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Abstract

Dualscan groundbased MultiAXis Differential Optical Absorption Spectroscopy (MAXOAS) measurements of
tropospheric nitrogen dioxide (NPandaerosolswerecarried out in Uccle (50081, 4.3%E; Brussels regionBelgium) for
two yearsfrom March 2018 to February 2020. The MADOAS instrumentvasoperating in both UV and Visible wavelength
ranges in a duadcan configuration consisting of two soindes: (1) an elevation scan in a fixed viewing azimuthal direction
and (2) an azimuthaktan in a fixed low elevation angle®|2By analying the G, and NQ dSCDsat six different wavelength
intervalsalong every azimuthal direction and by applying a new Optistilmationbased inversion approa¢the secalled
mapping MAX-DOAS technique)the horizontal distribution ofthe NG nearsurface concentrations and vertical column
densities (VCDs) antihe aerosols neaurface extinction coefficientaretrieved along teszimuthal directions. The retrieved
horizontal NQ concentratiorprofiles alow the identification of the main NChotspotsin the Brussels area. Correlative
comparisons of the retrieved horizontal Niistributionwereconducted with airbornenobile air-quality modeland satellite
datasetsand overalhgood agreement is fodnThe comparison with TROPOMI observatipfiem operational and scientific
data productsteveas that the charactedation of the horizontal distribution of tropospheric W&CDs by grounebased
measurementshe appropriate sampling of TROPOMI pixetsxd an adequate a priori M@rofile shape in TROPOMI

retrievalsleadto a betteconsistencyetweersatellite and grountlaseddatasets.

1 Introduction

Aerosols and nitrogen dioxide (NOplay a crucial role irthe troposphericchemistry. NQ is an impotant tropospheric
pollutant mainly emitted by combustion processes dtrdgen fertilizers used imagriculture Geinfeld and Pandis, 1998
Traffic, domestic heating, industrial activitied power plants artbe largest N@emitters(Tack et al., 2021)Beyond its
harmful effects on human healt@len et al., 2007 NO, participates in the formation of tropospheric ozong) (& a non

linear photochemical mechanism which involvesatité organic compounds (VOCS)
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Aerosols with a small diameter can pémte deeply into the lungs, causing millions of premataethsaround the worlgber
year (Khomenko et al., 2021)dditionally, @erosols nf | uence t he Ear t hinyss radibtipnnbadgetbys y s t
scattering and absorbirgyinlight(Quaas et al., 2008In the boundary layer of urbaggions, he horizontal distribution of
NO:; is highly heterogeneous given the fact that it is a dhatl speciesBeirle et al., 2008 Forthosereasons, theegional

and global monitoring dO, ard aerosolsat high spatiaresolution is crucial

Since 1995, with the ER3 GOME (Global Ozone Monitoring Experiment) instrumeBifows et al., 1999 satellite nadir
air-quality measurements of atmospheric backscattered sunlight in theisitle rang@ have providd daily global
tropospheric column measurements of numerous trace gases, such. &aNpsatellite missions dedicated to-qirality
monitoring followed over the next yeawdth increagng spatial resolutionMore recently,the TROPOspheridMonitoring
Instrument (TROPOMI) sensor launched onboard the SeriRé&lrecursor (S5P) platform in October 2017 reached an initial
spatial resolution of 7x3.5 kinandaugmented o6 August 201905.5x3.5km?2. Due t o TROPOMI 6s f i ne
monitoring the horizontal distribution of NOGn urban regions aniientifying specificemission sourceis made easiethan

with previous satellite missionisut stil, TROPOMI cannot fully capture the firszale (subkilometer) structures in the
effectiveNO: field. ConsequentlyfROPOMIrequiresfurtherattention concerninggs measuremntsvalidation.

Tropospheric vertical columns of many trace gddesNO,, formaldehyde ICHO), sulphur dioxide(SQ,), nitrous acid
(HONO) andOs can be retrieved by the Wi-AXis Differential Optical Absorption Spgoscopy (MAX-DOAS) technique
(Honninger et al., 2004Vittrock et al., 2004; Pinardi et al., 2008, 2013; Clémer et al., 2010; Hendrick et al., 2014; Irie et al.,
2011, 2012; Sinreich et al., 2007; Wagner et2011; Wang et al., 2018n recent yearsMAX -DOAS measurements have
been widely used as reference datasets for the validation ofaiddirne and spadeorneair-quality measurements. MAX
DOAS instruments measure the scattered sunlight in the UViaitdde spectral ranges at multiple elevation anglesvethe
horizon.For absorbers located close to the surface, such as tropospherih@&lRigher sensitivity is achieved for low MAX
DOAS elevation angledDuring the lasyears MAX-DOAS measuremés in more than onezanuthal directiorare emerging
(Ortega et al., 2016; Wang et al., 2014; Chan et al.,;28&reier et al., 2021Multi-azimuthal MAX-DOAS measurements
offer many possibilities on aguality monitoring, such asbetter characteritian of theeffectiveNO; field around the station
These groundbased datasets can be valuablevididatingsatellite missions with fine spatial resolution in regions where the
NO; horizontal distributions heterogeneous, such aan and suorban aeas

In this study,a new aerosol and Nnorizontal distribution inversion approach basedwao years (March 20t8ebruary
2020) ofduatscan multiwavelength MAXDOAS measurementia Uccle (Brusselapital region, Belgium) is presented
We refer to thé new approach as mapping MAXOAS techniqueln every azimuthal viewing directioparameterized NO
nearsurface concentrations, N@opospheric columns and aerosol extinctioreasureat six different wavelengths are used
as input in a new horizontalistribution inversion approacl©n this basisthe nearsurfaceaerosolextinction and NQ
horizontal distribution areretrieved at a spatial resolution of about 3kna range of about 20 km around the measurement
site. Thee horizontal profilesre usal to validatecollocatedTROPOMI troposphericNO. columns We use here (i) the

operational TROPOMI data product, (ii) a-called diagnostic data set, which is a small sample but with major updates
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compared to the operational product (van Geffen eR@1b) and (ii) a European TROPOMI product where profiles from
CAMS regional CTM ensemble (SBPAMS) are used (Douros et al., 2020ne complete garof data(March 2018March
2019)and two wavelength intervals (one in the UV and one in the Visita) alreadybeenused inDimitropoulou et al.
(2020) It is proventhat multiazimuthal (the s@alled dualscan MAX-DOAS measurementsignificantly improve the
agreement between groubdsed and TROPOMI tropospheric N€édlumn observations v er t h e reBByaddisge | s 6
the multiwavelength aspecthé present workepresentsn extensiorof theformerstudy

Themanuscripis organized ito six sections: in Sect. 2, the measurement site with the NDXXAS experimental saip and
the multiwavelength DOAS ralysis are presentelh Sect. 3, the TROPOMI tropospheric N@easurements are described.
Section 4is composedf two main partsSect. 4.1is a detailed description of the destanmulti-wavelengthMAX -DOAS
retrieval methd andSect. 4.2s the horizatal aerosol and N&distribution inversion approadi.e., the mapping MAX
DOAS technique)in Sect. 5, min resultsfollowed by correlative comparissrof the retrievedgroundbased and satellite

horizontal NQ distributionare presentedinally, in Set. 6, conclusions and future perspectives are given.

2 Dual-scan multirwavelength MAX-DOAS measurements
2.1 Measurement site and experiment setip

BrusselsCapital Regia is the mostlenselypopulated arem Belgium where pollutant concentrations, sushiNG, are often
high because of anthropogenic activities (Tack et al., 2021).

A MAX -DOAS dualscan instrumentvasoperated by BIRAASB (Koninklijk Belgisch Instituut voor Ruimtéeronomiei
InstitutRoy al dd&dAer onomi e)irfJecdetfromadinueary 20&7 tdBFebrugry 20R0ecleis located to the South

of the city-centerof Brusselsandto the Westof a large forested area (Bois de la Cambre). Therefore, it is an ideal site to
perform MAX-DOAS observations underoderate to high pollution levebnditions Additionally, the characterization of the
horizontal distribution oNO, andaerosolsat high spatial resolution is of great interéstrebecause of thheterogeneity of
thepollution sources €artraffic, nationalairport, powerplant)in thecapital region oBrusses.

The MAX-DOAS duaiscan instrumernis composedf the following parts: the optical head mounted on a sun tracker, two
spectrometers (UV and Visible) insidetteermoregulated boxandthe dataacquisition unit.The optical hea@dnd the two
spectrometers are connected with optical fibérsnore detailed description of tH®IRA-IASB MAX-DOAS dualscan
instrumentcan be found iDimitropoulou et al. (2020).

From March 20180 February 2020the MAX-DOAS instrument operated in aa-scan viewing modelwo different sub
modes compose one complete measuremeniseadimitropoulou et al., 2020)1) a vertical scan in nine different elevation
angles(EAs) in one fixedtelescopeazimuthangle(TAA; Northeast direction i.etowardsthe city centeandthe national
airpor)) and (2) a horizontal scan in nine different azimuthal directions at a fixed elevation &rafle\@ the horizon).

Several azimuthal viewing directions were tested to olatagptimal horizontal samplingithoutany obstacle in the different

viewing directiongseeFig. 1). The selection of more azimuthal directions towards the North, Northeast, and Norasest

3



100

105

made considering thication of themain NG emission sources and, consequently, the highly mariO, horizontal
distribution towards these directions.

The integration time for each measured radiance spectés iesulting inafull scandurationof approximately20 minutes.
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Figure 1. The experimental setup of the BIRA-IASB dual-scan MAX-DOAS instrument. Each line is colorcoded
according to the different setups that were used from March 2018 to February 2020The length of each line is equal
to 20 km, which corresponds to the typicalhorizontal sensitivity for the MAX-DOAS measurements inthe present

study (see Fig. 18)The black square shows the MAXDOAS instrument location, the black polygon the National



Airport, the black dots the NOz hotspots emitting more than 10 kg of N@per hour (Emission Inventory of the Belgian
Interregional Environment Agency, 2017) , and the black line represents the Brussels Rimptorway.
110

2.2 Multi -wavelength DOAS analysis

The measurethdiancespectreof a full measurement scan are analymsihg the QDOAS spectral fitting software developed
by BIRA-IASB (Fayt et al., 2Q1l). The DOAS technique separathe narrow absorption features of trace gases in the UV
Visible spectral range from a spectral background caused mainly by Mie and Rayleigh scattering and instrumenfdieffects.
115 trace gas concentrationtegratedalong thdight-path in a measured spectrum relative toaimount of thesame absorber in
a reference spectrum is the primary product of the D@dedysisand is called differential slant column density (dSCD). Here,
average zenith spectrafbee and after each measuremsecdnare used as a reference.
The O and NQ dSCDs are retrieved in six different wavelength intervBtsee intervals in the U¢pectrarange (336861
nm, 350370 nm and 360383.5 nm) and three in the Visible range (48D nm, 450490 nm and 510540.1 nm).These
120 fitting windows were selected to optimize the determination of thand NQ dSCDs athe maximum number of different
O4 absorption bandavailable in the wavelength domain of the instrumErgure 2 shows aeaxample of the @and NQ fits
in all the intervalsusedin the present workln eachchosenfitting window, we select a reference wavelength, which
corresponds tthe maximumof anO4 absorptiorpeak(or close tat) in the respective wavelength intervédee Fig. 2)and
it is subsequently used for radiative transport calculations and further an@haidifferentreferencewvavelengtis are 343
125 nm, 360 nm380nm, 447 nm, 477 nm and 530 r{see Fig. 2)To optimize the derivation of the dSCDs at thessected
wavelengths, the fit of a slope parameter, which accounts for the variation of the d3@bDthetfitting intervalP u § étt e
al., 2010), is necessary. This is especially important when the reference wavelength is not located in the centen@f the fitt
window (i.e., 330361 nm, 356870 nm, 420460 nm, and 45@90 nm) The DOAS settings usefibr each fitting interval ge
presented in Tabl€l. As shown irthistable two different Q crosssectionsare used in this stud{l) Finkenzellerprivate
130 communicatiohin the UV fitting intervalsand (2) Thalman and Volkamer2013 in the Vis fitting intervals The main
motivation for using thé, crosssection from Finkenzellgfmeasured at 2B) in the UV fitting intervals is thaignificant
improvement of the fit quality and the reduction of the uncertaifdiethe UV retrievalsSensitivity tests and comparisons
with radative transport simulations also show that the resultiagu@ NQ dSCDs are consistent throughout the whole
wavelength range covered by the six intervdder NO; and Q, which are the strongest absorbers in all the fitting windows,
135 a correction for th solar ¢ effect (Aliwell et al., 2002) is applied. A higtesolution solar atlas (Kurucz et al., 1984) is used

for the wavelength calibration of the measured spectra.
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Figure 2. Fit results of the Qs and NO: fit at the six selectedfitting windows from the dual-scan MAX-DOAS
measurements inUccle (2 June 2019 at 07:05 UTC)The measured spectra areepresented with black ines, while the

fit results are shown with red lines.The blue lines represent the sixeferencewavelengths.

145 3 TROPOMI tropospheric NO2 measurements

In the present study, MAXOAS tropospheric N©OVCDs areused to validateollocated TROPOMI satellite observations.
TROPOMI is a passive grating imaging spectrometer flying onboard the S5P satellite platform. It coverd/ibibld\{250
500 nm), neainfrared (710770 nm), and shomvave infrared (23142382 nm) spectral ranges (Veefkind et al., 2011).
TROPOMI measures in a pudihoom configuration with a full swath width as wide as 2600 km, and it provides daily global
150 coverageata spatial resolution (trueadir pixel size) of 7x3.5 kinfurther improved t&®.5x3.5 knion 6 August 2019The
TROPOMI tropospheric N@algorithm has been developed at KNMI and uses a retrassiinilatioamodeling system that
is based on the-B globalTM5 chemistry transport model (van Geffen et al2 20 Williams et al., 2017).
We use theaeprocessed (RPRO) and offline (OFFL) datasets of the TROPOMI L2 troposphericoNighn producisee
Table 1 for the corresponding versiangccording tothe gudelines provided by van Geffen et al. 226), RPRO dataset are
155 available only for the first period of the present study (see Tabkofi}he remaining periods, OFFL datasets are used, which
are the maimata products being available within two weeksrifthe TROPOMI measuremeiiio ensurdbestme a s ur e me n t
quality, only pixels with a quality assurance value larger than 0.75 are used. This quality flagging eliminates pixels with a

cloud radiance fraction larger than 0.5, snow or ice, and erroneousatst(ieskes and Eichmann, 2020
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Next to operational productsyd additionalTROPOMIdatasetsarealsoused(see Sectiois2 in the supplementn the first

one the TROPOMI retrieval is performed with different a priori profi{B®uros et al., in pregration) The coarse TM8VIP

a priori NG profiles usinga spatial resolution of°lx 1°, is replaced by N@profile shapes from the CAMEopernicus
Atmospheric Monitoring ServicaegionalChemistry Transport ModeCTM) ensemble at a spatial resolution0.1°x 0.1°
(S5RCAMS product) The replacement of a coarse a priori information by a finer one can lead to significant changes in the
TROPOMI retrieved N@tropospheric columnsThe availdle dataset cover®ctober 208 to March 2020 (OFFL dataset,

L2, andversion01.02.00 up to 01.04.00Eskes and Eichmann, 2020

In the second additional produthe TROPOMI retrieval is performed with an improved cloud pro¢iskes et al., 202

van Geffen et al., 202). According to van Geffen et al. (2081theimprovement in the FRESCO cloud pressure retrieval
schemedo the FRESCG@&wide product, haan impact on the NOAMFs and consequently, on the B@opospheric columns
over polluted areasviore precisely, thexistingFRESCQS producthad anegative bia in the cloucheightvalues which
resulted in a lowNO; tropospheric columfCompernolle et al., 202. TheTROPOMI tropospheric Nexolumrsareretrieved
usingan improved FRESC@ cloud retrievabkcheme called FRESC@Qwide, in v1.4 since 29 November 20 (Eskes and
Eichmann, 2020. In the present study, tltkagnostic data sets (D8 areused, which are an ensemble of reprocessed data
for past periods analyzed with new versioven(Geffen et al2021h. Over the MAXDOAS measurement tirageriod, ony
DDSv2 data corresponding @FFL dataset(v1.2 and v1.3are availableExcludingthe spinrup period needed by TMBIP,

only four data periodare available for our comparisofis., 30/06/2018 06/07/2018, 30/12/201:85/01/2019,.30/03/2019
05/04/2019and 17/09/201:23/09/2019).

Table 1L TROPOMI NO 2 processor versions used in the present study.

Dataset Version Starting date End date

RPRO 01.02.02 30/04/2018 17/10/2018
OFFL 01.02.00 17/10/2018 28/11/2018
OFFL 01.02.02 28/11/2018 20/03/2019
OFFL 01.03.00 20/03/2019 23/04/2019
OFFL 01.03.01 23/04/2019 26/06/2019
OFFL 01.03.02 26/06/2019 29/11/2020

180 4 Description of themapping MAX -DOAS technique

First, the measured radiance spectra in the UV and Visible wavelength esegeslyzed in six different fitting windows
with the main output being thes@nd NQ dSCDs at six wavelengths, which are 343 nm, 360 nm, 380 nm, 44&7fnmm
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and 530 nm (see Section 2.2). Then, the Gieided MMF algorithm is applied to the &d NQ dSCDs in the main azimuthal
direction (and at 477 ninto retrieve vertical N@profiles and obtain information about the vertical extent of,N®the
troposphereNILH noz; see Section 4.1).

As an intermediate stepadiative transfer modeR(TM) simulatiors are performed (see Table 2 and Section 4.2ktain
information about the horizontal sensitivityndz) and AOD as a function of fSCDs, wavelengthand MLHyo2.

Then, in the next stepa new duakcan parameterization technique is appliethioQ and NO, dSCDs at the six different
wavelengths and in all the azimuthal directiovith MLH o2, measured ©dSCDs, and measurement geometry being the
maininput parameters to retrieve the horizontal sensitivity o Bi@l, consequently, the N@earsurfaceconcentrations and
VCDs, and neasurface aerosol extinctiqsee Section 4.2)

In the final stepa new OEMbased horizontal distribution inversion approach is developed using the sigunizae NG
concentrations and aerosol extinction values per whiah direction to retrieve horizontal NGnd aerosol extinction
horizontalprofiles in an output horizontal grid of 50Qinicknesgsee Section 4.3).

A flow chart describing thenapping MAX-DOAS techniqués shown in Fig. 3
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Figure 3. Mapping MAX -DOAS techniqueflow chart.
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4.1 Aerosol and NQ OEM -based profile retrievals

The OptimatestimationbasedMexican MAX-DOAS Fit (MMF) inversion algorithn{Friedrich et al., 201Qis applied to
retrieve the aerosol extinction coefficient andN@rtical profiles for each MAXDOAS elevation scan in the main azimuthal
directionat 360 nm and 477 nriirst, the Q measurements are used to este the aerosol extinction profilBeveraktudies

205 indicated the importance of applying a scaling fadtd) o the observed SCDs to bring them in agreement wstmulated
O, dSCDs by radiative transfer modelifMyagner et al., 2009; €mer et al., @10; Merlaud et al., 2015eealsoWagner et
al., 2019/ Table 1 for a comprehensive list of all those studiesyeverthere is no consensus on the fundamental reason for
applying this scaling (see e.g. Ortega et al., 2016). As found by Tirpitz(20al),the choice of the scaling factor has only
a small effect on the performance of the trace gas retrieval, so we decided not to apply it in the preséitesaetgsol

210 extinction profile retrieved from each scan is used as an input to the radiiatigéer calculations used to retrieve theoNO

9



retrieval profile. Further details about the MMF inversion algorithm, the input a priori parameters, the quality chebk of eac

scan, and the estimated uncertainties of the aerosol apdéxi@al profile carbe found in Dimitropoulou et al. (2020).

A brokencloudHiltering approactbased on Gielen et al. (201d)applied to the MAXDOAS measurements to exclude MAX
215 DOAS aerosol and N&scars influenced by the presence dbuds, which are known to potentiatiegrade the quality of the

retrievals(Gielen et al. 2014, Wagner et al. 2D1Threesky conditionscan bedistinguishedwith this flagging approach1)

clear sky (2) homogeneous cloud coverage aBjl{roken clouds conditions. Retrievals under brokbud conditions are

rejected from th@resent study

The profile retrievalvasperformed to estimate the Mixing Layer Height of N®MLHno2). The MLHyoz is estimated per
220 measurement scan, and it is the rati&/6Dno2main to the NQ nearsurface conceration (Cnozmain) @s retrieved in the main

azimuthal direction by the MMF inversion algorithm

- (1)

h
Therefore, during one measurement scan, two assumptienresnade: (1) the homogeneous distribution of Ni&ide the
MLHno2and (2) the homogeneous Mkbk around the measurement site andi#s in all the azimuthal directions. The validity

225 of the second assumptids testedn Secton 4.2.3

4.2 Dual-scan MAX-DOAS retrieval method

A complete MAXDOAS measurement scan is composed of two differentseabs, as described in Sect. Zhe aerosol
and NQ vertical profiles are retrieved from the elevation scan in the main azimuthal directidine other azimuthal

230 directions,measurements are performed oimya singlelow elevation angle (2°)and thereforethe retrieval of aerosol and
NO. vertical profiles is not possible. Using the fact that the lowest elevation anglethkdnghest sensitivity to trace gases
located nearby the surfackie to the dng light path in this layera new duakcan MAXDOAS retrieval strategyvas
developechere This new retrieval strategy is an extension ofwluek presented in Dimitropoulou et al. (2020) and aims to
retrieve the neasurface NQ box-averaged volume mixing ratios (VMRS) and the @ Ds at six different wavelengthk

235 Dimitropoulou et al. (202Q)heappliedduatscan NQ MAX -DOAS retrievalwasitself an adaptation of the parameterization
technique proposed by Sinreich et(@013. More precisely, in the presence of sufficient aerosols in the atmosphere (i.e.,
sufficient aerosols to constrainetlight path in a neasurface layer andnsure that the neaurface NQ concentration can be
approximated by aearsurfacebox profile), the measured NISCDs at one low elevation angl€)(2an be related to the
nearsurface NQ box-averaged conceration as follows:

240

A3 A (2

10



where dSCRo2 is the differentiaslant column density of N£and oz its mean concentration along the differential effective
light path, Lno>.

245 Consequently, the knowledge of ttigferential effectivelight-p at h 6 s | &d) gstcrbcial(ta dereve the nésurface
NO; concentrabns.The axygen collisionatomplex(Os4) can be used as a tracer for the effective {math in the atmosphere
as its concentration is wethown (itis the square of @concentration)As a result, observed changdgshe O,dSCDscan be
directly attributed to changes in the lightith due to the presence of particles like aerosols and clbgidis calculated as
follows:

250

, — ©)

where @4 is the typical @ concentration at the altitude of the instrument.
However, the direct use of thes yht-path length in the N@retrieval is not possible undenoderate to high pollution
255 conditions, such as those in Brussels, because the profile shapesdiID are not the samén Dimitropoulou et al. (2020)
we usedadiative transfer model (RTM) simulations to estimate a unitless correction factor, agieimins for these pofile
shape differencedhis unitless correction factor indicates that undederate to high pollutiononditions, Inoz is equalto
or smaller than &4. For a correction factor equal or close to ong, i equal to ko2, which meas that there is a moderate to
high aerosol load in the atmosphere during the measure@erthe other hand;orrection factos smaller than unityare
260 obtained formeasuremestperformed under aerosfiee conditions or a thin MLHAssuming a homogeneousOi
distribution inside the MLH, the MLH is derived from the b\¢&rtical profiles in the main azimuthal direction and is defined
asthe ratio of the N@QVCD to the neassurface concentration of NOn Dimitropoulou et al. (2020)he RTM simulations
were performedfor eight differentMLH values of aerosols and NOn the range of 502000 m(i.e. eight different
combinationspandfor different measurement viewing geometries (Solar Zenith Angle (SZA), Relative Azimuth Angle (RAA)
265 and the correspondingesfation angle 02°). For every MAXDOAS measurement, one value of the correction factor is given
according to its viewing geometry and MLH value during the measurefmanfurther information, we refer the reader to
Dimitropoulou et al. (2020).
In the present study, a new disglan NQ MAX -DOAS retrieval methodwhich is more suitable for interpreting muilti
wavelength measurements than the previous approach (Dimitropoulou et al.,i2@2@glopedIt is presented in detaih

270 the followingsubsedbn.

4.2.1 Developed duakcan MAX-DOAS retrieval method

The main advatages of the new duaktan NQ MAX-DOAS retrieval methodwhich are also the main differences with
respect to Dimitropoulou et al., 20Rarethe following: (1) the direct use of the easured ®dSCDs to estimateno, for

every measurement, (2trieval of neassurface aerosol extinction close to the ground, andh@)xploitation of the
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wavelength dependeynof the horizontal path representative of MAOAS measurementer the retreval of the horizontal
distribution of aerosols (and therefore Nj@round the measurement site. The latter is dsimgOs and NQ dSCDs measured

at six different wavelength3his new method is described below.

Assuming that the N@vertical distributon can be approximated by a box profile of height equal to mixing layer height

(MLHno2), the following equation can hesed

A 4

This means that the Nfdiearsurface concentration can be expressed as a ratio of theyng@8Ehe Lvoz (see Eq2) or as a
ratio of the VCRozto the MLHyo2. When knowing MLH02 and VCDyoo, , can besimulatedas follows:

, A 3% &—— (5)

Here,NO, dSCDs anctonsequenthnoz are simulatedusingthe radiative transfer mod®ILIDORT version 2.7 (Spurr,
2006).Seasonal mdian MAX-DOASNO:, vertical profiles, as retrieved by applying the MMF inversion algorithm in the main
azimuthal direction (see Sedt1), show that the bulk (70 %) of the NEnceantration is located inside the Mlyd,, which

is expectedsinceMLH noz is estimated as the ratio of VGB» to the neassurface NQ concentration. On the other hand, this
is not the case for aerosdsly 30 %of the aerosol conterg seen to béocated iside the MLH02). Considering this feature,
for the VLIDORT simulations, the N£a priori profiles arenodeledas box profiles with a constant concentration equal to
1.5x10" molec/cnd from the surface to the MLtz Two layers compose the aerosol a prwofiles: (1) the MLH02 and

(2) the free troposphere. The equation, which is applied to estimate the aerosol extinctiom{@pfiehe following (see
Wang et al., 2014):

AU V] $&—forU - [ (6a)
and,
AU AW, ( A@D- ,forU - [ (6b)

where AOD is the aerosol optical depth, p is the fraction of AOD inside thexdH B is a normalizing constant for the
exponential compone¥Wang et al., 2014)z is the simulation altitudgrid, and, is the scaling height for the aerosols located
outside the MLKo2, which is set to 5 km (Wang et al., 2014). In the present study, the fraction oldeated within the
MLH oz is set top=0.3 (see above)The effect of the p value and the bifrofile shape on the retrieved N@earsurface
VMRs and VCDswereinvestigated andonsideredn the error budget (see Sect. 2)2.

The MLHno2 is a known parameter and itéstimated per measurement scan, as the ratio oi\y£&b the NQ nearsurface

concentrdbn as retrieved in the main azimuthal direction by the MMF inversion algorithm.
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The RTM simulations have in total nine input parameters, which are the elevation angle, SZA, RAA, A0 Mubb,

AOD (p andy), and wavelengthlt should be noted that the elevation angle is kept constant @leFa? thesix different

wavelengtls (343 nm,360 nm 380 nm, 447 nm, 477 nm, and 53@), we separately perform RTM simulations dng:(see
310 Egq.5) aresimulatedfor the assume8ZA, RAA, MLHnoz, tnoz, and AODinputscenarios presented in Table 2.

Table 2 RTM inputs for the simulations of Lnoz at the sixselectedwavelengths (343 nm, 360 nm, 380 nm, 447 nm, 477
nm, and 530 nm).

Parameter Values

Wavelength/ nm 343,360, 380, 447, 477, 530

SZA/° 20, 30, 40, 50, 60, 70, 80

RAA/° 0, 10, 20, 30, 40, 50, 60, 90, 120, 150, :
AOD 0,0.1,0.3,04,06,0.8,1

p of AOD 0.30

3-of AOD/ km 5

asymmetry parameter 0.68

Single Scattering Albedo

(SSA) 0.92

MLH /' m 500, 1000, 1500
Elevation angld ° 2

Cno2/ molec.cm?® 1.5x 10!

315 ThesimulatedO, dSCDs are a function of the input parameter AOD. The relation between the simula8G€s and the
input AOD values is shown in Figla. A Piecewise cubic hermite interpolating polynomial fitting through the AOD as a
function of tre simulated @dSCDs for each SZA, RAA, and MLld> combination can be used in order to perform an inverse
method(i.e. to estimate theearsurface aerosol extinctidrom the measured £ISCDg. Additionally, in Fig.4b, we can see
that the relation betvem the Q dSCDs andtte AOD values is valid foMAX -DOAS measurements.

320 For every combination of all eight parameters (i.e., all the parameters of Tabtey®,teg AOD values), a polynomial fit of
simulatedLno2 as a function of simulateds@SCDs isapgdied. Fig. 5a shows snulatedLnoz as a function of simulated.O
dSCDs and a secondrder polynomial is fittedhrough the data point8/e observe, also, in Fig. 5b, in which an example day
of MAX-DOAS measurements is presented, that tiie &s a functio of the measured L2AISCDs have the same relation as
the simulated quantitieSince NQ is an optically thin absorberyb2 is not a function of g2 and consequently, a2 value

325 can be estimatedy using the measured,@SCD for each measuremeBtasedon the correspondin§ZA, RAA, measured
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0,dSCD,and MLHo2, alno2 is attributedto each low elevatioMAX -DOAS measuremerthroughthis polynomial fit To
express ko2 as a function ofour different parameters (i.6Q.dSCD,SZA, RAA, and MLHo2), Lnozis interpolatedinearly

at theO, dSCD,SZA, RAA, and MLHyo2 of each measuremerior example, a MAXDOAS measurement with SZA=30
RAA=60°, MLHNo2=1km, and measured £&ISCD=6.18° molec.cnm® will have alLno2 equal to 15 kmat 477 nm(seeFig.
5a).

Based on this approacthe nearsurface NQ concentratiorcan becalculatedat the six different wavelengthsy usingthe
measured dSG; together with the simulateldvo2 value (Eq. 2) Thecorrespondingiearsurface NQ VMR areobtained
by dividing theNO, concentratios by the air number densitiffo derive the air number density, we use monthly averaged
pressure and temperature profitegera 20year period. These profiles aggtracted from the European Centre for Medium
Range Weather Forecasts (ECMWHERA-Interim reanalysisin the last stepthe tropospheric NOVCD is calculated from
the product of the neaurface NQ concentration with the MLkba.

Regarding the aerosotbe AOD is estimated for eveoff-axismeasuremer(seeFig. 43). The nearsuface aerosol extinction
is then calculated ake ratio betweenthe aerosols inside the ML (i.e., AOD times pand MLHno2. The nearsurface
aerosol extinction referto the layer that extends from the surface to the Nd2HAs mentionedabove around30% of the

total aerosols is expected to be found inside this layer.

Theeffectof SZA, RAA, and MLHyo2 on the simulated \o2 is investigatedn the supplementFirst, the simulated No; are
presented in Fig. Bas a function of RAAor different MLHno2 andwavelengtls anda single AOD and SZA value.nb:
strongly depension MLHyo2. The lower the MLKo2, the shorter thénozis. The same Ng@concentationand aerosol load
are used for the three different Mkbb scenarios. So, when aerosols are conceuntiata thin layer (i.e., MLH02=0.5 km),
Lnoz becomes shorter. Secondly, we observelthat depends on RAA. The larger the RAA, the longerlike. In Fig. S2,
simulated o2 are plotted for each wavelength and each consideredyylés a function of SX (at a constant AOD and
RAA). Lno2 depends strongly on SZAThe highest dependency is obserdedlarge SZA values, wherknoz bemmes
maximum Finally, in both Fig. $and 2, we observe thdtno.becomes longer with wavelength, which is expected becaus
of the less pronounced Rayleighd Miescatteringatlonger wavelengths.

An exampleof dualscan MAX-DOAS retrieval is shown in Fig. Based orthe RTM simulationglescribed abové no2 is
derivedfor the wavelengths of interest, aottimately, nearsurface NQ concentrations and tropospheric N@CDs are

estimatedIn the last stepghe nearsurface aerosol extinctioralues arassignedo the six different wavelengths.
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Figure 4. (a) Dots: Simulated AOD for NO; box profile of 1 km at 477nm fa a SZA of 40 and RAA of 3 as a function
of the simulated G, DSCDs for the different AOD values (1, 0.8, 0.6, 0.4, 0.3, 0.1 and O; see Table 2). Blue line: simulated
AOD by applying an exponential fit through the data points.(b) Dots: Estimated AOD inthe six wavelengths used in
the retrieval for one example day (11 September 2018). Red line: fitted line through the data points.
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370 Figure 5. (a) Dots(stars). Simulated Lnoz for NO2 box profile of 1 km at 477nm(530 nm)for a SZA of 3 and RAA of
60° as a function of the simulated @ DSCDsfor the different AOD values (1, 0.8, 0.6, 0.4, 0.3, 0.1 and See Table 2
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Blue (red) line: 2nd-order polynomial fit through the data points (b) Dots: Estimated Lnoz in the six wavelengths used

in the retrieval for one example day (11 September 2018). Red line: fitted line through the data points.
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Figure 6. (a) Corresponding Lnoz, (b) near-surface NOG: concentrations, €) NO2 VCDs, and (d) aerosol optical densities
as a function of the six wavelengthssed in the retrieval (11 September 2018, 11:51 UT@23.% azimuthal direction).
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4.22 Uncertainty budget

To estimate uncertainties on the dgahn parameterized Nearsurface concentratioand VCD, the standard error

propagation method is used as:

390 A A - A — @

which is ®lved as:

" _— —_— (8
and then:

395 A A _ A e 9
where:
” - » - n (10)

According to Kreher et al. (2019) and Bésch et al. (2018)rban or suburban polluted conditiotiee use of the DOAS fit
400 uncertainty of NQ@for the dSCDyo2 uncertainty is not appropriate, because the d@fzDncertaintyis mostly driven by

atmopheric variability as well as spatial and temporal fluctuations in ten@NQ fields. In this study, a conservative value

of 3.5x13%5molec.cn? is attributed tq, (Kreher et al., 2019). Thigpresents an error of up@d% on the NQ dSCDs

in the visible rang€477 nm)

The second error source is related to the estimation®fftom theRTM simulations To estimate this error, sensitivitgsts
405 on the inputaerosoland NQ vertical profiles were performed. The fraction of aerosols located inside theddi(#0% and

60% instead of 30%) and the N@rofile shape (linearly decreasing instead of box) were modified. The error redatesl

RTM simulationsof the simulated dSGl. is about9.6% in the Visible rangg477 nm) Additionally, according to

Dimitropoulou et al. (2020), the uncertainty related to Mbkkis about 4% in the Visible range (477 nm).

Combining all the error sources, thealaincertainties on the N@earsurfaceconcentratioris aboutl2. 76, 12.4%, 11.4%,
410 11.1%, 11.3%, and12.6% in 343 nm, 360 nm, 380 nm, 447 nm, 477 nm, and 530 nm, respectively.

Finally, the total uncertainties on the N@CD is about12.0%, 11.7%, 10.7%6, 10.3%, 10.6%, and11.9% in 343 nm, 360 nm,

380 nm, 447 nm, 477 nm, and 530 nm, respectively.
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4.2.3Verification of the dual-scan MAX-DOAS retrieval method

The sanity check and verification of the dgabn MAX-DOAS retrieval method in Uccle is based o whfferent correlative

comparisons.

The sanity check compares the Ni@arsurface VMRs and tropospheric VCDs retrieved by the-doah parameterization
in the main azimuthal directido the same quantities retrieved with the MMF inversion algorithtiresttvo main wavelengths

(360 nm and 477 nm). As can be seen in Figdrasd8, both data sets are in good agreement, with correlation coefficient

values in the range of 0.86 to 0.95 and slope values close to unity for all the four comparisons.

The vaeification step is based on the same type of comparison as the first one but for three additional azimuthal directions,

where elevation scans, and hence profile retrievals, are available for some periods. Onward July 3, 2019, elevatiom scans we

performedin these three additional azimuthal directions to complement the already existing measuremgniTsese

elevation scans were performed once per day, around noon, irrfH®®1and 262.%5azimuthal directions. Figur@shows
the comparison betwaaearsurface NQ VMRs and tropospheric VCDs retrieved by the dsedn parameterization method

and the corresponding results obtained with the MMF inversion algorithm. Overall good agreement is obtained (R=0.79 and

0.84 for nearsurface VMR and VCD, reggtively). We observe that the comparison concerning thesueface NQ VMR

seems to be noisier than in the main azimuth direction. This is mainly due to the use of the: BHIELIIated in the main

azimuthal direction for all the different azimuth argyle the duakcan method. Additionally, tigarameterization technique
slightly underestimated the nesurface NQ VMR (s=0.84) while a slope value of 1.00 is obtained for tropospheric VCDs.
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Figure 7. Comparison between MMF and parameterized N@near-surface VMR at 477 nm (Visible, left panel), and

360 nm (UV, right panel), as derived from the main azimuthal direction (i.e., 35°@zimuthal direction).
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Figure 8. Comparison between MMF and parameterized NQVCD at 477 nm (Visible, left panel), and360 nm (UV,

right panel), as derived from the main azimuthal direction (i.e., 35.5azimuthal direction).
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Figure 9. Visible range: comparison between MMF and (left panel) parameterized Nfnear-surface VMR and (right

panel) parameterized NQ VCD at three different azimuthal directions, as indicated in the color bar (13, 109, and
262.9 azimuthal directions). The elevation scans in these azimuthal directions were performed once per day from 3
July 2019.
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4.3 Horizontal distribution inversion appro ach

The parameterized Nhearsurface concentrations at the six different wavelengths areassewut ina new horizontal
distribution inversion approachs parameterized Néhearsurface concentrationge refer to the conversion of the measured
NO. dSCDs {.e. at the elevation angle oP)2to nearsurface NQ concentrations by applying the dissdan MAXDOAS
450 retrieval method as described in Sect. &igure 10 showsa sketch othe assumed horizontal box modaelnfiguration in
which successive boxe$ concentration¢between the horizontal distanocgs; andxy from the MAX-DOAS instrument are
considered along the light path. The index N is equal to the total number of successive boxes.
The different horizontal line#lustratethe horizontalextent (or differential effective light path as described in Sect. H2)
which theNO. nearsurface concentratiorasre extended for the six different wavelengthSenerally, the MAXDOAS
455 horizontalsensitivitiesare longer for larger wavelengths becausthefless pronounced Rayleigh scatterisgeélsoFig. 6
Ortega et al., 2016; Dimipoulou et al., 2020). In FidO, the shortest line represents the smallest waveléngth hor i z o n
sensitivity(343 nm) and the longgtline the largest wavelendihs izbntat sensitivityf530 nm). Axan be seeim the sketch

the effective horizontal light path #te six different wavelengthmasses through different number of horizontal bins.
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The parameterized Nnearsurface concentrationat the differentwavelemgths are the mean concentrations along the
horizontaleffective light pathgsee Section 4.2hich are also called differential effective light paths bectheseardinked

to the dSCRo2. When having information cominfyjom one wavelengtlonly, it is not possibleto know how the N@is
distributed along this light path. In the present work, the knowledge of meandCentrationst six different wavelengths
is usedo retrieveahorizontalNO; profile, assunng thehorizontal box modeadescribed in Fj. 10. This newretrieval method

is described below.

The measurement vectprconsists of the six retrieved surface concentratioaied ash  ; see method presented in Sect.
4.2) at the sixlifferent wavelengthsThese neasurface concentratiortan be expressed as functions of the diffeeéfective

light paths(Lnoz) andcorrespond to the average surface concentrations alonglthese

: . “Hi R
C g "H‘H"Jﬂll;-” Eaoom HEE TEE (11)
Feacul, which represents the forward modsn be expressed as follows:
EHni ﬁ]lii‘ik 0w Eon “F'He OAQD 12

wherex is the horizontal distance ard ¢ the NG nearsurface concentratiorsa function of x, theistancerom the MAX-
DOAS instrument.

Our retrievalof the horizontal distribution 0¥t is based on thaversion theoryRodgers, 2000), in which a horizontal

profile cnoz (state vector)s retrieved given rma-priori horizontal profilexs, the measuremeniectory, the matrix of the
weighting functionK, the uncertainty coveance matrix of the a priorso and the uncertainty covariance matrix of the

measuremerth:;
J|||5-'I E oy £ ﬁf]"H € Mw € ﬁf]"H 0 Eoy (13)

The weighting function indicates the sensitivity of the measurement vector to a change in the horizontal afileenin

the present cadey the following analytical functions

é 5 & A0 @ Eee

P HHD HTT —Me . .

€ ﬂ'\E‘E"E Heg |:m Al AQD ’E'E"E (14)
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i ED Eee
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where A is the coverage percentage of the differential effective light path length at the last horizort@hgsiyl

An example of weighting functions is presented in BEifj. As can be seen, each meement is sensitive from the MAX
DOAS instrument location to the horizontal distance equal to the differential effective light path length of each measurement
As eachlast horizontal grids not fully covered by each measurement, the coverage percéniamesidered for these grid
cells It should be noted that sin®¢O; is an optically thin absorbethe measurementiepend linearly orach horizontal
box&s c o nFor¢his teasan; OEdMrfothelinear case is considerdire and only one inversin step is neede@ee
Eq. 13).

The selected output horizatgrid for the retrieval extesdfrom the MAXDOAS instrument to the maximum differential
effective light path (ho2at 530 nm) per azimuthal direction and consists of successive boxes kof @hicknesson the
horizontal axis.

Since his inversiorproblem is ilkconditioned more than one horizontal N@rofile can beconsistent witlthe measurement
vector. To reject unrealistic solutigrnthe a priori profilexaand its uncertainty covarianeeatrix must be includedn the
retrieval.In the OEM, he a priori informatiorusuallycomes from an independent sourdéke a model or other correlative
measurements$n the present stugdyrIO model dataverechoseras a prioriRIO is a laneuse regresion model based on the
interpolation of the hourly N&nearsurface concentrations measured by thsitin telemetric air quality network in Belgium
(Hooyberghst al., 2006; Janssen et al., 2008). RIO provides hourbchizentration maps on a 4x4 kgpatial resolution.
Seasonal average maps of R, nearsurface concentratioare construct (see Fig. SBand after, sasonal averages of
RIO NO, nearsurface concentration horizontal profiles were calculated in each azimuthal direction and interpothted
retrieval's horizontal gridby regridding the initial 4x4 kAspatial resolution to a finer orfgeeFig. 12). Theshapeof theRIO

a priori NG profiles per azimuthal direction stays the same during different seasons of the year, indicatiegatmat éffect
on NG transportation disappeaby the seasonal averaging and that the same sources contrithe®&l@, horizontalfield.

A meanscaling factor equal tthe mean ratio between the measured and RIQ mN@rsurface concentrations is applied
because of the systematic underestimation of N€arsurface concentrations by MAROAS when compared to -situ
measurement&eeDimitropoulou et al., 202@nd Section 91

For the aerosolshorizontal distribution retrievathere arenat sufficientindependent measuremts that provide information
about the horizontal distribution of AOD and can serve as an a priori AOD pifiéeefore, dinearly decreasing a priori
AOD profile is usedn the AOD retrievabased on CIMEL observationd&n AOD equal to 0.18, which the yearlyaveraged
AOD value from CIMEL at 477 nm, is usetbse to the MAXDOAS instrument with a linear decrease as we move away
from the instrumentTo construct the neaurface aerosol extinction a priori profiles, it is considered that 30% of tidde to
amount of AOD is located inside the MLH (i.e., known for each MB®AS vertical scan from the MMF inversion algorithm
see Section 4)1

The diagonalelementsof the Sa matrix are set equal to the squarea$caling factor times thBlO, concentratiora priori
profile. The nondiagonal elements, which account for correlation between the different horizontal grid cells, are set as follows
(Barret et al., 2002):
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wherex; andx; are the horizontal distances at tfteadnd j* horizontal boxes and is half of the correlation lengtlp is set
equal to3.5km. To eliminate inversion instabilitie§ elements which are smaller than 0.1% of the maxirSueiement are

set equal to zero.

To estimate the correlation length, a covariance maissconstructed by explting the airborne observations above Brussels
(28 June 2019). The airborne observations have a spatial resolution of approximately 100°xNO@ horizontal profiles
wereconstructed in different azimuthal directions in a spatial resolution of 500 x expanding from the MAMD OA S 6 s
position to a maximum distance of 20 km, aveteused to calculate a covariance matrix. A correlation length equal to 7 km,
and consequently, a gamma value equal to 3.5 km, is found to be representative for hloé2d@ral profiles in Brussels.
Using this correlation length, a variance of 45% is used. This cheiseonducted based on the seasonal variance of the RIO
a priori profiles compared to their seasonal mean value. It is found that the seasonal vaRd@cebsiervations has a mean
value of 45%. Additionally, it is found to be a good compromise for obtaining reasonable retrieval results e.g. in terms of
information content, and while avoiding unrealistic oscillations in the retrieved aerosol amdfi@s.

The measurement covariance magixs chosen to be diagonalith elementsorrespondingo theuncertainties of the dual
scan parameterized N@earsurface concentration (see Section 4.2.2).

Threeexample of the retrieved N@horizontal profileare presented in Fig.3 together withcorresponding measured and
simulatedA  at the sixdifferent wavelengthfor July 2,September 11, and September 30 2RMS is calculated between
measured and simulated N@earsurface concentrations of therizontal retrievahormalizedby the mean of the measured
NO; nearsurface concentratioffapperpanes in Fig. 13). For distances smaller than the minimurpb (around 8 km), the
measurements do not give information about the horizontal distributio®afGbnsequently, the retrieved N@orizontal
profile at these rangés coming from the a priori profil&imilarly, the measured and retrieved rgarface aerosol extinction
coefficient and the retrieved aerodalrizontalprofile are shown in Figl4, for threesample case

An essential condition of the dustan MAXDOAS retrieval and the new horizontal inversion approaicsix different
wavelengths is thimcreasingrendof the horizontal sensitivitgs a function of wavelengt@onsequentlyevey wavelength

is sensitive ta different horizontal region aritle six different wavelengths can be used to rettilegédnorizontal distribution

of aerosolsand trace gaseSensitivity testavere conducted in which simulatedol are expressed as a fumctiof the six
different wavelengths for different aerosol conditionscas be seeim Fig. $4, the linear relationship betweesd(and Lyo2)

and wavelength exists for AOD valuemnging fromO to 1. An AOD equal to unity is chosen as the maximum AOhef

simulations because in Uccle, AOD values rarely exceed (seein https://aeronet.gsfc.nasa.gofgr the Brussels

measurement siteTherefore, theelation stays linear as the aerosol load changes docdhditions observed in Uccléhe
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555 only condition leading to nofinearity is when cloudsare presentHowever,as explained irSed. 4.1, a cloud filtering

approach is applied, rejecting theokencloud scenesvhich are the more problematic ones

(] Co C3 . Cn

MAX-DOAS

560 Figure 10. Schematic representation of the six different.noz (i.e., onehorizontal line for each wavelength)used in the
new horizontal distribution inversion approach. The length of each line shows the sensitivity of each wavelength as a

function of the horizontal distance. Theshortestline represents the smallest wavelength.
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Figure 11 Examples of weighting functions used in the neworizontal distribution inversion approach (11 September
2018 11:26 UTC).
570

575

25



x10! 11° x10%! 25°
N - 3-/_/\
2_/‘\ 2./_/\

0 5 10 15 20 0 5 10 15 20

g RID 35.5° gx10tt  62.5°
Spring

4 4 —SUMMer
Autumn
Winter

A priori NO, profile/ molec.cm™
LA
(%]

L
0 5 10 15 20
5 x10t 305°
4t
SN
2 _/\ 2 L
1 : : : 1 : - ;
0 5 10 15 20 0 5 10 15 20

Distance/ km

Figure 12. Example of seasoml RIO a priori NO2 horizontal profile s for the new horizontal distribution inversion
approach as a function of thehorizontal distancefrom the MAX -DOAS instrument in six different azimuthal viewing

580 directions, before the application of the scaling factar

26



585

590

595

measured
U #  simulated |

(a) 0% 20180911 /RMS=4.82 %
-

O measured
¥ g *  simulated | 7

(b) 10 20180702 /RMS=4.38 %
o

~
T
O

()]
T
*
%
23

;1) ® g ]

o

C05/ molec.cm
-
T
CN02/ molec.cm
w
T
€
(CF

F
T
'

0.5F .|

0 L L L L L 3 L L L I L . L .
0 5 10 15 20 25

) i)
£ £
() o
U g 7
@ @
[#] o
£ £ 6
= ~
£ 25
s S
=5 a 4
~ ~
S 9 | . | | | o 5 | | L . 1 L 1 L
= =
0 5 10 15 20 25 0 2 4 6 8 10 12 14 16
Distancef/ km Distance/ km

(c) 101 20180930 /RMS=3.84 %

= DiF

‘ o

£ Bk

§ 2 ® ¥ ®
o 15k S
£

UZ 05k #*  simulated i

N
tn

~N

[
= wn
T
I

e
[
T

1

6 8 10
Distance/ km

NO, profile/ molec.cm™

o
N
ES

Figure 13. (Upper panek in a, b, and § Measured and retrieved NQ near-surface concentrations athe six different
wavelengths (i.e horizontal distances) as a function of the estimated horizontal distances arldWer panek in a, b, and
c) the retrieved NQG; near-surface horizontal profile and a priori profile. The two panels correspond to the (a) 11
September 2018, 12.91 UTC, 26azimuthal direction, (b) 02 July 2018, 10.42 UTC, Z&®zimuthal direction, and (c) 30
September 2018, 07.96 UTCL67.% azimuthal direction.

27



20180911 /RMS=7.66 %

20180920 /RMS=5.12 %

= T T T 0.25
5 0.1 C  measured | ° o O measured
e #  simulated [y *  simulated
5 Eooof * | B'E gal & & % |
o [0} ot
£ So.08f £ , e 5
= * e =
i 43 0.07F ® A H 4)_.:
z0o 29 b
0.06 . ‘ ‘ . . ‘ - At ‘ ‘ |
24 10 15 20 25 30
Loy kM

3 ] s o0.2f E
Qo 8- SE6000,
ES g Z0ds '
€5 i €5 o1 M= ==
o 5 = o o] -h'="==::::;-
L. = i, 0.05
@ = 1 55
28 28

0 L 1 1 L Ok L s 1 =

0 5 10 15 20 25 0 5 10 15 20 25 30

Distance/ km

=
W
N

Distance/ km

2q180602 II}MS=6.B3‘%

=
w

e 2
NN
o ©

Near-surf. aerosol
extinction/km™
o
N
=

0.22
7

(=
IS

C  measured
*  simulated

o
w

e
i

Near-surf. aerosol
extinction/km™
o
~N

o

o
N
ES
o
@
=
o
=
N

Distance/ km
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4.4 Characterization of the retrieval

To characterize the retrieval, the averaging ker#é{s, play a crucial role. Th&aK matrix is calculated a®llows (Rodgers,
2000):

— L mi#_ Hﬂ_ L. |H|1|_ L (16)

U Eaorin

TheAKs are the rows of thAK matrix. Theypresent thaensitivity ofthe retrievedduoz ) onthe true ¢noz_tue) atmospheric
profile. Ideally,the AK matrix shouldbe an identity matrix. In Fig.5l an example of selectéKs is shownAs can be seen,
for distancessmaller than the first measment (e.g., neaurface NQ concentratiorretrievedat 343 nm) the AKs are
constarniy zero (or havesmall value) from the MAX-DOAS instrument until these distanc@&sis indicaesa low sensitivity
on these short distances, and therefofermation alout the horizontal distribution of NQs coming essentially frorthe a
priori profile. The AKs create a maximum flat platealoseto their nominal horizontal distance for larger distance8(d5
km, d=10.25 km, and d24.75 km) For this particular exanig theAKs do not exceed the values 006.

Another important information about the retrieval is the tracheAK matrix, whichrefers tothe number of degreesf
freedom for signa(DOFS). The DOFSarean indicationof the number ofindependent piexs of information thabne can
retrieve from he measuremesntideally, the DOFS would be equal to the number of horizontal boxes for the horizontal
distribution. In reality, the DOFS are lower, because of the limited horizontal resolution of the meassiienkég. 15, the
DOFSareclose to wo, which meanshattwo independent pieces of information a@ntained irthe measurementsr this

particular example

In the present work, the totadtrievalerroris equal tothe errorelated to theneasurerant noiseand the smoothing of the true

atmospheric profileAccording to Rodgers (2000héretrieval noiseerror is estimated as:

-”D -=+= v -"-”.-"JI' (17)
with, G being the gain matrix:

T IHI.”- L .||4= H.”- (18)
The smoothing error is calculated as follows:

.||mn c <= IL I=.||. =L L (19)

with S« being a realistic covariance metric of the true;MGrizontal profile.
The horizontal profiles othe measuremenand smoothingerror in percentagere shown in Fig. @& As can be seen, the

measurement error becomes maximum for the longest distance.
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To eliminatethe unsuccessful retrievals, the percentage of accepted retrieihlsespect tdhe total number of retrievals
during the four seasoimsinvestigatedvhena specifc filtering on RMS and DOF® applied §eeTable 3and Figures S7 and
S8. As we can see in Fig. S8, DOFS are in the range e2.5.From these tests, it is found thabst of the retrievals have
DOFSlarger thanl.5(see Fig. S8)RMS is definedasthe rootmeansquare deviation between measured and simulated ¢
normalized by the mean of the measurgst ¢e.g., same RMS as in Fi@)l Table 3and Fig. Sindicate thaRMS values are
in the range of €80% andmost of the retrievals have an RM&aller than 6% with a median RMS valoiearound4.5%

during all season8ased on these investigatiolX)FS>1.5and RMS<6% are used as retrieval quality control criteria

Table 3. Seasonally averagedoot-meansquare (RMS) andDOFS values. RMS is catulated between measured and
retrieved NO2 near-surface concentrations of he horizontal retrieval (Fig. 13). DOFSrepresent the degrees of freedom

of the horizontal retrieval (Fig. 15). The percentage of the accepted retrievals is presentéat the differ ent selection

criteria.

Season Spring Summer  Autumn  Winter

Median RMS (%) 38 47 47 48
Median DOFS 1.7 1.7 1.6 16
Accepted retrievals (%) OOFS>1.5 90 91 81 78
Accepted retrievals (%) (RMS<6%) 87 72 70 73
Accepted retrievals (%) (RMS<5%) 75 57 55 55
Accepted retrievals (%) (RMS<4%) 56 33 36 32
Accepted retrievals (%) (RMS<3%) 27 11 15 11
Total accepted retrievals (%) 80 67 57 57

(DOFS>1.5 & RMS<6%)
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Figure 16. Example of the NQ measurementerror in percentagefor the 02 July 2018at 10.42 UTC and 28azimuthal
direction.

5 Retrieval results and discussion
5.1 Example of daily horizontal "EE distribution

The variation of the MAXDOAS horizontal distribution of tropospheric N®&CDs as a function of time over the course of
June 282019 is presented in Fig.7L This particular day is chosen because airborne measurements took phaed¢habo
Brussels region (segect.5.2). The horizontal N@profiles are plotted per azimuthal direction with the horizontal axis showing
the time in UTC and the vertical axis the horizontal distance irBlerause of the quality check on the retrieved N@izontal
profiles (see Sac4.3), some profilesvererejected (e.g. azimuthal direction equal to 26arkl 269).

During this day, maximum N£columns are mainly observed around 05:00 UTC and 10:00, Wheh correspond to 7am
and noon local timeEarly in the morning (05:00 UTC), high N@olumns are expected to be observed because of the low
MLH (MLH o2 in the range of 300 600 m height)n combination witithe morningrush houMNO, emissionsAround 10:00
UTC, the maximum N@columns are detected the north (N), northeast (NEAnd northwest (NW) directiofseeFig. 18).
Same NQhorizontal distribution is found when investigating the N@arsurface concentrations for this day (see Fig. S5).
In the Brussels region, the main emission sourcesoaetdd in the N and west (W) padf the city and are linketb the
motorway around Brussels (the-salled Ring), theBrussels city centeand the Drogenbos power plaiNW direction)

Concerninghe NQ peaks, they are locatatla distanceround Oto 8 kmfrom the measurement silécan be seen from Fig.
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685 18 that theRing, the Brussels city centemd the Drogenbos power plant are locatétiin these distance#&\s measured by
the meteorological station on the BIRASB rooftop, the wind was comirfgom the E directioruring thatday, resultingin
the progressive displacement of the N§@ak from the NNE to the W directio®@n the contrary, the azimuthal directions
pointing towards a large forested area (62,2, 7%, and 103), the Bois de la @mbre, detectonsiderably lower N©
columns than the other directions.

690 Maximum neassurface aerosol extinction coefficient values are observed during all day long and detected in the N, NW and

NE direction (see Fig. S6). N@nd aerosol peaks are-lmxaed towards the N and NW direction.
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Figure 17. Diurnal variation of the retrieved NOzhorizontal profiles per azimuthal direction as a function of time(UTC)
for June 28,2019.
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705 Figure 18. Maps of hourly averaged NQ horizontal profiles per azimuthal direction for June 28, 2019corresponding
to Fig. 17. The wind direction is shown with the black arrow. The black square shows the MAXDOAS instrument
location, the black polygon the National Airport, the black dots the N@hotspots emitting morethan 10 kg of NO« per
hour (Emission Inventory of the Belgian Interregional Environment Agency, 2017) , and the black line represents the
Brussels Ring road.
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5.2 MAX -DOAS horizontal NO2 distribution versus airborne car mobile-DOAS, and TROPOMI: 28 June2019case
study

For the S5P validationampaignover Belgium (S5PVALBE, https://s5pcampaigns.aeronomie)bairborne measurements
of the two largest urban regions over Belgium, batwerp and Brussel$pok placefrom 26 to 29 June 2019 (Tackd.,
2021). The Airborne Prism EXperiment (APEX) imaging spectrometerusedto measure the horizontal distribution of
tropospheric N@columns with a spatial resolutiof approximately 75 m x 120 m (Tack et al., 2017; Tack et al., 2019).
The APEX tropospéric NG columns are compared to the tropospheric R@izontal distribution as retrieved lapplying
our newmappingMAX -DOAS techniqueto the28 June 2018heasurement®uring the same day, TROPOMI pix¢BFFL
010302 productseeTable 1)selectedbverthe Biussels region areompare to MAX -DOAS observationduring this day,
the TROPOMI overpass time was at 12:19 UMAX -DOAS horizontal profiles of tropospheric NO®CDs are selected
around TROPOMI overpass tinfel hou). The horizontal profile ofMAX-DOAS NG, VCDs oneachhorizontal lineof-
sight hasa horizantal sampling of 0.5 kmsgeFig. 13). The MAX-DOAS NQO, VCDs on the horizontal segment crossing a
TROPOMI pixeland located inside the pixate averagednd compared tthe correspondinfROPOMINO, VCD. It should
be noted that the MAJDOAS segments are weighted by their relative length inside each ARENX observations located
inside each TROPOMI pixelereused to assign one APEX NQ@'CD value per pixel. Maps of ©-located TROPOMI,
AEROMOBIL, averaged MAXDOAS, and averaged APEX NOWCDsfor the 28 June 201&eshownin Fig. 19. Two maps
of APEX and MAX-DOAS observations are presented: one with APEXI MAX-DOAS in their initial resolution and one
with spatially averaged APEANnd MAX-DOAS observations irthe area covered byl EROPOMI pixel. The NG plume as
detected by APEX is covering the NW, &hd NE pas of the Brussels region. MAXOOAS successfully detected the same
NO. plume in the NW and N but not ithe NE direction The correlatiorand agreemertietween APEX and MAXDOAS
observations isvery good(R=084 and s4.15). As we can observe in Fig0, the APEX tropospheric NOVCDs tend to be
larger than the MAXDOAS oneswith anintercept equal te2.36x10'> moleccm?2.

During the S5FAL -BE flight over Brussels, car mob#8OAS observationsvere performed by the BIRAASB mobile
DOAS, the secalled AEROMOBIL (Merlaud, 2013)The AEROMOBIL consists of a compact double Avantes spectrometer
recording simultaneously scattered lighttwo elevation anglegi.e., one at 3Delevation angle and one at zenitiihe
AEROMOBIL wasused to measure tspatial distribution ofropospheric N@columnsmainly over the Ring road of Brussels
with start measurement time a8 UTC and end time at5142 UTC. The AEROMOBIL NQ VCDs, which are located
closest both in time and space to each MBRAS horizontal grid areompared to the corresponding MAXOAS VCDs
(see Fig. 2c and Be). AEROMOBIL and MAX-DOAS agree perfectly on the location of maxim(ira. NW direction) and
minimum (i.e. SE direction) NOtropospheric VCDs (Fig. ¢ and19e). We can observe in Fi@0b, that the correlation
coefficient is moderate (R equal t&8) and the slope value is equalk&5 The correlation plot between balhatasets reveals
that AEROMOBIL gives higher N@tropospheric VCDs compared to MAROAS ones. This finding auld be partly
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explained by the fact that AEROMOBIL follows busy routes, where the tgpospheric VCDs reach maximum values

because of the conition of NQpr oduct i on

resul ted

by

vehicl esb

engines

During the TROPOMI overpass (i.e., 12:19 UTC) above the Bru€sgttal Region, dusdcan MAXDOAS tropospheric
NO2 columns are retried, as it can be seenhig. 18. The correlation between TROPOMI and MAXOAS tropospheric

NO; columns during the day of the airborne measurements above Brisgseisented in Fig20c Excellent agreemeins

obtained with a correlatiorcoefficient value equal to 018 The slope valués equal to B9. During that day, MAX-DOAS

and TROPOMI are in good agreembant TROPOMI tends to underestimate the tropospid@igcolumns.lt should be noted
that during that day, theange ofobserved N@VCDs is from3.4x10'" to 8.0x10* molec.cn?, as retrieved by the MAX

DOAS observations
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Figure 19. (a) Tropospheric NG VCD as detected by the APEX instrument in its initial spatial resolutionTropospheric
NO2 VCD maps(TROPOMI pixels) as retrieved over Brussels on #8of June 2019 bythe (b) APEX, (d) MAX-DOAS
and (f) TROPOMI (overpass time at 12:19 UTC) instruments. Tropospheric NQVCD as retrieved by the (c) MAX
DOAS and (e) AEROMOBIL (between8:30 UTC and 15:42UTC) in its initial spatial resolution. The black square
shows the MAX-DOAS instrument location, the black polygon the National Airport, the black dots the NQ hotspots
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emitting more than 10 kg of NQ per hour (Emission Inventory of the Belgian Interregional Environment Agency,
2017), and the black line represents the BrusselRing road.
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I_:igure 20. Scatter plot between(a) the tropospheric NO: columns derived by airborne measurements (APEX) anthe
MAX -DOAS observations, (b) the tropospheric NG columns derived by car mobile-DOAS measurements
(AEROMOBIL), and the MAX-DOAS observations and (f the tropospheric NG columns derived by MAX-DOAS
observations and the TROPOMI tropospheric NQ columns over Brussels on 28of June 2019.

5.3 Comparison of MAX -DOAS horizontal NO:2 distribution versus TROPOMI observations

To compare the TROPOMI and MAROAS tropospheric N@columns the following5-stepapproach isised, similarly as
in Section 5.2
1. Only MAX-DOAS horizontal profiles of tropospheric NOCDs retrieved aroun@t1 hour) TROPOMI overpass

timeare selected.

38



795

800

805

810

815

820

2. The timecoincidentMAX -DOAS tropospheric NOVCD horizontal grids from all the azimuthal directionare
spatially average(l.e. one MAX-DOAS mean N@VCD value per pixelwithin theoverlappingTROPOMI pixels
The MAX-DOAS segments are weighted by their relative length inside each TROPOMI pixel.

The horizontal profiles of MAXDOAS NGO, columns have a hadntal sampling of 0.5 km in every azimuthal
direction. The coverage percentage is estimatatieasatio ofthe areacoveredby MAX-DOAS (i.e., number of
coincident MAXDOAS NQ; VCDs considering that every MAXOAS horizontal grid has a spatial resolutioh
0.5 x 0.5 km) inside each TROPOMI pixel to the totalimber of MAXDOAS NG, VCDs thatcould fill-in the
TROPOMI pixel.

5. TROPOMI and MAXDOAS tropospheric N@columns are comparednd the seasorgtaveragednapsof those
VCDsonthearea covered by #TROPOMI pixek arecreated To generatehesemaps, thensemble oTROPOMI
pixelsrecordedon 28 June 2019 is chosas reference antROPOMI pixels that coincide with ithreference grid
are averagedrhe daily horizontal profiles of MAXDOAS NG: columns are averagesh the daily TROPOMI grids
andthen, the reference grid is ustedcreate the seasonatyeraged MAXDOAS maps

The fasondy and annudy-averagednaps of TROPOM&and MAX-DOASNO; VCDs are presented in Fig@l and Fig. 2.
Only pixelsincluding at least 20 comparison day®taken into accourih the analysislt is found thatthe locatiors of the
NO; peaksand dips show a reasonably high degresimiflarty betweenTROPOMI and MAXDOAS during all seasons
except summerThe NQ peals appear mainly above Brussels city center, the Drogeudnesr plantW direction)andthe
NW part of theRing road which are the main knawnemission sourcess mentione@arlier These maps also indicate that
the tropospheric Ngcolumn over thdBrussés area haa clear seasonal cycle, withreximum duringwinter.

Figure 22c shows theannualrelativebiaseqe.g., 100 X TROPOMIT7 MAX-DOAS)/MAX -DOAS) per pixel.lt is foundthat
positive biasef.e. TROPOMI larger than MAXDOAS) are observed mainly ihe pixels located away from the measurement

site during all seasons, while negative biases are found close to the measurementrstted@issels city center.

The seasonal coraion plotsfor April 2018 February 2020 ardisplayed in Fig. 2. When all pixels are included, without
any TROPOMI pixelscoverage percentage filterirapn MAX-DOAS data the highest correlation is found dugispring
(R=0.70), while lower correlations are reportedaotumn,summer and winter, with correttion coefficient values of @0,
0.58, and 0.5, respectively. It should be noted that during sp(2@L8 and 2019), the numberaafmparisorpoints is smaller
than forthe other seasons, becad$®OPOMI data start from end of April 201Buring spring, the slze valie is equal to
1.06 while duringwinter, summer, and autumrhet slope values are smallerq8, 0.53, and 078, respectively. Similar
findingshave been reported in several studig¥efhoelst et al., 202Tack et al., 2021; Judd et al., 2020; Dimitroloauet al.,
2020; lalongo et al., 201%Vhen seasongl-averaged’ROPOMI and MAXDOAS pixels(the pixels shown iffrig. 21) are
compared ondy-one (seeseasonalREAS in Fig. 23), both correlation cdécient (R in the range 00.42-0.92 and slope

values € in the range d9.44-1.90 improve considerablfor spring and autumn

39



825 In a second step, timpactof thespatial sampling is investigated. Generally, a varying number of M®AS NG, columns
cover each TROPOMI pixel. The coverage percentagstisnated as thmtio of thecovered aredy MAX-DOAS (i.e.,
number of coincident MAXDOAS NG, VCDs) inside each TROPOMI pixel to the total number of MBRAS NG, VCDs
that could filkin the TROPOMI pixel. When selecting only TROPOMI pixels coveredtigast a givempercentage of MAX
DOAS grids (0% and20%), it is found that the correlation between both datasets impforveli seasonsexcept summer

830 for a coverage equal and greater than 20%e most significant improvement is observed dugpgng The correlation
coefficient value is equal to 82 (instead of 0f0) when taking into account TROPOMI pixels coveradre than20% by
MAX -DOAS retrievals Despite the better agreemeéntterms of correlation coefficienTROPOMI columns are stiB0 %

lower than MAX-DOAS measurements line with previously published studies

835 The seasonal regression analysis parameters between TROPOMI asdasiuBAX-DOAS measurements derived in the
present study are compared to the same parameters presented in Dirtotrags al.(2020) see Table 4Both studies make
use of the duascan MAX-DOAS instrument in Uccldn addition to the different approadbe(, the retrieval of NQhorizontal
profiles), n the present study, almost two y&af measurements areadswhile in Dimitropoulou et al. (2020@nly one year
is exploited for the TROPOMI valaion.In Table 4, for the present study, only one year of measurements ate hsse a

840 comparable time coverage for both studiss presented in Table Aere,thelargest slope valuis found inspring, while in
Dimitropoulou et al. (2020), in wintefThe season in which tiéghestcorrelation coefficients obtained differs betwedyoth
studies (here, igpring in autumnin Dimitropoulou et al. (2020)). The maimheantageof the newmapping MAXDOAS
techniqueis the larger number of comparison points between TROPOMI and -BI@AS leading to significantlymore
reliablestatisticsIn the present studyhédeviation of the comparison points from the fittegressiotine is increased mainly

845 because of the uncertainties in the horizontal inversion approach. The scatter increase is reflected in the corrét@aginn coeff
values, which are smaller for all seasomecept winterRegardinghe slope value, Is largerin springandsummer, ands

smallerin autumn and winter.
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Figure 21 Seasonatropospheric NOz VCD grids (TROPOMI grids) as retrieved over Brussels by theROPOMI and
MAX -DOAS instruments. The black square shows the MAXDOAS position, the black plygon the National Airport,
the black dots the NQ hotspots and the black line represents the Brussels Ringnotorway.
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Figure 22. Annual (e.g., based over the two years of observations) tropospheric N®&CD grids (TROPOMI grids ) as
retrieved over Brussels by the(a) TROPOMI and (b) MAX -DOAS instruments. (c) Annual bias between tropospheric
NO2 VCD as observed by TROPOMI and MAX-DOAS instruments (the negative values are shown with blue color,
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