui et al.
2017;Ma et al., 2016; Su et al., 200M¥amg et al., 201%
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To compareheresults, theegressioranalysis in Garcia et al. (2006) was run using subsets of
daa, which comprisea comparable number of data points for eaonhsideredime period. By
dividing the data into several periods of interest, it is possititener the residual and improve the
fitting correlation (Garcia et al., 2008}arcia et al. (208) also concluded thdhe fitting results
weremore robusby using arealbackgroundralueto initialize the regressioranalysis Generally,
thisinitial backgroundevel can beapproximated by the measurement infitleard atmosphere at
a rural site oderived from statistics of previous studies in the studied rg@ancia et al., 2006;
Hong et al., 2018; Ma et al., 2016; Su et al., 2019; Wang et al., 2015jindings of Garcia et al.
(2006) has been used by many stsdi source separation for atmospheric HCHO (includiong
et al., 2018Li et al., 2010, Lui et al., 201Ma et al., 2016, Su et al., 2019; Wang et al., 2(A&r
multi-year time series of HCHO in this studye groupedall measurementdy month and
performed theregressionanalysis for source separation on a monthly baBie empirical
background level of previous studies in ¥amgtze River Delta (YRDjegion was used to initialize
the regression analysis.

2.5 GEOS-Chemsensitivity simulations
2.5.1 GEOS-Chemmodel description

The drivers of the observedHCHO variability were determined by usinthe GEOSChem
chemical transport modekrsion12.2.1(Bey et al, 2001;http://geoschem.org, last access on 14
February 202D GEOSChem is a global3 chemical transport model capable of simulating global
trace gas (more than 100 tracers) and aerosol distribuliba§&SEOSChem modeimplementsa
universal tropospheristratospheric Chemistry (UCXhechanism Eastham et al., 2014All
simulations wee performed in a standardGEOSChem full-chemistrymode with a horizontal
resolutionof 2° x 2.5° andwereinitialised for one year (July 201#b July 2015) to remove the
influence of the initial conditionslhe model idriven by theGoddard Earth Observing System
Forward ProcessingGEOSFP) meteorological fields at a horizontal resolution @i 2.5
degraded from their native resolution of 0.287.3125°? The temporal resoluti@arel hour (hr)
for surface variables and bounddayer heightand 3 hr forother variablesThe photolysis rates
were obtained from the FASIX v7.0 photolysis scheme (Bian and Prather, 2002). Dry deposition
was calculated by the resistarineseries algorithm{\Wesely, 1989; Zhang et al., 2008nd wet
deposition followed that of Liu et al. (200T)he GEOSChemmodeloutputs 72vertical layersof
HCHO VMR concentratiomranging from the surface to 0.01 h&aa temporal resolution of 1rh
This studyonly consideredhe HCHO simulationsfrom 2015to 2019in the gridbox containing
Hefei(31.52132.17N by 116.537 118.02E).

Emissions in GEO&hemare processed through the HarniddSA Emission Component
(HEMCO) (Keller et al., 2014)'heanthropogeniemissions were from the Community Emissions



© 00 N O O WOWN P

N NDDNDNDNDNMNDNDNNMNDNMNNRPRPRPRPRPREPRPEPERPERPRPREPPRE
© 00 ~NO Ol A WNPFP O O oo ~NO O M WDN P O

30
31
32
33
34
35
36
37
38
39
40
41
42
43

Data System (CEDShe latesP015conditionis used for the model simulatipimventory(Hoesly

et al.,2018, which overwriesregional emissionsver Asiawith the MIX inventory(Li et al., 2017;

Lu et al., 2019; Zheng et al., 2Q1# particular, the latest Chinesathropogenie@missions for
2016 and 2017 from the Multresolution Emission Inventory for China (MEIC;
http://www.meicmodel.org, last access: 14 April 2020) wenglementedLu et al., 2019Zheng

et al., 2018)The MEIC is a bottorup emission inventory with particular improvements in the
accuracy of unibased power plant emission estimates (Liu et al., 2015), vehicle emission modelling
(Zheng et al., 2014), and thMVOCs speciation method (Li et al., 201Qlobal biomass burning
emissions werfrom theGlobal Fire Emissions Databagersion 4(GFED4) inventory(Giglio et

al., 2013) Biogenic emissions werdrom the Model of Emissions of Gases and Aerosols from
Nature (MEGANVversion 2.} inventory (Guenther et al., 2012and soil NOy emissionswere
calculatedollowing the methoaf Hudman et al. (2010, 201lixing ratios ofCH4 are prescribed

in the model based on spatially interpolated monthly mean su@Blgeobservations from the
NOAA Global Monitoring Division for 19882016 and are extended to 2020 using the linear
extrapolation of local 2012016 trends (Murray, 2016).

Total emissions of atitmospheric compoundis 2016 and 2016ver China by category are
summarized in Table M this study, weseparated the anthropogenic emissiato fossil fuel and
biofuel emissions. The global biofuel inventory is only available for the year 2015. The number of
atmospheric compoundmd the emission amounits the biofuel emissioninventory are much
smaller tharthosein fossil fuelemissioninventory.In addition, he combination of biogenic and
biomass burning emissions is referred to as natural emiSsitai.annual Chinese anthropogenic
emissions of NQandNMV OCs are, respectively, 22.5 a@®.4Tg in 2016 and 22.0 arzB.6Tg
in 2017.Total annual Chinese natural emissions ofM@INMVOCs are, respectively, 1.7dnd
27.16 Tg in 2016 and 1.56d28.02 Tg in 2017Theanthropogenic emissioms all atmospheric
compoundsare dominated by fossil fuel emissions ahe natural NMVOCs emissions are
dominated by biogenic emissionde canno separate the CHemissiors into anthropogeniand
natural emissiamsince tle CH4 concentrations are prescribedsed oiNOAA measurementsnd
hence cannot be shut off the same way as for other emission inveMdiéad 1% increasein
CHjs concentration over eastern China in 2017 relative to 01&t al., 2019)

2.5.2 GEOS-Chem model configurations

First, we conducted standardfull chemistry simulation lereafterBASE) including alll
emission inventories adescribedn Table 2and tookit as the referencerhen, we conducted
series ofsensitivity simulations tassess thehange ofach sensitivity simulation relative to the
BASE simulation We followed the method dfranco et al. (2016nddid not shut offthe CHa
inventoryin all sensitivity simulatios, i.e., CH, concentrations werstill derived from the NOAA
measurementas for theBASE simulation. The model configurations used in this study are
summaried in Table 3and were designed as follows.

(i) To analyse the contributisrof different emissioncategories each individual emission
inventory wasshut offto evaluate the change of the simulation in the presence of all other emission
inventoriesThus, the relative contribution of each emissiategorywas estimated as the relative
difference between the GE@Zhem simulation in the psence and absence tbat emission
inventory We have conductedbfir suchsensitivity simulations byshutting off (1) fossil fuel
emission inventoryincluding emissions from agriculture, industry, power plant, residential, and



© 00 N O O WOWN P

NDNDRNNNMNNNNNNRRRRRRRERRR
N O OB WNRPROOOWNO® U NMNOWNIRO

28
29
30
31
32
33
34
35
36
37

38
39
40
41
42

transport), (2) biogenic emission inventory, §8)mass burning emission inventpayd (4) bofuel
emission inventoryTable 2. When an emission inventory wahut off global emissions oéll
atmospheric compounsdh this inventory wereset to bezero.

(i) To analyse the contributienof different geographbal regions, the emission inventory
clusterswithin each geographical region westeut offto assess the change of the simulation in the
presence oemissionsoutside tlat geographical region. Thus, the relative contribution of each
geographical region was estimated as the relative difference between theGRE@Simulation
in the presence and absencehaf emission inventory clustenrsthin that geographical region've
have conductediie suchsensitivity simulationsby shutting of the emission inventory clusters
within five geographical regionslere he emission inventory clusteege definedasall emission
inventories except CHnventory in Table 2. When themission inventory clusters in a specific
regionwereshut off emissions ofll relevant atmospheric compounds withiattfegion wereset
to be zero. The geographical regions are shown in Fig. 1(a) and the resdkingitatiors are
summariged in Table 3The delimitatios of these geographical regioasebased on the levebf
urbanization and industrialization in Chifegion it in Fig. 1(a) only coverafew sparsely city
clusters representing the region with least population and industrializa€nina (Lu et al. 2019).
Regionsre, v, and s cover the North China Plain (NCRJRD, and Pearl River Delta (PRD)
city clusters, respectively, which are the threestmdeveloped city clusters facirsgvere air
pollution in China. Regior’® covers the Sichuan Basin (SCB) and central Yangtze River (CYR)
city clusters with newly emerging severe air pollution in China.

Regional air quality is not only influenced by local emission but also by long range transport.
In addition, a reduction ianepollutantmay affect theconditionsof manyatmospheric compounds
via a chain of complex atmospheric chemical reacti®@assitivity simulationsn this studywere
performed byshutting off all atmospheric compoundsmultaneously rather than the HCHO
precursornly. This approactprovides an evaluation for the consequence of the recent clean air
policieswhich affectnot onlyHCHO precursors but also many other atmospheric pollutants (Zheng
et al., 2018)

3 FTIR HCHO dataset over Hefei

The FTIR measurements takevith a solar intensity variation (SIV) of larger than 1@
retrievals withDOFS of less than 0.7 oootmeansquare (RMS) of fitting residuats largerthan
2% wereexcludedin this studyThisfilter criterion excludedthe measuremengeriouslyaffected
by instableweatheiconditionsor bythea priori profile due tolow measuremerimformation content
in less favourable observational conditions, e.g., around noontime when the probed atmosphere is
thinner, or in winter when HCHO is less abundslith this criterion, 12.4% of FTIR measurements
wereexcludedin subsequendtudy. For the ground level iiits datasets provided by tteNEMC
site, LRDOAS andCRDS analysexy the measurementsllected during maintenance, adjustments,
and calibrationsvere excluded, as well as measuremealiected during electricitfailures.

3.1 Comparison withLP-DOAS dataset

The LRDOAS ground level HCHOmeasurements nearest to each individual FXiBHo
measurement weracluded for comparisormhe temporal difference between FTIR and®AS
dataseis within £5 minutes. Correlation plots of FTIR{+cHo measurementagainst LPDOAS
ground level HCHO measurements are shown in Figh&.results show that the HCHO variability

10
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observed by FTIRind LRDOAS are in good agreement with a correlation coefficiéhiof 0.88.
The amplitude of the LIDOAS ground levelmeasurements is on average %i@%es thatof the
FTIR columnaveragedneasurementd his means HCHO column measurements at Hefei can be
used as representative of nearface conditionsAs a resultthis study useé a constant factor of
7.89 to scale theolumnaveraged HCHO concentration to ground level HCHO concentration
vice versa

Over polluted atmospherdneg HCHO column measuremeten be useds representative of
nearsurface conditionbecausdHCHO is a tropospheric gas ahds a vertical distribution that is
heavily weighted toward the lower troposphé@#artin et al., 2004)As shown in Fig.2(c),he
HCHO concentration decreased ;76 with an increasa the height from surfac® 3km and
continued to decreasowly in the troposphere abovekth. The HCHOpartial column below 3
km accounted for 61% of HCHO total column This percentage is expectedstoowlessseasonal
variationsincethe shape of the retrieved profile is very similar to the shape @f phieri prdfile
due to the low DOFS$Fig. 2 (c)). Many studies have taken advantagehi$ favorable vertical
distribution of HCHOto derivesurface emissions of VOCs from spaeeg( Palmer et al., 2003;
Millet et al., 2008; Boersma et al., 2009; Stavrakdial., 2009; Fortem€heiney et al., 2012;
Barkley et al., 2013; Marais et al., 20Btreets et al., 201&ao et al., 2008 Meanwhile, the use
of HCHO column measurements to explore troposphefiseDsitivities has been the subject of
several past gtlies,which disclosed that this diagnosis of @roduction rate (P¢) is consistent
with the findings ofsurface photochemistifgg., Martin et al., 2004; Duncan et al., 20C0pi et
al.,, 2012; Witte et al., 2011; Jin and Holloway, 2015; Mahajan ef@L5; Jin et al., 2017
Schroeder et al. 201 7Source separation of atmospheric HCHO in Hong et al. (2848%u et al.
(2019)also takerthe advantage that column measurements of HCHO are fairly representative of
nearsurface conditions.

3.2 Seasonaland interannual variabilities

We have used thieootstrap resamplinmethod ofGardiner et al. (2008)ith a 39 Fourier
series plus a linear function to KTIR daily meartime series 0Xucro (Fig.4(a)) Generallythe
measured features in terms sgfasonalityand interannual variabilitfrom 2015to 2019 can be
reproduced byhebootstrap resamplingiodelwith a correlation coefficient?) of 0.81 TheFTIR
XucHo roughly increases over time for the first half of the year and decreases over time for the
second half of the yedFig. 4(b). The XucHo reached a maximum monthly mean value of (1.1 +
0.27) ppbv in July and a minimum monthly mean value of (0.4 £0.1&y pop JanuaryThe FTIR
XncHo valuesin July were on average 1.75 times higher than those in Jafhuaeym of HCHO
total column, thenaximumand minimurmmonthly mean valueare(1.68+0.39) and(0.66+0. 16)
x 10 molec cn?, respectivelyThe annual mean values Xficho andHCHO total column over
Hefei are(0.55 +0.14) ppbvand (1.04 +0.27) x 10*® molec cnv, respectivelyAs commonly
observed, the seasot#CHO enhancemestspanned avide range 0f-50.0%to 60.0% depending
on the season and measurement {jRig. 4 (b)). TheobservedHCHO time series from @15 to
2019 showed a positive change rat€2.38 +0.71) % per ea (Fig. 4 (g). This postive change
ratein HCHO concentration over China was in agreement with the positive trends observed by the
spaceborne Ozone Monitoring Instrument (OMI) from 202014 by De Smedt et al. (2015) and
from 2005to 2017 by Zhang et al. (2019).

RecentlyVigouroux et al(2018) presented aunprecedented harmonizBl€HO total column

11



© 00 N O O WOWN P

S
N R O

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

daasetfrom 21 grounebased FTR stationsaround the glohelTheseFTIR stations sampla wide
range ofHCHO total columns from 0.1 to 2.2 10'® molec cn? and areclassified asclean,
intermadiate, and highevel HCHO stationsVigouroux et al.(2018 found thathigh levels of
HCHO aretypically observed at thplaceswhich are affected blarge anthropogenic emissions
such asToronto and MexicCity (means 0f0.95 and 21x10' molec cnr), or affected by large
biogenic emissionsuch adVollongong (mean 0d.79x10% molec cn?) andPorto Velho, located

at the edge of the Amazaeainforest (nean of1.9x10'® molec cn¥). In comparison,tte Hefeisite

is affected by botAnthropogeniandbiogenic emissions due to the surrounding megacity, wetlands
andcultivated lands (see section 2.1 h& HCHO total columns at Hefei are comparable with those
at Toronto and are lower than thosd/aixico City and Porto Velhowith the classification criteria

in Vigouroux et al(2018, the Hefei sitean be classified as a hitgvel HCHO statiorand has the
third highestevels of HCHOconcentratioraround the glohe

3.3 Separation betweeremitted and photochemical sources

The CNEMC ground levelCO and Q measurements nearest to each individual FXi{Rio
measurement were included feource separatiohe temporal difference between FTIR and
CNEMC dataset isvithin £30 minutes. For the polluted atmospheoger Hefej it isimpossible to
directly measure the backgmd HCHO concentraticend thusnempirical value derived previous
studies in theYRD region was usediccording to theground leveimeasurements of HCHéx a
rural sitein the YRD region by Ma et al. (2016) aMdang et al. (2015), the background level of
HCHO near the surface was approximateQpbv in springtimeWe scaled thidbackground level
(2.0 ppbv) intocolumnraveraged concentratiomith the scale factor deduced in section, &id
coupledthe resultig valuewith a 3¢ Fourier series to reconcile the seasonal difference in HCHO
backgroundAs a result, the fitting proce#s this studywas initiated by assigning the background
with a3 Fourier series with an amplitude of 0.22 ppBarcia et al. (208) carried out a series of
sensitivity tests by using series oémpirical background concentratidiesinitialize the regression
analysisGarcia et al. (2006) found thidie percent fraction of emitted HCHO is almost constant
all sensitivitytests but the percent fractions of background and photochemical HCHO contributions
are anticorrelated, and scale linearly with thackground valueThe fact thatphotochemical
HCHO decreases as the background HCHO increases, suggests a relatidraokgineindwith
photochemistry rather than emission sour¢€srcia et al., 2006 It is worth noting that
imperfections in source separation with this regression model are likely to become significant in
certain casesln this study,photochemicaHCHO productn from CHs4 oxidation in the free
troposphere whichan hardly be accaoted for by the in situ tracers is in factoneouslyor at least
partly)interpreted background HCHQh &ddition the measuremenigith large temporal variations
of HCHO/COor HCHO/Ocratiosge ner al |y canét be reprhlontbrec ed
sophisticated mukiegression model might be able to reduce the uncertainties, but this is beyond
the scope of present work.

Seasonal variabilities of absolute and relategtributions of emitted, photochemicaind
background soursdo the observelicro areshown in Fig5. The correlation coefficient value?)
from the regression analysis indicates the proportion of HCHO measurements that can be
reproducedy the regression model (Green, 1998). The results indicate that this propoftion is
all subsets of dasetwell above80%, and up to 2%, reflecting that the CQ tracer paifi while
not perfecti generally replicates well the observatioBsatisti@al modelling results for relative
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contributions of differensources to the observé@cro from 2015to 2019arelisted in Table 4
The relative contributions of emitted and photochemical sosisganned avide rangeof values
throughout theyear, however,the relative contributiors of the background sourcerereroughly a
constantvalue Depending on measurement tigied seasqrthe relative contributiors of emitted
source varied from 14.0% to 58.0%, andrelative contributiors of photochemical soursevaried
from 20% to 82%. On average, thelativecontributions of emitted, photochemicaihd background
sources tdhe observedXncro from 2015to 2019were29.0+ 19.26, 49.2+ 18.8%, and21.8 +
6.1%, respectivelyAs evidencedn Table 2, theemittedHCHO are mainly from fossil fuednd
biomass burning emissionk addition tooxidation of CHs, oxidations of both fossil fuel and
biogenic NMVOCs could have large contributions tahotochemical HCHO which will be
discussed in detail in section 4.2.

All measwvemenswere further separatéto emitted-dominatedr photochemicatlominated
measuremestaccording toa larger contribution to theobservedXucho (Table 4. Generally,
photochemical HCHO is thdominantsource oitmospheritiCHO overHefeifor most of the year
(68.1%). The largestcontrastbetween photochemical and emitiaderns of dominationpercent
fractionoccursin the afternooiafter12:00a.m.local time(LT)) in summer and autumdJA/SON
seasonwhen he photochemistryfor HCHO formationis enhancedIndeed,the LRDOAS
measurements in this study andny previous studies with eithiarsitu datasig(Li et al., 2010, Lui
et al., 2017Ma et al., 2016, Wang et al., 201d)remote sensing datat(De Smedt et al., 2015
Vigouroux et al., 2018; Franco et al., 20P@ters et al., 20123)isclosed that the typical diurnal
modulation of HCHO at midatitudesshows a pronounced peak in the early afternoon.

3.4Hydroxyl (OH) radical production from HCHO
Photolysis plays a significant role in the degradation of HCHO and one of its two photo
dissociative paths provides a large source of OH radicals. The photolysis pathways of HCHO to
form the OH radical are summarised as follows (Chapter 6, Seinfeld adid,P201.6):
0600 ©° "0 06 01 oximi ©0 60 W

O 0 °"Q) p T
W60 0 O 60 pp
" 00000 00 P C

In air, the photolysis of HCHO first generates a hydroperoxyl-jH@dical at wavelengths
below 370 nm. Then, HCrapidly reacts with NO to gendeathe OH radical, and subsequently
affects the oxidative capacity of the atmosph@&eséanzini et al., 200®plkamer et al., 2010).
Under steadstate conditions, the total OH radical production rate from the photolysis of HCHO
through the above chairf actions is:

noo
Qo
where [HCHOQ] isthe concentration of HCHO ardd is the photolysis constant of reaction (9). In
comparison, applying steady state to reactionsi(14%),

cL "00 00 po

0 OO 0 pO pT
6pO0 O © { o0 0 p UL
0 pO OO0 © ¢ (o))

the total OH radical production rate from3 ® given by (Chapter 6, Seinfeld and Pandis, 2016),
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06 Y@ o X
where [Q], [H20], and [Mu] are the concentrations of;CH,O, and airrespectively;J. is the
photolysis constant of reaction (14); da@dndke are the reaction rate coefficients for (15) and (16),
respectively.

In this study, potolysis rate constants for HCHO anghi@re available from the GEGShem
simulation, and the reaction rate coefficients were calculated according tolanowet procedre
(Table B1; Seinfeld and Pandis, 2016). Surfidg® concentrations were available from an in situ
CRDSanalyser. For the atmospherg®: mixture at 298 K, the values kf andk. are 2.9 x 101
and 2.2 x 10 cm® molecule's?, respectively. The atoncentration [M] is 0.99 molecules crh
(Chapter 6, Seinfeld and Pandis, 20T8)e concentrations of HCHO and ®ere based on FTIR
observations and thENEMC network respectively. To reconcile the difference between the
ground level concentrationand columnaveraged concentratiorgll individual FTIR Xucho
concentrationsvere converted to ground level VMR4th the scale factor deduced in section 3.1
For the ground level ¥0 and Q datasets, only measurements nearest to each individual FTIR
measvement were considered. The temporal difference between FTIR and CNEMC (@RDS)
within £30 minute (£30 second).

The total OH radical production rates from the photolysis of HCHO arficbm 2015t0 2019
overHefeicalculated via equation&3) and (17are shown in Fig..@-or both gases, the OH radical
production rates in summertime are higher than those in wintertime. Generally, OH radical
production rates from the photolysis of HCHO are comparable with those from the photolysis of O
in all seasonsln wintertime whenthe concentrations in £and HO are low, or when emitted
sources dominate the HCHO measurements, OH radical production rates from HCHO photolysis
are higher than those fro®s photolysis.In other seasons, whélme concentrations in€and HO
are high, or when photochemical sources dominate the HCHO measurements, OH radical
production rates from HCHO photolysis are lower than those ®gphotolysis.On average, the
OH production rate from £photolysis is 6.1% higher than that fradCHO photolysisThe results
clearly indicate that HCHO photolysis was by farieaportant source of OH radicalver eastern
China during all sunlight hours of both summer and winter days.

4 Source attribution by GEOS-Chem sensitivity simulations
4.1 Model evaluation

The GEOSChem model was used to evaluagdative contributions of various emission
categoriesand geographicakgionsto the observed HCHO summertime enhancesnéot nodel
evaluationtheobserveXuncro seasonal cyclwas compared to the GEEEZhem BASE simulation
to investigate the chemical model performance for the specifics of polluted regions over eastern
China. As the vertical resolution of GE@®hem is diferent from the FTIR measuremgerat
smodhing correction s applied tathe GEOSChem profiles. First, the GEGShemdaily mean
profiles of HCHO were interpolated to the FTIR altitude grid to ensure a common altitude grid.
Since the FTIR instrument only operates during daytime, the average for-GEgD$simulatios
is only performed during daytime from 9:00 to 17:Q0. The interpolated profiles were then
smoothed by theseasonameanFTIR averaging kernels aral priori profiles (Rodgers, 2000;
Rodgers and Connor, 2003he GEOSChemXucHo concentrationsverecalculated subsequently
from the smoothed profildsy using the corresponding regridded air density prdfitea themodel.
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Finally, the GEOSChemXucHotime serie®nly for the days with available FTIR observatiovere
averaged by month amdmpared wh the FTIRmonthly meardata.

Fig. 4 (a) showsthe comparison oflaily mean time series 0fucho between the FTIR
observation and the smoothed GEOIem model simulation from 201 2019. Fig. 4 (b)
compares theeasonal cyckederived from Fig. 4 (a) for the days with available FTIR observations
only. The observed dafp-day variability canot be always reproduced by the GEORem
simulation, especially in the trough and peak of the measure(fémntg(a)) This can be partigl
explained by the fact thahany oxidation pathways of VO£ precursors leading the HCHO
production, which are numerous, might not be optimally implemented (especially verjistbrt
VOCSs) or merely not considered in the mo@lghanco et al., 20261n addition, large uncertainties
remain concerning the various sources of precursor emissions, their geographical distrémdion
how these sourcesan influence the air masses opetlutedsites such as Hefdrinally, GEOS
Chemaverage#HCHO concentratio over a large coverage area due to its relatively coarse spatial
resolution (here I 2.5M). The Hefei sitds located in a densely populated and industrialised area
in eastern China. The regional differeacm HCHO concentration could aggravate the
inhomogeneity within theselected GEO&hem coverage grid celwhich also affects the
comparison with observationbleverthelessthe measured feature in temwh seasonatycle of
HCHO loadings over Hefetan be reproduced by GE&@Hhem simulationsith a correlation
coefficient ¢?) of 0.78(Fig. 4(b)) The averaged difference between GECI®m and FTIR dasat
(GEOSChem minus FTIR) ig0.05+0.2 ppbv €2.6+£10.4%), which is within the FTIR uncertainty
budget. As a result, GE@Shem can simulatthe concentratiorandseasonavariationof HCHO
for the heavily pollutd regions over easte@hina.Previous studies have also found thktbal
chemistrytransportmodek wereable toreproduce the absolute values as well as seasonal cycles of
the groundbased FTIRHCHO observationsn the othermars of the world(Franco et al., 2016;
Vigouroux et al., 2018

4.2 Emissioncategory contribution to HCHO enhancement

In this part of the stugyhe summertime HCH@odelsimulatiors areanalysé to assesshe
contributionof each emission categdiythe maximum seasonal enhancemm#mbughout the year,
Fig. 7 (a) shows @ily meanXucro time series averaged thesummes of 2015to 20190overHefei
simulated by GEO&hem, according to tHRASE andsensitivity (i.e., noFF, noBVOC, noBB, and
noBIOF) simulationsFig. 7 (b) presentselative contributiorof each emissionategorycalculated
as the relative difference between the BASE simulation and the corresponding sensitivity simulation
(in %).

As can be seemiFig. 7 @) and(b), shutting offemission sourcesf fossil fuel and biogenic
significantly impactghe simulated HCHGummertimdoadingsoverHefei, with theXycHo derived
from either the nBFor naABOVC simulatiorsreducedy 101 65%r eldive totheBASE simulation.
Howevershutting offbiomass burningnd biofuekmission$iave almost no effect ahe simulated
HCHO summertimdoadingsover Hefei, with the XucHo derived from either the BB or naBIOF
simulatiors reducechy less than 3%elative tothe BASE simulationln addition, the variations of
the influences ofnoFF andnoBOVC are also much larger than thosienoBB and noBIOF.
ModelledXcHo summertimesimulationdrom 2015to 2019wereon averageeducedy 0.18, 0.23,
0.01, and.01ppbv in the absence of fossil fuel, biogenic, biomass burning, and biofuel emission
inventories, respectively, whidontribute24.98, 29.81, 1.0and0.9%% to theHCHO summertime
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enhancemest(Fig.Al). The anthropogenic emissions accounted &%.93% and the natural
emissions accounted f80.81%6 of the HCHO summertime enhanceng@ontributions of fossil

fuel and biogenic emissions are much larger than those of biomass burning and biofuel emissions
because of largsiMVOCs emissiongrom fossil fué and biogenic sourcg3able 2)

The remaining contribution was calculated as the difference between the BASE simulation and
the sum of allemissioncontributions as estimated from thensitivity simulationsandwas 0.3
ppbv @3.2®6). This remainingcontributioncan be largely attributed the global CH emissions
and thenonlinear interactional effects among different sources which were not captured by the
sensitivity simulationslndeed,shutting offsomeemission sources ithe GEOSChemsensitivity
simulatiors eventuallyresuliedin slightly enhanced HCHO amounts (by1.5%) compared to the
BASE simulation asshown in Fig. 7(bfor thenoBIOF simulationand, toa lesser extent, for the
noBB simulation during later summen these paitular casesshutting offan emission inventory
may inducesignificantly lower concentrations imany atmosphericompound globally, some of
which mainly react with OH. Thisvould lead tohigher OH concentrations available for the
oxidation ofHCHO precursorsandeventually enhances the HCHO producfi@m other emission
categoriegFranco et al.2016. However, it is difficultto quantify the nonlinearimpact ofeach
individual emissiorcategorysincethetypes of atmosphericompound and theirconcentrations in
each emissiorcategoryare different Especiallywhen the emissions oNO are suppressethe
impact becomehardto assesssince this compound plays a key raieboth HCHO formation
(throughthe degradation of peroxy radicaisddestruction (by contributing to the regeneratibn
OH) (Franco et al.2016. Investigatingthe nonlinearimpact ofeach individual emissiocategory
would requireadditional workthat is beyond the scojpé the present work.

These above sensitivitiests suggest that the oxidations of both NM\&G@d CH (not
included in the emissioperturbationshere) dominate the HCHO productiand are the main
drivers of its summertime enhancemsmiver Hefei This is different fromFranco et al. (2016),
which foundthat HCHOsummertime loadingsver Jungfraujoch Swiss landveredominated by
the oxidation of ChH and the contribution diMVOCswas rathetimited. For theHCHO loadings
overJungfraujochit is most likely that a large part of the shlored NMVOCs are already oxidized
before beindrangorted to this high altitude sif@580m a.s.l). Hence thesMVOCs compounds
do not contribute directly to the GHO loadingsover Jungfraujoch,although th& biogenic
secondary products can be transported to the upper troposphecerdniduteto the HCHO
abundancehere (Franco et al.2016. However, he low altitude Hefei site (30 m a.s.l.) is
surrounded bynegacity wetlands or cultivalandgsee section 2.1} large amount oNMVOCs
compoundsriginaing from both anthropogeni@nd naturakmissionscontributel directly to the
HCHO summertimdoadingsover Hefei, resulting in amuchlargerNMVOCs contributionthan
thatoverJungfraujoch

4.3 Geographical region contribution to HCHO enhancement

We presenin this sectiorcontribution ofeach geographical region China to theobserved
HCHO summertime enhancemer@eographical danitations of these egionsaresummarised in
Table 3 Fig 8 (a) shows aily meanXucro time series averaged the summes of 2015to 2019
over Hefei simulated by GEOE&hem, according to thBASE and sensitivity (i.e., NOER, noCR,
noNR noWR, and noSRsimulations Fig 8 (b) shows relative contributiorof eachgeographical
regioncalculated as the relative difference between the BASE simulation and the corresponding
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sensitivity simulation (in %).

We can see frorRig. 8 @ and(b) thatshutting offemissionclusters in eastern ChifaoER)
dominantlyimpacts the simulated HCH&immertimdoadingsoverHefei, with the Xucro derived
from ndER simulatiors redued by awide range of20 7 70% relative tothe BASE simulation.
Shutting offemissionclusters ireithercentral(noER) northern(noNR), or soutlern (noSR)XChina
occasionallyreducethe simulated HCHGummertimeloadingsover Hefei by an intermediate
amplitudeof 10 7 30%. However, shutting off emissionclusters in western ChingoWR) has
almost no effect othe simulated HCH@ummertimdoadingsoverHefei, with the XncHo derived
from noNVR simulatiors redu@dby less than % relative tothe BASE simulationModelledXucro
summertimesimulationsfrom 2015to 2019 wereon average reduced by 0.33, 0.06, 0.03, 0.01, and
0.03ppbv in the absence tie emission clusters in eastern China, central China, northern China,
western Chinaand southern Chinagspectively, which correspond tontributions 0f44.36%,
7.28%,4.2%,0.98%, andd.5% to the HCHO summertime enhancens€hig. A2). The remaining
contribution was calculated as the difference between the BASE simulation aswahthef all
geographical sensitivity simulatisandwas 0.2 ppbv 38.624). This remainingcontributioncan
be largely attributed tglobal CH, emissions, NMVOG emissions outside Chiaad thenonlinear
interactional effects among tlygographicakensitivity simulationsindeed,shutting offregional
emissionclustersin the GEOSChemgeographicakensitivity tests investigated here eventually
resulted in sliglly enhanced HCHO amounts (By51 2 %) produced by GEO&hem compared
to the BASE simulation, ashown in Fig. §b) for the n®R simulatiors during later summeit is
worth noting thathe remainingcontribution here is 4.65% lower than that in section 4.2 (without
global CH, emissions shut off in both cases), indicating thatnivelinear effectswith emission
sourcesshut offglobally are larger than those with regional enissilusters shut off.

As a shoHlived species (a few hourgfheprimarily emitted HCHO is healy contributed from
emissions at local and neartggions.However, HCHO precursors originating from distant areas
can be transported to the Hefei site under favourable weather conditions, and thus contribute to
photochemical EHO formation. In addition, atmosphegompoundsoriginatingfrom sources
either neany or in distant areas andffecing the chemistry oHCHO or its precursors;ould
contribute tophotochemical HCHO formation or backgroudd a result, inthe vicinity of the
observation siteemissions oveeastern Chinalominated both themitted andphotochemical
HCHO. Emissions outsideastern Chinanainly contributed to thehotochemical or background
HCHOat the observation siteecause of longistance transporindeed, theensitivity tests suggest
thatthe NMVOCs relatedHCHO summertimenhancemestwere exclusivelydominated by the
emissions within eastern China.

The emissions imestern China are pycally lower than those in other paasChina because
of lower population and industries in the region (Lu et al., 2019; Zheng et B8). Zthe strong
easterly and the southesterly flows prevail in the lower troposphere during the summer Asian
monsoon, including the South Asian summer monsoon and East Asian summer monsoon (Liu et al.,
2003; Wu et al., 2012 herefore, the western Chiti@asthe lowest contribution to thebserved
HCHO summertime enhancemsdtie tothe lowest HCHO precursemissions antew air masses
transported fronthis regionduring the summer Asian monsoon

4.4 Potential factors drive interannual variability of HCHO
In this study we useprevious HCHO measuremenrds a rural sitean the YRD regionto
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represent the background HCHO concentration iritliel eatmaosphere over Hefei, and assume
its amplitude to be constant over yeds a result, the observéaterannual variability of HCHO
from 2015to 2019 was not driven by the backgrowudtionbut by eitheemittedor photochemical
portions or both China has implemented a series of active clean air potities 20130 mitigate
severeair pollution problemg Sun et al. 2020Zhang et al. 2019; Zheng et al. 2018ince then

the anthropogeniemissions of major air pollutants have decreased, and the overall air quality has

substantially improvedSun et al. 2020; Zhang et al. 2019; Zheng et al. 2018 Prevention and
Control of Atmospheric Pollutioalsoincluded the prohibition of crogesidue burning over China

in 2015 because crop residue burning emissions can result in poor air quality

(http://www.chinalaw.gov.cn, last access on 19 June 2028)iing todramaticaldecrease ithe
crop residue burning events over Chaiace ther(Sun et al. 2020)ndeed, aevidencedn Table

2, the anthropogenic and biomdmsgningemissions ofmany air pollutants, such &CHO, sulphur
dioxide (SQ), NOx, TSP fparticulate matter with an aerodyimi ¢ di amet er of
particulate matter 2.5 (PM), particulate matter 10PM.g), CO, black carbon (BC), and organic
cabon (OC), showedecreasem 2017 relative t®016 (Lu et al., 2019; Zhang et al. 2019; Zheng
et al. 2018)

Anthropogenic and biomass burning HCHO emissions shoslative change rasaf -2.0%
and-17.09%, respectively, resulting in a total change rate9d% in2017 relative t®016. As for
photochemicaHCHO, biomass burning emissisif its NMVOCs precursors showealsignificant
negativechange ratef -17.0% in 2017 relative t®2016 as consequence ibife prohibition of crop
residue burning over Chin&lowever,both anthropogenic dnbiogenic emissions diMVOCs
showed positivehange ratesf 1.0% and 6.4%, respectiveiy 2017 relative t®016. When taken
all emissioncategoriesnto account, NMVOCs emissions were increased by 1r2017 relative
to 2016. Furthermoreas anmportant precursor of HCHO, Glemissionver eastern Chinaere
increased bgpproximate 1% in 2017 relatit@ 2016(Table 3. As a result, thebservedncreasing
change ratef HCHO from 2015t0 2019 can be, to a large exterttributed tothe increase in
photochemicaHCHO resulting from increasing change i@ bothNMVOCs and CH, which
overwhelmed the decrease in emitted HCHO.

5 Concluding remarks

China has implemented a series of active clean air policies in recent yeatigdbe severe
air pollution problemsTherefore the emissions of major air pollutants have decreased and the
overall air quality across Chinahas substantially improved. However, thelatile organic
compounds (VOCsmissionswhich are key precursors farmaldehyde HCHO) and @one(Os),
are stillincreasingdpecaus¢hecurrent clean air policiga Chinalack mitigation measures f®fOCs

This studymapped the drivers of the observed variabilityi{CHO from 2015to 2019over
Hefei, eastern China using growhased high-resolution Fourier transform infrared (FTIR)
spectroscopand GEOSChem model simulatic The columntaveraged dry air mole fractions of
HCHO (XucHo) reached a maximum monthly mean value of (1.1 +0.27) ppbv in Julyaa
minimum monthly mean value of (0.4 £0.11) ppbv in Janu&MR XucHo concentration in July
were on average 1.75 times higher than those in Jarite¥ncro time seriegrom 2015to 2019
over Hefeishoweda positive change rate of (2.38 £0.y% per yearThe variability ofXncro
observed by FTIRt Hefeiis in good agreement witiat ofthe ground level HCHO measurements
providedby a long path differential optical absorption spectroscopy@JAS) instrument and
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thus the FTIR column measurenis can beised as representative of nearfaceconditions The
relative contributions of emitted and photochemical sources to the observed HCHéhalgsed
using ground level CO andx@Os + NO,) as tracers for emitted and photochemical HCHO,
respectivelyOn average, the contributions of emitted, photocherrécal background sources to
the observedXycuo from 2015to 2019 were29.0 £19.2%, 49.2 +18.5%and 21.8 +6.1%
respectivelyThe photehemical HCHQwvasthe dominant source of atmospheric HCHO dvefei

for most of the year (68%). In the studiegrears, dtalhydroxyl (OH)radical production rates from
the photolysis of HCHO andsQvere comparableThe HCHO photolysis was by far an important
source of OH radicalsverHefeiduring all sunlight hours of both summer and winter days.

We found theGEOSChemmodelcan simulate theoncentratioa andseasonal variatiGof
HCHO for the heavily pollutd regions overeastern Chinand thusit can be usedor source
attribution Contributions of different emissiarategoriesand geographical regions in Chitwathe
observed HCHO were determined by usingeries oGEOSChemmodelsensitivity simulations
The oxidations of botiCHs (methane)and nonmethand/OCs (NMVOCs)dominate the HCHO
production over Hefeiand constitute the main driver of its summertime enhancemé&he
NMVOCsand CH emissionsaccounted foabout56.73%and 43.2% of the HCHO summertime
enhancements over Hefei, respectivélye NMVOCs relatedHCHO summertime enhancemsnt
wereexclusivelydominated by themissions whin eastern Chind’he observed increasing change
rate of HCHO from 201%0 2019 over Hefei is aftsuted to the increase photochemicaHCHO
resulting from increasing change rates of both NMVOCs ang Wikichoverwhelmed the decrease
in emitted HCHO.

This study can provide an evaluationre€entVOCs emissiors andregional photochemical
capacity in Chinaln addition,understanding the sources®€HO is a necessary step for tackling
the problems of poor air quality in eastern China and mitigéhi@g@missions of pollutants
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Tables

* These input values used for error estimation are prescribed from the retrieval output

ltems Input values Error

Temperature uncertainty SD of NCEP 0.61%
Retrieval parameters uncertainty * 0.03%
Interfering species uncertainty SD of WACCM 0.09%
Measurement noise 1/SNR 1.59%
Smoothing uncertainty * 0.83%
Total random error / 1.71%
Background curvature uncertainty 1% 0.35%
Optical path difference uncertainty 1% 0.07%
Field of view uncertainty 1% 0.08%
Solar zenith anglancertainty 1% 0.37%
Phase uncertainty 1% 0.61%
ILS uncertainty 1% 0.23%
Line temperature broadening 10% 0.49%
uncertainty

Line pressure broadening uncertainty 10% 6.60%
Line intensity uncertainty 10% 9.04%
Total systematic error / 11.24%
Total error / 12.29%
DOFS () / 1.09

Table 1. Error budget ardegres of freedom DOFS) for signal ofthe HCHO retrieval at Hefei

Table 2.Total emissionsf all atmospheric compoundser China used in teEOSChemmodel.

Fossil fuel emissions (Tg)

Year HCHO SO NOx NMVOCs NH;z CO TSP PMyp PMzs BC ocC CO,
2016 0.31 134 225 28.4 10.3 1419 17.9 10.8 8.1 13 2.3 10290.6
2017 0.30 10.5 22.0 28.6 10.3 136.2 16.7 10.2 7.6 1.3 2.1 10434.3
Change -2% -22%  -2% 1% 0% -4% -1% -6% -6% 0% -9% 1.4%
Biofuel emissiongTg)
Year HCHO NMVOCs CcO NOy
2015 0.03 0.23 3.19 0.09
Biomass burning emissioif$g)
Year HCHO SO NOx NMVOCs NHs CcO PMzs BC oC CO,
2016 0.29 0.12 0.78 3.96 0.31 17.64 1.85 0.10 0.98 284.72
2017 0.24 0.09 0.64 3.32 0.24 14.00 1.41 0.08 0.75 229.68
Change -17% -25% -18% -17% -23% -21% -24% -20% -23% -19%
Biogenic emissionéTg)
Year NMVOCs NO
2016 232 0.96
2017 24.7 0.92
Change 6.4% -4%

CH, emissions

Extrapolation from the NOAAneasurementd he relative change rate of @biver eastern China 2017 relative to 2018
approximate 1%
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Table 3 GEOSChem model configuratiorenddelimitatiors ofall geographical region&or all sensitivity
simulationsthe CH; emissioninventory is alwayswitchedon.

Simulation | Region Description
BASE Global Standard full chemistry simulation implemented all emission
inventories at the same time. The BASE simulation is taken g
the reference and used for model evaluation
noFF Global Same as BASE but without global fossil fuel emissions
noBVOC Global Same as BASE but without global biogenic emissions
noBB Global Same as BASE but without global biomass burning emission
noBIOF Global Same as BASE but without global biofuel emissions
Rest Global Difference between BASE and the sunt6f BVOC, BB, and
BIOF contributions
noWR 78.6°E 7 103.4°E; | Same as BASE but without anthropogenic and natural emissi
27.6N - 48.8N within western China (WR), i.e., regiom in Fig. 1(a)
noNR 103.4E 1 129.8E; | Same as BASE hwithout anthropogenic and natural emissior|
34.6N i 53.5N within northern China (NR), i.e., regiofe in Fig. 1(a)
noCR 103.4E i 115.6E; | Same as BASE but without anthropogenic and natural emissi
27.6N i 34.6N within central China (CR), i.e., remi 8 in Fig. 1(a)
noER 115.6E T 123.6E; Same as BASE but without anthropogenic and natural emissi
21.0N i 34.6N within eastern China (ER), i.e., region in Fig. 1(a)
noSR 98.1E i 115.6E; Same as BASE but without anthropogenic and natural emissi
21.0N T 27.6N within southern China (SR), i.e., regian in Fig. 1(a)
Resp Rest of world Difference between BASE and the sumR, NR, CR, ER, and
SRcontributions

2015to 20190verHefei, eastern China

ltems Total Emission Photochemical Background

N (%) domination domination domination
N (%) N (%) N (%)
All 1502 (100%) 480 (31.9%} 1022 (68.1%) 0 (0)
Before 12:00 (LT) 727 (48.4%) 322 (21.4%) 405 (27.0%) 0 (0)
After 12:00 (LT) 775 (51.6%) 158 (10.5%) 617 (41.1%) 0 (0)
JIAISON 890 (59.3%) 287 (19.1%) 603 (40.1%) 0 (0)
DJF/MAM 612 (40.7%) 193 (12.8%) 419(27.9%) 0 (0)
d%> 0% A 717 (47.7%) 273 (18.2%) 444 (29.6%) 0 (0)
d%< 0% 785 (52.3%) 207 (13.8%) 578 (38.5%) 0 (0)

Contribution 100% 29.0 £19.298'A 49.2 +18.5% 21.8 £6.1%

Table 4 Statistical modelling results foelativecontributions of different sources to the obser¥aeho from

© 00 NO

AThere are 480 measurements dominated by emitted source which acco@mt8%eof all measurements
ARarger tharthe seasonal mean val(gee equatio3) for detail).

A AThe mean contribution of emitted source is 29.0 +19.2%.
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simulation.See Table 3or latitude and longitudeelimitationof each regionGEOSChem HCHO simulations on

24 July 2016 were selected for demonstration of summertime enhancement over eastefRe@huinat covers

few sparsely city clusters representing the region with least population and industrialization ifRébginasre ,

i, and s cover the North China Plain (NCPyangtze River Delta (YRD)and Pearl RiveDelta (PRD) city
clusters, respectively, which are the three most developed city clusters with severe air pollution in China8BRegion
covers the Sichuan Basin (SCB) and central Yangtze River (CYR) city clusters with newly emerging severe air
pollution in China.(b) An overview of the location of thETIR site, the CNEIC site and the optical path of the
xenon LRDOAS instrument
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Fig. 4. Daily meantime seriesof XucHo comparison between FTIR observation and GEID®m modeBASE
simulation from 201%0 20190overHefei, China(a). The seaswality and interannual change rate are represented by
red dotsand black line, respectively, which ditted by using a bootstragsampling modeith a 39 Fourier series
plus a linear function(b) Seasonal variations &kcHo by FTIR and GEOSChem simulationBold curvesand the
shadowsare monthly mean valuesandthé st a n d a s, tespectvelyertical esror barsepresentetrieval
uncertainties.
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9 Fig. 5. (a) Separation between emitted and photochemical HCHO by using @GQtracers to model FTIR
10 observation. (b) Relative contributions of emitted, photochemical and background sources to the obseneed
11 from 2015to 20190verHefei, eastern Chinalhe grey verticathaded aremdicatessummertimemeasurements.
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