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Abstract. We present an intercomparison study of four airborne imaging DOAS instruments, dedicated to the aattieval
high resolutionmapping of tropospheric nitrogen dioxide (NDvertical column densities (VCDsIThe AROMAPEX
campaign took place in Berlitsermanyin April, 2016 with the primary objective ttest andntercomparghe performance

of experimental airbornémagers.Theimaging DOASInstrumentsvere operatedimultaneouslyfrom two mannedaircraft
performing synchronid flights: APEX (VITO/BIRAIASB) was operated fro® L R 6 s-22®CFFU aircraftat 62 km
altitude while AirMAP (IUP-Bremen), SWING (BIRA-IASB) and SBI(TNO/TU DelfKNMI) were operated from the
FUB Cessna 207T {EAFU at 31 km. Two synchronied flights took place on 21 Apri2016 NO; slant columnswere
retrieved by applyinglifferential opticalabsorption spectroscofipOAS) in the visible wavelength region acdnverted to
VCDs by the computation appropriate air mass factors (AMFEjnally, theNO, VCDs were georeferenced and mapped
at high spatial resolutioifzor the sake of harmonising the diffet data sets, efforts were madeagree on a common set of
parameter setting®dMF LUT and gridding algorithmThe NG, horizontal distribution, observed by the different DOAS
imagers, shows very similar spatial patteribe NG field is dominated by two larg@lumesrelated to industrial
compoundscrossing thesity from west to easfThe major highway#100 and A113 are also identified as line sources of
NO,. Retrieved N@VCDsrange between 1 x Yimolec cn¥ upwind of the cityand @D x 10* molec cn¥ in the dominant
plume, with a mean of 7.3 + 1.8 x ®@nolec cn¥ for the morning flight and between 1 and 23 *°¥fiolec cn¥ with a

mean of 6.0 + 1.4 x £®molec cnif for the afternoon flightThe mean N@VCD retrieval errors are in the range of 22 to 36
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% for all sensorsThe four data sets are in good agreement vidtrarsorcorrelation coefficients better than Qwhile the

linear regressin analyses shoslopes close to unity and generally small intercepts

1 Introduction

Currently, almost60 % ofthe world populationis living in urban areaswhere they are exposed to emissions from the
majority of anthropogenically produced air pollutarititrogen dioxide (N@) is a trace gas and key pollutant that can be
considered as a proxy for air quality/pollution in an urban environrasnt, mainly originates from combustion processes
such as burning of fossil fuels which are mainly related to traffic and indd&®yplays an important role in atmospheric
chemistryand can have a direct impact on human healths a shorived specis with a strong local character and
concentrations that can vasgrondy both in space and tie For the reasons statetthe monitoring and high resolution
mapping of the N@distribution is considered to be of gréabcial)relevance.

For abouttwo decads,tropospheric trace gases, such as,Nfavebeen monitoreédind mappedt a global scale by
spaceborne sensors like ESASCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric
CHartography, ESA6 &€ OME (Global Ozone Monitoring Exr i ment ) , E S A GOVMER2| AMIENASA OMI s
(Ozone Monitoringinstrumen}). See for exampl®ichter and Burrow$2002), Beirle et al.(2010, Boersma etl. (20117),
Hilboll et al. (2013, Valks et al.(2011) andBucselaet al. (2013).However, he coarse spatial resolutidn the order of a
few tens of kilometersf these spacebornair qualityinstruments makes themeffective for studies of the NGield at the
scale of citiesand for resolvingndividual emission sources.

In the last decade, aumber of studies have explored the potential of airborne imaging D&ys®&ms for higher
resolution mapping of the spatial distribution of tropospheric gales.majority of thee studieshave focused on the
retrieval of theNO, field over urban areas aftwd industrial sites, i.e. Heue et §2008), Kowalewski and Janz (2009), Popp
et al. (2012), General et al. (2014), Lawrence et al. (2015), Schonhard{2@1d8) Nowlan et al. (2016)Lamsal et al.
(2017),Meier et al. (2017), Tack et al. (201 ¥jlemmix et al. (2017)Broccardo et al. (2018Merlaud et al(2018) and
Nowlan et al. (2018)

As the developed instrumentary in design, size, specifications and data analysis applied, it is interesting to compare
results from simultaneous obseraais. Here v presenthe firstintercomparison study of NOVCDs, retrieved bythe
differential optical &sorption spectroscoffpOAS) analysis ofvisible spectraobserved by foudifferentairborne imaging
DOAS spectrometersThe instruments wereperated simultaneousfyom two manned aircraftver Berlinduring theESA
fundedAROMAPEX campaigrtaking place in April 2016

The primary objectiveof the AROMAPEX projectvasto test and intercompare experimental airborne atmospheric
imagers, dedicatetb the geographicaimapping of the spatial disbution of tropospheridNO,. AROMAPEX is also a
preparatory step for forthcoming intercomparison/validation campaigns of satellite air quality denb@rsoming years, a

new generation of spacebormstruments will be launcheg@roviding information on atmospheric variables at much higher
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spatial resolutionin the order of a few kilometer These measurementsvill be valuablefor air quality, atmospheric
composition and climate monitoring studiesi@ges ESA has launche&entinel5 Precursor ($P)on 13 October 2017,
being asunsynchronous low earth orbit (LEQhission(Ingmann et al., 2012)and has planned the launch of the first
Sentinet5 (S5) in 2021. Additionally, a rangeof geostationary (GEO) missiorare planned ESAS Sentineld (S-4)
(Ingmann et al., 2012NASA6 SEMPO (Tropospleric Emissions: Monitoring of Pildtion; Chance et al., 201Zoogman

et al., 201y and KARIB SEMS (Geostationary Environmental MonitorirgpectrometerKim, 2012. The unprecedented
characteristicsof these instrumentssuch as higher spatial and temporakolution will create many newscience
opportunities, but alsoetrieval challengesThe AROMAPEX campaign andtudy are aimed at thepreparation ofthe
validation oftrace gagproductsfrom future spaceborne systemsd forthe study of satellite intrpixel variability.

The manuscript is organised as follow&ct. 2 presents the context of tARROMAPEX project and provides details
about the setip ofthe airbornecampaigrheld inBerlin. Sect. 3 briefly introducethe four airborne imaging DOAS systems
operated during AROMAPEXSect. 4 describes the data analysis of the airbobservations for the néeval and
geographicalmappingof the NO, VCDs. In the following two sectiors, the resultingNO, VCD distribution mapsare
discussed and compared with mobile -DEYAS measurements. Sect. discussesa quantitative assessment by

intercomparing theo-located NQVCD productsretrieved from the four imagers

2 The AROMAPEX campaign

The AROMAPEX campaignwas held in Berlifrom 11 April to 22April, 2016. An overview of the area, flighplan and
main campaign sites igrovidedin Fig. 1 The fourimaging DOAS systems were operated from two maraiectaft,
perfoming timesynchronisedlights at different altitudes: APEXAfrborne Prism Experimentyas operated from the DO
228 D-CFFU aircraft of DLR Deutsches Zentrum fur Lufund Raumfahjtat 62 km a.g.l, while AirMAP (Airborne
imaging DOAS instrument for Measurements of Atmospheric PollytiBRVING Small Whiskbroom Imager for trace
gases moitoriNG) and SpectroliteBreadboardnstrument (SBl)were operated from the Cessna 207 ESAFU of FUB
(Free UniversityBerlin) at 31 km a.g.l The cruise altitudes of botircraft were well above the planetary boundary layer
(PBL), containing the majority afropospheric N@ The aircraftoperated from th&chdhagen airfieldseeFig. 1), 40 km
southwest of Berlin, while the research teams were based dnstitute for Space Science$ FUB, where measurements
of additional atmospheric parameters were made

The complex flight constellation wamarefully plannedn order to optimise the acquisition for trace gas retrieval
purposesDue to rainy and cloudy weather conditiat¢he beginning of the campaigtihe twoscheduledlights bothtook
place on21 April, the only cleaisky day during the campaideee Tak# 1) The first flight took placen the morning from
09:34 to 12:01 LT anthe second flighin the afternoon from 14:24 to 16:39 LThe entirecity of Berlin was coverethy
both flights as well as the serirban and rural area east and south ofcihe An area of approximately 800 krwas

covered, consisting df4 flight lines for the morning and afternoon flighlote that due to a small delay of the Dornier
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aircraft, the second flight line of the morning flight was skipped in order to be hetgsynchronised with the Cessna.
This explains thalatagap in the retrieved APEX NOVCD distribution map(see Fig. 1L The absolute temporal offset
between both aircrafibove acertainpositionwas 10and 12minutes on averagfr the morning and afternoon flight,
respectivelywith a maximum time difference of 24 minutes

The flight plan consisted of adjacent straight flighes, alternately flown from south to north, and from north to
south, with the first flightine in the west.Due to the large roll anglespectra acquired during turo$ the aircraftin
between flightines are not taken into account in the compari3dr flight planapproved by air traffic contrdATC) was
initially larger than the area covered, in order to have some fléyilliadapt the actual flight pattern to the wind direction
Downwind of the sources,rmaximumnumberof flight lines were retained in order to catch the urban plume. Upwinckof th
main know sources, the number of flight lines were reduced. In the case of the flights on 21 April, more flight lines were
foreseen in the east as aukk®f the predicted west wind.

The AROMAPEX campaign is part of the AROMATandi Il (Airborne Romaian Measurements of Aerosols and
Trace gasgsactivities (Constantin and Merlaud, 2016held in Romanian September, 2014 and August, 20THhe
campaign was initially planned to take place in Romania, Bucharest in summer 2015, but was evesthaitiuled to take
place over Berlin in spring 2016, due to critical issues with the flight approvals over Romania for the DLR Dornier aircratft.
AROMAPEX builds on the experience gained during the AROMAT campd(inss flights with AirMAP and SWING
togeherfor NO, and SQ retrievak) and the BUMBA campaigns (Belgian Urban NEonitoring Based on APEX remote
sensing) held in Aprlune 2015 and July, 2016 in Belgiuiack et al., 2017)

3 Airborne i maging DOAS instruments and data sets

The daracteristics of the four airborne imagimOAS instruments which were operatedudng the AROMAPEX
campaignareonly briefly discussed herwith a focus on their differenceandthe main specifications are summarised in
Table 2. References are providdelow, containing a moreletailed and technicaliscussion of eacmstrument andlata

analysis A mosaicof the four imaging instruments is shownFig. 2

3.1 APEX

Airborne Prism EXeriment (APEX)is a pushbroonimaging spectrometer developed by a Svidefgian consortiunthe
Flemish Institute for Technological Research (VITO) and Regnote Sensing Laboratories (RSif)the Department of
Geography of the University of Zurizton behalf of ESA(ltten et al., 2008D 6 Od o r i cSchaepdh kt2aj2015)
Although APEX is initially designedas a airborne remote sensing instrumerior land usei land cover (LULC)
applications, several studies have demonstrated that the instrument is suitaldmdspheric trace gas retrieval
applications and in particular N&(Popp et al., 2012; Kuhlmann et al., 2016; Tack et al., 208FEX records data in the

visible, near infrared and infrared regions of the electromagnetic spectrum, covering the wavelength range between 370 and
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2540 nm.The radiance is spectrally dispersed by a prism, while the three other imaging instrumentsiredegith a
grating spectrograplBecause of the use of a prism dispersion elemenfutheidth at half maximum (FWHM)s a non
linear function, broadening with wavelength.the visible wavelength rangthe spectral resolution increases from 1.8 to
nm FWHM. APEX has an acroassr ack fi el d of view (FOV) o-frackd2Bels.Aawatth r ec
width of 31 km is obtained at a typical flight altitude aftm a.g.l.In order to obtain a favorable sigrtatnoise (SNRYor

trace gas retrieval, spectra are spatially binned by 20 pixels-adomacrossrack resulting in aspatial resolution of
approximately80 by & nt. The nativedetection limit with respect to NADSCD retrievals is ~3.8 10 molec cm?. Note
thatthe spatial resolutiors considerably higher thatie typical resolution ofpaceborne sensdier the monitoring othe
atmospheric composition: one OMI pixel of 13 by 24%lamd one TROPOM(TROPOspheridonitoring Instrumentpixel

of 3.5by 7 knf are covered by approximatel§5000 and 600 APEX pixelsrespectively.The latter is the spectrometer
payload of the ESASentinel5 Precursor satellitdaunched in Octobe2017. The APEX optical unit is enclosed by a
thermoregulated box in order to be tempgmre stabilised, while theressure in the spectrometer is kept at 200 hPa above

ambient pressure.

3.2 AirMAP

The Airborne imaging DOAS instrument for Measurements of Atmospheric Pollution (AirMAP) has been developed for the
purpose ofairbornetrace gasmeasurements and pollutionappingby the Institute of Environmental Physida Bremen
(IUP-Bremen).The instrumenspecifications andgreviouscampaign resultBave beerhoroughlydiscussed in Schénhardt
et al. (2015) and Meier et al. (201AIrMAP is a pustbroom UV-Vis imager with a wide FOWf around 517°, resulting in

a swath width ofapproximatelythe same size as the flight altitudéhe wavelength region and spectral resolution can be
customised according to the chemical species of interestavdfiectral coverage of either 41, &386 nm, depending on
the grating used For the AROMAPEX campaign, AirMAP was equipped with &4ffmm grating blazed at0® nm
enablingmeasurements ohé incoming light in the 42892 nmwavelength range, with a spectral resolution betw@8n
and 1.6nm FWHM. From a maximum of 35 individual lines of sigfitOS), represented by 35 single fibers, the number of
viewing directions is adapted to each situation by awegaaccording to SNRr gatial resolution requirementEhe spectra
acquired during AROMAPEX have a spatial resolutiorapproximately30 m alongtrack and 8am acrosdrack and the
approximate detection limit with respect to NDSCD retrievals is ~2.2 10" molec cm?. Thespedrometer is temperature
stabilied at 35 °C.

3.3SWING v2

The Small Whiskbroomnhager for anospheric composition monitoriNGBWING) was developed by thRoyal Belgian
Institute for Space Aeronomy (BIRPASB) ba®d on the experiencgained with previous (airborne) DOAS instruments
(Merlaud et al., 2011; Merlaud et al., 201Zhe compactpayload isinitially designedto be operated from an Unmanned
Aerial Vehicle (UAV)and first results of this instnoentalsetup werediscussed in Mi¢aud et al(2013,2018. During the

5
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AROMAPEX campaignan upgraded version @WING was operated from the FUB CessthangsideAirMAP and SBI.
SWING v2 was deployed for the first time during the AROM2ATcampaign, in order to measure Né&nhd SQ in the
exhaust plume of a Romanian power plg@@onstantin and Merlaud, 201@WING v2is based oan AVANTESAvaSpee
ULS2048XL UV-Vis spectrometecovering the wavelength range 28650 nmat a spectral resolution of Onm FWHM.

A PG104 (Lippert CSR_X800) runs the acquisition softwaend store the acquiredspectra Scattered solar radiatidrom
different LOSis collected by a rotating mirror which is mounted on a HITEG39S6MG servomotor, controlled bgn
Arduino Micro. The mirror is able tocan at anaximumFOV of 1109 but was tuned to a FOV of 5@5r the AROMAPEX
campaignin order to yield a similar swath width as AirMAR contrast to APEX and AirMAPSWING is a lightweight
compactwhiskbroominstrument.including the housing and the electronics, the weight, size, and power consumption of
SWING are respectivel§20 g, 33x12x8cnr and 10W. The main reason for implementingvehiskbroom setp were the
constraints both in weight and sjaa order to be operated from an UAYA disadvantage of this strumental setip is
however, thatNO, maps are not built continuously mpnsecutivescanlines but by a cloud ocanned pointsin the
AROMAPEX flight geometry, the SWING largestantaneosifield of view (IFOV) of 6° yielded continuous maps with a
spatal resolution of approximatel$25m anda DSCD detection limit of ~1.8 10" molec cm? From the perspective of
the analysisa whiskbroom setip has the advantage thatéquires only one calibration set in the DOAS analysis, instead of
a calibratiorset per acrossack detector.

3.4 SBI

The SpectroliteBreadboardnstrument (SBl)s a compactJV-Vis pushbroonspectrometethat has beedeveloped athe
Netherlands Organisation for Applied Scientific Resedfd¢tiO) for variousapplications (air quality, land use, water quality
monitoring. The instrument is designed to operate from 4Jh#t CubeSaand its size and weight are 31x42)d#’ and 8
kg, respectivelyAlthough pimarily designed for futur@pplicationin space SBI was adapted to an airborne instrument and
performed its maiden flight during the AROMAPEX campai@he instrument gecifications are discusséu moredetaik

in de Goeijet al. (2016), while the Nfretrieval approach and AROMAPEX campaign results are reportégeimnd
Vlemmix (2016), andVlemmix et al. (2017)It was decided only shortly before the AROMAPEX campaign to 38tto
the instrumental saip, whichmade itan ambitious and challenging tas& get thebreadboard readybue totechnical
reasons, a temporary, but noptimal, telescope was used with a narrow FOV of 8.3°. lithiged the swath width td50m
ata flight altitude of3.1 kma.g.l., which isconsiderably smaller than for the other imag8Bl has a spectral coverage from
320 to 500 nm with a spectral resolution of 0.3 nm FWHHdwever, other spectral ranges are posdigisveen 270 and
2400 nm without affecting théesign.Spectra were onlyibned in the alongrack direction, resulting in a spatial resolution
of approximately6 by 205m? and an approximat®SCD detection limit of ~2.2 x 10" molec cm®. The instrument is

stabilied at a temperature of 25 °C.
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4 Retrieval of NO, vertical column densities

The retrieval andyeographicaimapping of NQ VCDs, based on spectra acquired by the airborne imagers, consésts of
threestep approachrirst, the well-established DOAS technique (Platt and Stutz, 200&sed on the Bedémamkbert law, is
applied on the observed backscattesedar radiation in the visible wavelength region (Sect 4.1). For each analysed
spectrum, this results in the retrieval of a slant column density (S8&i)g theconcentration of N@integrated along the
effective viewing pathSCDs depend on the optigaath of the observation and gteis strongly dependent dine viewing
geometry and the radiative transflr.the next stepan air mass factor (AMF; Solomon et al., 1987) is conpiibe each
observationby modelingan assumedtate of the atmospheend transfer of the solar ratian through the atmosphere,
based oma radiative transfer model (RTMPBect 4.2) AMFs are the factor between the slant and the vertical column,
accountiig for the effects ofviewing and sun geometry, surface reflectance, aerosol scattering and theeitiCal
distribution. SCDs from the DOAS fit can then be converted to VCliming theintegrated amount of NCalong a single

vertical transect fromthEar t hds surface to the top of the atmosphere

"Y6 O
000

w6 O

VCDs are a more geophysical relevgoantity, independent of changiesthe optical pth length of the SCD®.g. due to

high surface reflectece or large solar zenith angléCD retrievals from different DOAS instrumentsn thereforebe
compared in a meaningful waly athird andfinal step, the observations are combined with the recorded sensor position and
orientation, allowing a propeyeographicamapping of the NQVCDs (Sect 4.3) The retrieval approaesand (the impact

of) theparameter settings are only briefly discusisethe next seans. Forfull details on the APEX, AirMAP, SWING and

SBl retrieval approadats we refer respectively to Tack et al. (2017), Meiealef2017), Merlaud et al. (20L8and Viemmix

et al. (2017).

4.1 DOAS analysis of the observed spectra

A DOAS analysis was appliditst to all the obsered spectra in order to retrieidO, slant columns. fie DOASapproach
separate thebroadband Ear t hés surface refl ectandmaeow badR@nyplécadr abkorpion)d Mi
signals in theobservedspectraby fitting a loworder polynomial term anidolatingthe rapidly varyingmolecular absorption
structuresThen,absorption crossectionsof NO, and interfering trace gases, such as@ and HO, anda g/nthetic Ring
spectrumare simulaneously fitted. The fitting interval was within 425 and 510 nm for all imagers., N&hibits strong
spectral absorption structures in this region, while tigerelatively low interferencérom absorption features of other trace
gases. As the DOAS analygparameters are largely dependent on the instrument, each involved group applied its own
spectral fitting tool and optimised settings for N@trieval. The impact of using different DOAS retrieval tools has been

studied in Peters et al. (2017) and an excellent overall correlation was repantegiach instrumenthe main DOAS
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analysis parameters and fitted absorption esessions are provided ihable3. Note that Q and HO crosssections were
not fitted in the APEX retrievals due to cresmrelations and overparameterisation of the small fitting intervghn@ HO
were not fitted in the SBI retrievals due to small absorption in the chosen fifitioigw. There were also maatterns visible

in the residuals that correlated with the shape of the water vapour differentiabectiss. This is also expected on such a
clearsky day over a relatively small region.

The direct output of the DOAS fit isoha SCDbut a differential slant column density (DSCDQyhich is the
integratedconcentration of N@along the effective light pattvith respect tathe same quantityin a selectedreference
spectrum Y6 'O). Reference spectra were acquired ovelean forest area, west (upwind) of the city center, characterized
by a low and homogeneous Blfeld and a low albedo variability. In case of a pushbroom imager, a reference spectrum is
required for each acrossack detector, each having its intrinsiespral response, in order to avoid acrtyask biases. For
each flight, new reference spectra were acquired in order to reduce systematic biases due to changes in environment
conditions, affecting the instrument characteristics and its spectral penfmgnt@everal spectra were averaged in order to
increase the SNR of the reference spectrum, e.g. in case of AirMAP 120 spectra were averaged over one minute, reducin
the noise to approximatel®.0 x 16* molec cm? It is assumed that the background speutrcontains a residual NO
amount of Ix 10" molec cnf. This value for the background correction is considered to be a typical value for an European
summer month as shown in Huijnen et al. (2010). Due to the nature of the different instruments, a slightly different approach
was applied for each instrumentander to acquire the reference spectrum. These have been extensively distulssed
related papers, reporting results from the individual involved airborne imagers (see Meier et al. (2017) for AirMAP, Tack et
al. (2017) for APEX, Vlemmix et al. (2017)f&BI, and Merlaud et al. (2018) for SWING).

The differential approach (1) largely reduces the impddystematidnstabilitiesrelated to instrumental artefacts
and the Fraunhofer lines, which blur out the much finer trace gas absorption featurey Gamt€® out the stratospheric
NO, contribution in the signalassuming asmall variability of the stratospheric NCfield between theacquisition of the

analysed spectrum and the reference spectigm(1) can be rewritten as:

S50 ‘0"Y6 O"Y06 O
wo 500 S
Or
... OYOO w6 0z60D0O
wo 0 o

000

Prior to the DOAS arlgsis, a spectral calibration wapplied in order to obtain the instrument spectral response function
(ISRF or slit function) as well @® accurately lign the analysed spectryrthe reference spectrum atié absorption cross

sectiongn the DOAS fit The accuaite pixetto-wavelength mapping isitherdone by aligninghe Fraunhofer lines in the-in
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flight spectra with a high resolutiosolar atlas (APEX, SWING, SBI) or by HgCd line lamp measurements on the ground
(AIrMAP) . The main @tailsof the wavelength calibration are provided as well in Table 3.

The NO, SCD time serie®f AirMAP, SWING and SB] the three DOAS systems that were mounted or-thie
Cessnaare showrin Fig. 3 for the morning flight over Berlin on 21 April 201Bue tothe dependency alant columns on
the optical path and thus othe viewing geometry and theadiative transfer, onlyearnadir SCDs were compared by
averaging the observations of each actossk scan betweed® and +4° viewing zenith angle (VZA)otethat differences
in the effectivenoise levels are partly caused by differences in the instrument IFOV, integratioarth@veraging of
observationsThis is further discussed in Sect. 44 APEX was operated at a different time and altitude, its S&® not
shown in the comparisoithe flight lines were alternately flown from south to north, and from north to seiiththe first
flight line in the west. A major eastest oriented plume was discovered in the northern part of the acquiredragieating
from the power planfiReuter West Each peak corresponds to the crossing of the main pluimfég. 4, a zoom on the
SCD timeseriesis shown betweef8:21 and08:36 UTC. The first peak corresponds to the crossing of the plume when the
Cessna wa#lying to the north. Then the aircraft turned to prepare the acquisition of the next flight line in southern direction
and crossed theameplume a second tim@he NG, SCDs are 1 x 10"°molec cm? on average and agree very well with an
average differereof less than x 10" molec cm? and Pearsorcorrelation coefficients better than OFhis points outhe
robustness of thapplied DOAS retrievatiools

4.2 Air mass factor computation

The DSCDs retrieved byhe DOAS analysis do not only demkean the absorbgarofile, but also on the light patlaffected

by the observatiogeometry,atmospheric conditona nd Ear t hdé s s.ulhefstae @f the atthdsegheré and c e
radiative transfer through the atmosphere needs fardygerly moddled, to calculateappropriate air massctors (AMFS)

which areneeced to convert the retrieved DSCDs to VCDNO, AMFs have been computagsing the RTM package
UVspec/DISORT (Mayer and Kylling, 2005PISORT numerically reproduces the atmospheric state andatfiative
transferbasedon a priori information on the parameters that affect the slant columngaht These ar¢he surface
reflectance, sun and viewing geometry, and atmospheric propst@sasloud coverpressure, temperatyrabsorber and

aerosol vertical profiles.

4.2.1RTM parameters

(1) Both APEX andSBI are radiometrically calibrate thus an effective surface reflectance can be dediredtly from the
observed asensor radiancegrovided that amtmospheric correction is applieflirMAP and SWING on the other hand,
arenot radiometrically calibratedn Meier et al.(2016) an approach is presentedestimate surface reflectances from the
AiIrMAP observed intensitiesafter scaling or vicarious calibration using a reference regiith well-known surface
reflectance taén from the ADAM databasé(unet et al., 2013). For the SWING data, surface reflectances were taken from

the AFEX albedoproduct.In all cases, a Lambertian surface was assu(2¢¥iewing geometry and solar positio defined

9
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by theviewing zenith angle (VZA)solar zenith angle (SZAnd relative azimuth angle (RAAJan bedirectly extractedfor

each observation(3) The presence ofleudscan strongly affect theptical path and usually requg¢he need for a cloud
retrieval scheme, e.g. for spaceborne retrievals. Howevegdhld be nelgcted as alflights were performed under cloud

free conditions(4) Since no accurate N@rofile shape information was available over the city, assumptioribe vertical
distribution of NQ needed to be made. A box profile, with constant mixing ratio in the PBL, was assumed forthe NO
vertical distribution A PBL height of respectively 525 m and 1075 m was established for the morning and afternopn flight
based on observations performed with a CeilométdM15k. The instrument was mounted on tteoftop of theFUB
Institute for Space Sciengdecated in the southwest of the c{B2.46°N, 13.31°E, 80 m a.s.l.; see Fig..1p) During the
moming andafternoon flight dow aerosol optical thickneg&OT Level 1.5) of respectively 0.09 and 0.06 was measured by
the CIMEL AERONET station (Holben et al., 1998)the FUB The AOT was averaged between 440 (middle ofSBé

NO, fitting interval) and 490 nnfmiddle of the APEX NQ@fitting interval). The measuremengite was, howeveipcated
upwind of the main sourcesn 21 April, 2016 and waprobably underestimating the AOT over the ciar the whole
month of April 2016, a averageAOT of 0.13 was measurdaktween 440 and 490 nm at the FUB AERONET station. In
order to compensate for the possible underestimation of the aerosol laadinglated uncertaintieie to the site location,

a representativAOT of 0.15 and 0.10 was used iretRTM for the morning and afternoon flighespectively.

These values are largely consistent with measurements performed with a Model 540 Microtops Il handheld sun
photometer from Solar Lights (Porter et al., 2001), operated from a car which was thirgingh the city of Berlin during
the aircraft overpasses on 21 April 2016 Fig. 5, a time series of retrieved AOTs at 500 nm is shavthe upper panel
and a map is provided in the lower parielo similar routes were followed in the morning and aibten, starting from the
FUB Institute for Space Science3he mean and median AOT are 0.21 and 0.16, respectively, and a number of elevated
values can be observed, which are probably related to local sources or contaminatiowibipleubirrus cloudsThe first
and last observation in the time series were performed at the FUB Institute for Space Sciences, thus very close to the CIME|
AERONET station. Both for the morning and afternoon, the Microtops AOTs are higher than the CIMEL AOTs. Two
possible reams are currently under investigation: First, the AERONET station has a higher and less polluted position on the
rooftop of the Institute for Space Sciences. Secondly, there might be a calibration issue for the Microtops, despite the fac
that it was calibatedin 2015.

Aerosol extinction profileAEP) were supposed to beneasured directly from the Cessna, based on the airborne
spectrometer system FUBISESA2 (Zieger et al., 2007). The instrument provides simultaneous measurements of the direct
solar irradiance and the aureole radiance in two different solifes. Due taestrictions imposed bgir traffic control,
soundings couleéventuallynot be performed directly over nearthe city but were grformed over a rural aresuth of
Berlin and on a long descent track endohgse to the Blish border As theseprofiles wee not representativier the cityof
Berlin, aerosb extinction profiles were constructddbm the AOT and PBL heightsneasuredy the FUB CIMEL and

ceilometerduring the respective flightsising an assumed profile shapeth profilesinclude 75% of the AOT in the well
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mixed PBL, where the extinction is set constant, while the remaining62&bove theéPBL exponentially decreaseith
altitude.For allextinction profiles asinglescattering albedo (SSA) of 0.93 was assumed (Dubovik et al., 2002).

In DISORT, theradiative transfer equation is solvada pseudespherical multiple scattering atmosphere using the
discrete ordinate metho&imulations are performed for two different sensor altitudes, i.e. 3.1Cessfa 207T EAFU)
and 6.2 km Dornier DO-228 DCFFU) a.g.l., andfour different wavelengths, i.e. 440, 462, 464 and 490 nm. These
wavelengths represent the middle of the,Niing windows of the four different DOAS imagers (see Tad)le~or the sake
of harmonising the different data sets;ammonNO, AMF look-up table (LUT) was computeén overview of the used
grid for the different RTM parameters in the AMF LUT is providedrable 4 For each retrieved slant column, an AMF
was extracted from the LUT based on the viewing geometry, solar paaititsurface reflectancesing linear interpolatian

Based on Eq. (3), the slant columns can then be converted to the more geophysical\VélBgan

4.2.2AMF d ependence orRTM parameters
4.2.2.1 AMF dependence othe surface reflectance

A time series ofnearnadir NQ, AMFs is shownin Fig. 6 for the morning flight on 21 April, 2016. The corresponding
surface reflectages,andviewing and surgeometries recorded lilie AirMAP instrument are also prowdin the plot as
well as the other RTM parameter settingsstrong dependence of the AMF tme surfice reflectance can be observed
consistent with previous studies reported in Lawrence €2@15), Meier et al. (2017) and Tack et al. (201@)the upper
panel ofFig. 10 can be observed that the dependence idimear, especially below a surface reflectance of W/Ben the
surface isbright, a large fractiomf the incidentsuright is reflectedfrom the groundoack to theimagerand thus,for an
NO, profile peaking close to the grourallarger NO, slant column is retrievethan in the case of a low surfaedlectance,
even when considerinthe sameNO, profile, sampledbelow the aircraft Consequentlythe computedAMF should be
relatively highin case of a bright surface albedo account forthe higher measurement sensitivity and properly
compensate for the langslant columnUrbanenvironmentaisually exhibit avery strong variability in surface reflectance
and subsequently in the AMA. slight overall increase of the AM&an be observeid the middleof the flight where spectra
areacquired over theity and suburban area, characteriseathygher albedo. The aeeovered by the first and last flight
lines have a rather rurand forrestedccharacter, resulting in an overall lower albedad thus, lower AMF. The mean
surface reflectance and AMF &@é3and 1.7 respectively, for the AirMAP observations.

The surface reflectance products of APEX and AirMAP have lmeenpared for the afternoon flighks an extensive
surface reflectance intercomparisstndy is beyond the scope of this paper, we refer to Meier (2017) for further dedails.
the APEX surface reflectance product, an atmospheric correction was appliedbs¢heed asensor radiancesccording
to the methodology described in Sterckx et al. (2016). The atmospheric correction parameters were tunedatg@usure
matching of APEX spectrawith co-located ground truthreflectances, measured during the campaign withASD

FieldSpee4 spectrometer (http://www.asdi.com/produatstservices/fieldspespectroradiometers/fieldspdehi-res) over
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different target surfaces. The fage reflectances retrieved from APE)}ectra arealibrated at 500 nm and have a high
spatial resolution of 4 by 3 mBesides the APEX surface reflectance product in the spectral rangei 60898m, used for

the APEX AMF computationand close to theniddle of the APEX N@fitting interval, a second product was derived by
averaging APEX surface reflectances along the spectral dimension in the interval betwe0 488, corresponding to the
AiIrMAP DOAS fit window and consequently the spectral rangefichAi r MAP6s surface reflecta
A comparison was also done with the surface reflectance product of the Landsat 8 Operational Land Imager (OLI)
spacebornénstrument(Barsi et al., 2014)hased on an overpass on the sameaddyl 56 LT. Band1 was used, covering

the spectral range from 435 to 451 nm and with a spatial resolution of abaut 30

The quantitative comparisonas performed by binning thdifferent data setsn a regular grid with a cell size of
0.0010° (110by 68 nf) in order to avoid significant differencesused by different spatial resolutidPearson correlation
coefficients were 0.85, 0.92nd0.92 andlinear regressioslopes 1.09, 1.14nd1.47 for the comparison of the AirMAP
surface reflectance produetith the Landsaf#35 451 nm), APEX(43B8490 nm) and APEX(49G00 nm) product,
respectively. Histograms for the different surface reflectance products are shown in Fig. 7 for the afternoon flight. The
surface reflectances retrieved from AirMARPEX and Landat 8agree well, especially for the most frequent surface
reflectances found in the covered area. The AirMAP surface reflectances have, however, a lower dynamititrange.
exception of AirMAP, all sensors show a frequeaturrence of vergmall surfaceeflectances close to zerbhis is mainly
related to the assumptions made on the parameters in the atmospheric correction and is mostly pronounced above dark are
e.g. the lake site in the east and the forest in the west of the covered\lacesery bhrge valuesare not found in the
AirMAP retrievals. This lower dynamic range is at least partialused by the lower spatial resolution of AirMAP and
spatial blur due to reduced imaging capaibiitof theinstrumentn comparison to APEX and Lands#tis may explain the
pronounced slopes in the correlation pldtscause a strong weight is given to these extreme points in the regression. The
histograms also clearly show that the surface reflectances from the different sensors are offset agaihet.eHgis offset
is likely to be causd bya combination ofhe radiometriccalibration andhe reference spectra used for the calibration of the
surface reflectancesas well as an overestimation of the path radiance, i.e. the radiance scattered tmogghere
(Kaufman, 1993)The large offset found in thePEX(438 490 nm) surface reflectances is likely also related to the large
deviations from the calibration wavelength of 500 nm.

In Vlemmix et al. (2017), the SBI effective surface reflectance wagared as well witithe Landsat 8 surface
reflectance producshowing a good agreemefot the combination othe morning and afternoon flightatg with a Pearson
correlation coefficient of 0.8 and a slope of 1.88cording to this study, considerablgfdiences detectefihr some of the
highestalbedopeaks in both data sets mighisobe related to the fact that exact pixel alignment is crucialaéswbecause
bright infrastructural elements may have highly sumiform bidirectional reflectance disttibion functions (BRDFs), which
makes the comparison more critical to differences in viewing and illumination awgfe.that the Landsat 8 scene was
acquired atl1:56 LT corresponding to an SZA of 42° while for the morning and afternoon flight the S4édvaetween
58 42° and 43F59°, respectively.
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4.2.2.2 AMF dependence oNO, and aerosol profiles

The authors are aware of the fact that the assumptions made for theixesl NG, and aerosol extinction profile shape, and
constant AOT do not take into account the effectraeiability that can be expected for #geconstituents in an urban
environment.This wasalreadydiscussed in Vlemmix et al. (2017) for the SBI flights overliBeind AMF uncertainties
related to profe shape and AOT assumptions westimated to be around1D % based on a set of different scenarios.

In this study, sensitivity tests were performed as vealbed on varying NOand aerosol extinction profileand with
the analysis wavelength, surface reflectance, VZA, SZA, and RAA set at respectively 490 nm, 0.05, 7°, 50°, and 9
Previous studies, such as Leitao et al. (2010) and Meier et al. (2016) indicate that aerosols can enhance or reduce the AM
depenling on their position with respect to the Ni@yer, the optical thickness and the absorption of the aerosol layer. When
assuming a welinixed NO, and aerosobox profile scenarioinstead of a Rayleigh atmosphere, AMFs incrdasé % on
average. This can be explained by the urban aerosols with high SSA, which haviy seftextive propertiesThis causes
multiple scattering and an enhancement of the optical path length in thé&ay#d and, thustesults in an increase tfe
AMF. For the afternoon flight, a scenario was tested with the Ia¢2r closer to the sources, extending from the surface to
500 m, and with the aerosols watlixed in the PBL, extending to 1100 m. In this case, the highly reflective aerosols have a
shidding effect as more solar radiation is scattered above theldy@r. This resultsn an overall decrease of 15 b the

AMF when compared to the scenario with both,N@d aerosols welhixed in the PBL.

4.2.23 AMF dependence orsun and viewinggeometries

The dependence of the AMF sm and viewing geometries v&ry smallunderthe current conditions and sep, as can be
seen inFig. 6. Based on a sensitivity studgported in Tack et al. (201%)e strongest effect is expecteddriginatefrom the
changing SZAbut this is smaller than 6 % for a fligime of 2-3 hours close to local nodn the spring or summer season
The overd AMF at the end of the fligh(SZA = 45°) is slightly smaller than &he beginning of the flight (SZA = 60tue
to the smaller SZAand thusshorter light path through the tropbere. A stronger effeatn the AMFis, however, expected

in the case of very shallow sun elevation angles.

4.2.24 AMF dependence on thesensor altitude

In Fig. 8, thedependencef the AMF onsensor altitude is simulatddr five scenarioshased on the concept absAMFs.
Box-AMFs describe the sensitivity of the observations as aifumaf altitude, resulting in aassessment of thastrument
vertical sensitivity (Wagner edl., 2007). The five scenariosom low to high altitude, resembtgpical platform altitude of

(1) an unmanned aerial vehicle (UAYR) the Cessna 207T -BAFU, (3) the Dornier DO-228 D-CFFU, (4) a potential
stratospheric high altitude pseudatellite (HAPS) or stratospheric UAVand (5) asunsynchronous LEGsatellite. The
sensitivity of the instrument to N@s strongly height dependent andasgest forthe layer directly under the sensor. Due to

scattering and absorptipthe sensitivity to N@ decreases towards the ground surface, whesgally most of the
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tropospheric N@is presentdue to the proximity to the emission sourddareover, the daease in sensitivity istronger
with increasing platform altituddue to the larger scattering pedility above the absorbing layérhe surface baAMF for
the platform altitude of 0.8 km is more than two times larger than the surfac&NdBxor a platform altitude of 700 km.
Under the assumed RTM parameter settingsdifference insensitivity tothe ground surface is, however, small (< 3 %)
between a airborne sensor operatimng the stratospherHAPS) and a spaceborne sensAbove airborne platforms, the
sensitivity to NQ is converging rapidly with increasing altitutea constanbox-AMF of 1.6, a value which is close to the
geometrical AMF.

Fig. 9 focuses on the beRMF profiles in the lowest 15 km for the platform altitude of the Cessna and the Dornier
both fora low and high surface reflectance scenario. Begluke platformaltitude dependencealso he surface reflectance
dependencean be observed. The effect of variability in the surface reflectance is aaclystronger than variability in

the platform altitude.

4.2.25 AMF dependence orthe analysis wavelength

Fig. 10 showsthe dependence of the total AMF tire surface reflectande@ipper paneland analysis wavelength(lower
panel)for both platform altitudes. The AMF dependency to the surface reflectance is cleafipeanand this is more
outspoken for lower albedofhe AMF increasedy respectively65 % and110 % for the platform altitude at 3.1 and 6.2
km, when increasing the albedo from 1 % to 45 %. Oveitadl AMF is larger for the loweplatform altitude, however, the
AMFs converge to the same value of approximately 3 for very high albedo values.

AMFs also increase with increasing analysis waveleagtiut the relatiorseems to be more lineatote that NQ is
assumed to be optically thin in the visible, not showing any molecular features in the wavelength dependefthAMFs.
shorter wavelengths arsore affected byrRayleigh scattering than the longer wavelenggiplaining the reduced sensitivity
to NO,: photons at shorter wavelengths are scattered more dazsfitye they reachthe surface and NQOlayer. The
wavelength dependencystightly stronger for the higher platform altitudehe reduced sensitivity of the APEX instrument
due to the higher platforraltitude is partly compensated by the increased sensitivity due to the fitting interval at larger
wavelengths: when considering the same analysis wavelength of 44iddie of theSBI NO; fitting interval) for the
APEX instrumentthe sensitivitywould increasdy 25 % for the altitudeat 3.1 km The increas in sensitivity is only10 %

when considering the analysis wavelength of 490 nm (middle of the APEXittQy interval) forthe APEX instrument

4.3VCD georeferencing andgridding

Both arcraftare equipped with a navigation system, which records sensor position (i.e. latitude, ®agiuglevation) and
attitude(i.e. pitch, roll and heading) with high accuracy, allowing for accurate georeferencing of the retrievedW&E®s.
details albut the navigation systeand the georeferencing stratezgn be found ivreys et al. (2016) and Tack et al. (2017)
for the DornierDO-228 DCFFU and inMeier et al. (2017) for th€essna 207T IEAFU. After georeferencing, thBlO,
VCDs weregridded in or@r to generate NQOdistribution maps. For APEX, AMAP andSBI a regular grid 00.0011° was
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defined, corresponding to a spatial resolution of approximately 120 by’ @bng and acrossrack. On the other hand, a
regular grid of 0.008° wasdefined for the SWING retrievalsorresponding to a spatial resolution of 500 by 360u@Ds
wereassigned based on the pixel cem@ordinatesandmultiple VCDsfalling into one grid cell weraveragedThe chosen
grid sizes are slightly larger than the effective spatial resolution of the respective instruments in r@digcdiiie amount

of emptycells in the regular grid. Empty grid cells could octham sudden changes in roll, pitch and yaw anglesnd
data acquisition.The generated NOVCD distribution maps wereeventually draped over Google Maps layers in a
geographic information syste(®IS), QGIS 2.10.1 (QGIS development team, 200}e that br the sake of harmonising
the different data sefor the quantitative comparison (See S&tthe APEX, AirMAP andSBI retrievalsweregridded to
the grid size of SWING

4.4 BEror budget

The totaluncertainty (accuracy and precisiam the vertical columns composed of error sources (i) the retrieved
DSCDs, (i) the estimation of the residubllO, amount in the reference spectrum S&and (ii) the computation of the
AMFs. Assuming uncorrelatecketrieval stepsthe contributing error sources are summed in quadrature in order to obtain an
estimate of the total NQ/CD error:

” » "Y6 O
? 000 000 o0 "

We refer to Tack et al. (2017), Meieradt (2017), Merlaud et al2018, and Vlemmix et al. (2017) for idepth discussions

on the retrieval uncertaintied the four respective instruments

i. The error on the retrieved DSGD the slant error, , can be estimated from the fit residuals in the DOAS
analysis and is a direcoutput of it It is dominated by the shot noise, but it also has a systematic component
based on the impact sfstematic uncertainties in absorption crssstions (around 2 % for N@®Boersma et
al. (2004)) as well as errors due to cadifivn uncertainties, e.g. slit function and the wavelength calibration.
Additional errors result from the use of a N€osssection at a single temperature. As temperatures during the
observations were close to the 294 K cesstion temperature, the bim the tropospheric column is expected
to be within 12 % (Nowlan et al., 2018Mean slant errarof 3.3,2.2, 1.8 and 2.4 x 10" molec cm? were
observed for th\PEX, AirMAP, SWING andSBI retrievals respectivelyThis is a good approximation for
the native slant column detection limNote that thewhiskbroomSWING instrument hasralFOV of 6°,
which is significantly larger that the IFOV of the other instruments. This resultse one hanth an increase
of the SNR, when assuming the same effective apertasenore photons are collectddring an observation,

but on the other hanth a coarser spatial resolution. This explains the smaller stdntmnerror for SWING
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when compared to the other instruments. ther intercomparisostudy, NQ VCD maps,retrievedfrom the
different instrumental observatignsereall regridded to 0.0045° in order to obtaisienilar spatial reolution

This corresponds roughly with thepatialresolution of SWINGbut is significanlly coarser than the resolution

of the other instruments.hE& spatial aggregatioresults in a decrease tife random uncertaintyAssuming
only photon noise, the noise expected to decreaséth the square mt of the number of binned dat@ne
SWING pixel corresponds tapproximatelyl7 APEX, 32 AirMAP and 5%BI pixels which results in aoise
reductionby a factor 4, @&and 7 respectively Due to the impact of instrumental noise and systematic errors in
the DOAS fit, the effective noise,ibowevergexpected to b&arger as the noise reductidne to spatial binning

is not completely follaving shot noise statistics. Tlhaterwasfor examplellustratedfor the APEX instrument

in Tack et al. (2017).

ii. The second error sourcg, horiginaies from the estimation of the N@esidual amount in the reference

spectrum. As no direct measurements at high resolwgne performed in the reference area, we assume an
uncertainty of 10 on the estimated Nbackground amount, resulting @ systemtc error of 1.0x 10"
molec cn.

iii. The error on the AMF computatipn ~ hdepends omincertainties in the assumpitiof the RTM inputs with
respect to the truatmospherictate.The error is treated as systematic (Boersma et al., 2004; Pape2ét15;
Theys et al., 2017), as it dominated by systematic errors in the surface albedg, M@file and aerosol
parametersln-depth gnsitivity tests were performeitt Tack et al. (2017), Meier et gR017), Merlaud et al.
(2018, and Vlemmix et (2017) to studythe impact of certain assumptions on B@®AS NG, retrievalfrom
airborne spectrasuch aghe assumptions on treurface reflectance, NGand aerosol profile. Based dhe
literature and performed sensitivity testiscussed in Sect. 4.2.the combined uncertainty ohe AMF is

estimated to be smaller thaa %.

Meanrelative and absolute errors for the retriew@, VCDs are calculatedased orthe application othe prgagation
analysisof Eq. (4)on the retrievalsand areprovided in Table 5 fothe different instruments, fdsoth the morning and
afternoon flight. As mentioned earlier, thastrumentiFOV can be significantly different and has an impactheSNR and
spatial resolutionf-or thisreason NO, VCD errors are provided for both the instrument native resolution antbtinealised
resolution used forthe intercomparisostudy The relative errors adargelyin the same range witlh minimum of22 % for
SBI anda maximum o227 % for SWING for the morning flight, aratound23 % for all instrumerstfor the afternoon flight.
The absolute errsrrangefrom 1.5 to 2.1 x 18 molec cn? in the morning and from 1.3 to 1)610" molec cnf in the
afternoon

Note that a full asssment of th&D effects of the radiative transport is not done in this stlidiing into account
the assumed N@layer of 1.1 km (afternoon flight), the relatively large SZAs and the inhomogeneoudidid) it is

expected that the effective spatial resolution assigned to the Wi reduced by up to 2 orders of magnitude dugdo
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effects of the radiative transpon full 3D radiative transfer modelling to estimate 1) the effective spatial resolutbi2)a
errors related to 3D effects of the radiative transport is, however, beyond the scope of this study but will be sufject of fu

work.

5 Analysis of the retrieved NO, VCD map products

The generated NO/CD distribution maps are shown in Fijl and12 for respectively the mornin@9:34- 12:01 LT) and
afternoon {4:24- 16:39 LT) flight on 21 April2016.Note that alldata sets are given the same,N@@D color-coding Note

as well that due to practical reasons and time restrictions durimgrdfeet (time-inefficient retrieval code developed in the
framework of amaster student graduation projeche first and last two flight lines of the morning flight were not analysed
in the processing of SBI lev@l data.The NO, VCD maps wereonvolvedby a Savitzkyi Golay low-pass filter(Savitzky

and Golay, 1964; Schafer, 201The filter was only applied for visualisation purposes and, thus, wassedt for the
guantitative comparison discussad Sect. 7. Hourly averaged wind profiles were derivedttwan ADSB-Receiver,
collecting data from ascending and descending aircraft (Butow, 2016). The $/vdasponder signals, send out by most
airliners, include all necessary information to calculate temperature and wind profiles. The accuracy of édepdefiles
was improved by averaging a large number of data points, coming from different aircraRigS&8. Hourly averaged
wind vectors indicatingthe suface wind atflight time, are provided irFig. 11 and12. The NG horizontal distribution,
observed by the different DOAS imaggissconsistento a high degreeNote, however the coarser spatial resolution of the
SWING grid (see Sect. 3.3 and 4.3) and the-ommtinuousSBI grid, due tothe narrow FOV of the used telescope (see Sect.
3.4).

It is known from emission inventory dafBerlin Senate Department for Urban Development and the Environment,
2017)that an area with strong N@missions is located in the nomttestern part of the i of Berlin. According to the
emission inventory, potential strong Ne@mitters are the power plafitR e u t e (600WBNS andbother industrial facilities
close by, as well athe conferere cent er A.Mbesessdes Beeercbnseguently coveredhieyflight plan.The
wind was blowing from the west and patterns of enhancegd dd@® beclearly obsewed in the data, whichare transported
downwindfrom this areaThe NG distribution is dominated by an exhaust pluwith peak values up t x 13 moleccrm

2 crossing the city from west to east, and related to the frger planfi R e u t e r The/¢eant boilers are fired by hard

coal and equipped with efficient flue gas scrubbers to generate electricity and heat simultaneously (Vattenfall AB, 2017).

The large plumédrom the power planis coveredor more than 30 kndownwindand is continuing towards the east, outside
of the acquired region. According to a study of OMI tropospherig plOducts over the Highveld regiom South Africa,
such plumes cahe sufficiently stable to retain their structure for several hundreds of kilometers dowrBrioccérdo et
al., 2018. Enhanced levels of NQwere indeed observed, approximately 65 km east of Berlin, whet@esgna 207T D
EAFU performed a soundin@ot siown)
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The plume isclearly confined until it reaches tleentral part of theity. Then, the plume is broadenitgwards the
eastand appears to be more inhomogeneotkis is mostly due to the contribution of emissions from traffic dodal
sources in the citybut part of the apparent inhomogeneity may be caused by time differences between subsequent flight
lines in combination with a dynamically changing Ni@ld, as well aghe synoptic view of different NQayers, which are
subject toslightly different wind regimesAs the dominant plume is crossing ttiey centerandring road,city traffic related
NO, camot easilybe differentiated from it. Exaptes of differentiating betweendustrialand trafficemissionshave been
discussedn earlier studies such as Popp et al. (2012), Meier et al. (2017) and Tack et al. (2017).

Parallel to the Reuter Weskhaust plumand just south of it, a seconthjorwesteast orienteghlume is detected by
all DOAS imagersin the morning dataThe plumeseems to originate from a power and ventilation stagiothe Messe
Berlin conference centeA third clearline sourcepattern of enhanced NG observed further soutastand seems to be
transportedrom the highways A10@nd A113 and industrial buildings surrounding the highwalyke NG levels are,
however, lower than in the two main plumes.

In the southern part of trecquiredregion,upwind of the city, the pollution levelremuch lowerdue to the lack of
major souces in this predominantly suirban, rural areaNO, VCD map statistics areummariged in Table 6 for the
morning flight, NQ levels range between 1 x#@nolec cn?in the south and®x 10" molec cn¥ in the dominant plume,
with a mean of 7.3 + 1.8 x Y0molec cnf. The mearNO, VCD is relatively low because of the acquisition of a large
background area.

The afternoordata se{seeFig. 12 exhibitslargelythe sameNO, distribution Although $ightly higherpeak values
up to 23 x 16° molec cn¥ are observedthe mean VCD of 6.0 + 1.4 x Timolec cn?is lower than for the morning flight.

The mainexhaustplume, related to th&®euter Wespower plant,can be observed agaiklowever,the afternoonplume

appears to be broken close to the source, which may originate from interruptions in the emisgionge displacements
between overpassed/e checked if two similar looking N{hotspots detected in two adjacent flightlines, and indichyea

white asterisk in Fig. 1,2could be the same plume feature, transported over the acquisition time of both locations. The
measured distance between the two points is approximately 2 Bdemd on the average wind direction and windspeed of 7

kts andthe interval in acquisition time, we determined empirically that the plume feature should have moved over 2.8 km.
Differences are expected by variations from the average wind speed and different wind speed at plume height than the
assumed surface wind.

The plume is less confined than in the morning and more expanded irspatthdirection, which could be related to
the weaker wind from the west (around 7 Kts at the surfdde).wind direction is also more unstable during the afternoon
flight, with the sirface wind changing from 301° at 15 LT to 273° at 16 LT and 287° at 17Thé&.slightly different
structures observed in the pluniy e.g. APEX and AirMAP could be explained by combination of (1}he strong spatio
temporal variability of the Ng@field, (2) the delay of up to 20 minutes in acquisition of the,Xl€ld from the Dornier and
the Cessnaand (3) the fact that the maps are built from adjacent flight lines within the time frame of a fewBaser on

the average windspeed of 7 kts daakinginto accounthe delay of up to 20 minutes in acquisition time of the, fi€dd, we
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estimate that the plumfeatures havdoeen transported over a distance of 4.3 tkirthe eassoutheast within thisime
interval.

The plume related to thdesse Berlin power station is not detected in the afterinbservationswhile the plumes
transported from the highways A100 and Alfihning south of the cit)gan be observed again. In the southern part, the
background levels seem to increase smodthiyne eastA largeartefact is identified in the soutedewhite dotin Fig. 12,
resulting in enhancePEX NO, VCDs and decreased AirMAP VCDShe difference ispproximatelyl x 10°molec cn¥.
The artefact seems to be strngorrelated with arop fieldand was identified as winter rapk possible explanation that
the spectral sigriare of this crop is spectrally correlatedth the NG crosssection affectingthe retrievalan a different
way depending on the chosen fitting intervelhe effect could be similar to the sand/soil signature, discussed in Richter et al.
(2011)and Merlaud et al. (2012Note that a numberfesmaller similar artefacts ambsrved in the south, related to the
same type of crap

In general, he NG, VCD resultsof the two flights showery similar spatial pattesnAll four DOAS imagersallow
(1) to retrieve theNO, horizontal variabilityat city-scaleand (2) to resolvelocal emission source®espitethe coarser
spatial resolutiorof SWING, the instrument isbleto detect all the relevant patterns of enhanced. N®e distribution
maps show that the N@opospheric columnégl) have aninhomogeneous distributioii2) can be highly variabland (3)
can exhibit strong gradientsy an urban contextDue to therelatively coarsespatialresolution ofcurrentspacéorneair
quality sensors and the locedpresentativeness of grouhdsed observationajrbornedata sets currently provide a unique
way to measure and visualise the horizontatithigtion of pollutantsat the scale of cities

As mentioned in Sect. 4.8D effects of the radiative transport are not taken into account in this #tislgxpected
that the effective spatial resolution assigned to the V@Ilde reduced by up to 2 orders of magnitude. Neverthetass,
different data sets will be affected in nearly the same (gaye NQ field, same SZA, but slightly different viewing

geometry) reducingthe impact of 3D effects of the radiative transport orintercomparison results of this study.

6 Comparison to car-DOAS measurements

The APEX NQ VCD retrievals of the morning and afternoon flight have been compared with an independent correlative
data set acquired by a car moHIDEOAS system, in a similar way as was done for APEX acquisitions over Belgium (Tack et
al., 2017), and AirMAP (Meier eal., 2017) and SWING (Merlaud et al., 2018) acquisitions over Romania. During
AROMAPEX, mobile carDOAS measurements were performed by the University of Galati (UGAL), the Max Planck
Institute for Chemistry in Mainz (MPIC) and the Royal Belgian InstitateSipace Aeronomy (BIRA). In this study, we only
validate the APEX N@VCDs based on the UGAL c@dOAS observations, as this data sentains most of the NO
variation, covering background areas as well as large pérthe key NQ plumes. Note thata hamonization and
intercomparison of differentarDOAS observations, performed during several campaigns, including AROMAPEX, is

currently ongoing and a full comparison with airborne retrievals will be the focus of a future study.
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Details on the instrumentaktup of thdJGAL zenithsky carDOAS systermand the NQ retrieval approach can be
found in Constantin et al. (2013). Both in the morning and afternoon, the car followed a route departing from the FUB
Institute for Space Sciences building towards the agtyter and back. The route covered a large part of the emgbwest
oriented plumeFor the comparison, a VCD is extracted from the generated APEXmd@s for each ctocated mobile
measurement. Mobile observations are averaged in case of samplhrey sefme APEX pixelThe time serie®f the car
DOAS VCDs are plotted, along with the APEX VCDs at the respective car positiéigs. 14.a and 14.tor the morning
and afternoon flight, respectively.

The time series are in good agreement for both the morning and afternoon, and exhibit largely tiNOsame
distribution with low values close to FUB, located in the southwest of the city, and increased levejsctfeOto the city
center and downwindfdhe major plumes. Note that gaps in the APEX time series are related to parts of the route outside of
the airborne acquisition area. The N@CDs measured along the route during the morning by APEX anD@&S are
respectively 7.0 and 8.0 x fomolec en? on average, and for the afternoon flight 7.3 and 8.5 ¥ d®lec cn?,
respectively. The mobile measurements seem to be representative for the whole data set as the averages are close to the ir
values for the full N@Q VCD distribution maps, being Z.x 10° and 6.3 x 18 molec cnf for morning and afternoon,
respectively (see Table @n general, an overestimation of @OAS VCDs or underestimation of APEX VCDs can be
observedThis can also be observed in the scatter plots and linear regresalpsis provided ifFigs. 15.a and 15or the
morning and afternoon flight, respectively. The correlation coefficients are 0.86 and 0.96, respectively. For the afternoon
flight, the slope and intercept are strongly affected by underestimation of thé¢ YW€Bs between 13:30 and 14:30 LT.

The NG column at a certain geolocation is not sampled by both instruments at the same time and variability in local
emissions and meteorology can lead to differences. The absolute time offset betw&MA8aand airbrne observations
can be up to two hours and is provided as well in the scatter plots. There is however not a clear difference in the spread fc
measurements with a small or large time offset, which lead to the assumption that, theld\@as relativelystable during
the time of measurements.

Efforts were done to ensure the comparability of the correlative data sets, but nevertheless the scatter can be largel
explained by sampling of different air masses due to the viewing geometry, differenceseinsitieity to NQ, observation
time differences in combination with N®@ariability, and instrumental and algorithmic conceptual differences and related
errors and uncertaintie®ngoing work isfocusng on harmonization of1) retrieval settings for thearDOAS observations

and(2) a priori input e.g.the NO, profile, aerosols and other properties related to the radiative transfer.

7 Intercomparison of the NO, VCD products

The NG VCD maps, retrievethased ordata from the different imagers, ayaantitatively compared in this section. For the
pixel-wise comparison, all NOmaps weréharmonigdto ensure comparabilitgndgriddedto the sameegular gridsize of

0.0045°, roughlyorresponding tthe spatial resolution of the whiskbroom SWINGtrument (see Sect. 4.3). Regridding to

20



10

15

20

25

30

a coarserspatial resolutionalso reduces the impact dihe-scale NQ differencesthat can occur due t@l) different
sensitivitiesto NO,, related to the instrumealtcharacteristicsplatform altitude and retrievalalgorithm (2) the slighty
different viewing geometries(3) time differencesin the observation of alynamic NQ field, and (4) imperfect
georeferencingln order to avoid averaging of measurements from adjacent flight linestherdgntral half of tle swath has
beencomparedj.e. for the APEX instrument with a FOV of 28°, only the obgations within+ 7° off-nadir have been
comparedFor APEX, AirMAP and SWING, this correspds to a swath of roughly 1500. These data sets atempared
with the full swath ofSBI, beingd50m due to itsvery narrow field of view of 8.3°The harmonised and intercompané®,
VCD mapsare shown in Figl6 for the morning flight.

In Fig. 17, the distribution of the slant errors from APEX and AirMAP retrievals is provided for the morning flight
(upper panel). The slant errgr, , can be estimated from the fit residuals in the DOAS analysis, as indicated in Sect. 4.4.
Structures that are correlated with the surface reflectance or thefitl® cannot be observed. Some flight lines exhibit
slightly larger slant errors which is probably related to small instabilities in the spectral performance. For the APEX
retrievals, slanerrors are generally larger (mean slant error of 3.1'*ri6lec cm?) when compared to AirMAP (mean
slant error of 2.1 x ®molec cm?). The larger slant errors for APEX retrievals, as well as the larger variability, can be
attributed tolimitations related to the spectral performance of the APEX instrument, i.e. spectral resolution, sampling rate
and robustness of the slit function in operational conditions, as discussed extensively in Kuhlmann et al. (2016) and Tack e
al. (2017).As most of the fiterrors are absolute errors and do not scale with thesi@al, the distribution of the relative
slant errors (relative to the retrieved slant columns) is provided as well in Fig. 17 (lower panel). The relative slardrerror
average 37 % and 24 % f&PEX and AirMAP retrievals during the morning flight, respectively. For smaller, NO
abundances, e.g. upwind and south of the city center, the relative error is largest. In the background area, thentelative sla
error is often very high in case of the ARBbservations and retrievals are close to the detection limit. The high retrieval
uncertainty in these areas can result in the presence of slightly different structures in the retrigv&iDNaaps.

Time seriesof the pixelwise VCD comparison are provatl in Fig.18, with APEX datain green, AirMAP in red,
SWING in blue andBI in purplefor a) the morning flight and b) the afternoon flight, respectivaliydata sets have been
compared to the AirMAP NOVCDs. Note that the time on th¥-axis corresponds with the UTC time recorded by the
Cessna 207T fEAFU, andthus, itis the valid recording time for the AirMAP, SWING a8l instrument.The absolute
time difference between overpasses from the aworaft was 10o 12 minutes on average for the morningl afternoon
flight, with a maximundifference of 24 minutesS'he @rrespondingscatter plots andrthogonallinear regression analyses
are provided in Figl9. Thecolor-codingof the lower plots indicatethe absolute time offset between the observatiamm
the two aircraft

The time series exhibit strongO, peaks which correspond to therossing of the westeast oriented main plume
related to the Reuter West power plafws mentioned in Sect. 2he flight lines werdlown perpendicular tét. The data
gaps correspond tile roll movements of thaircraft in order to preparthe acquisition of thenext flight line. An overall

good agreement caretowbserved betweall observationsboth for low ad high retrievalsPearson correlation coefficients
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areclose to or higher thad.9 for the morning ahafternoon flight, while thénear regression analyses shshpes close to
unity and generally small interceptds expected, the best agreemenpliserved between the data sets collected from the
same airraft, as similar air masses wesampled. A very good fit is obsed/detween AirMAP and SBIThis can be partly
explained by the fact théte SWING and APEX retrievals contain more noise, madnly to the instrument characteristics,
resulting in a slightly larger spread.

We see a less favorable slope for the VCD comparison between AirMAP and SWING for the afternadn tiage
of low VCDs, a positive bias can be observed for the first flight lines and an opposite effect for the last fliglihisiss
also visible in the N@VCD maps (Fig. 1P the westeast oriented smooth increasetlud background levels less pesent
in the SWING retrievalsAll SWING retrieval parameters and resultere carefully checked angle observed possible
polarisation dependengcyhich could impact the retrievalSWING was initially designed to be operated from an UAV,
which has repeussions on the szof the instrument. Although guartz fiberwas used, thestraightfiber wasonly 5 cm
long which limited its efficiency at depolarising the incident lightituremannedaircraft missions with SWINGre planned
to be performed with a slightly adapted desigrcludinga longer quartz fiberAs discussed earlier, SWING is a compact
instrument withouttemperaturestabilisation or trackingA temperature dependence could be another possible cause,
affecting the retrieals.

8 Summary and @nclusions

This study presents the first intercomparison of ,NMXDs, retrieved from four different airborne imaging DOAS
instruments APEX performed flights foithe retrieval and high resolution mappingM®, VCDs for the first time over
Switzerland (Popp et al.,, 2012) and Belgium (Tack et2417), AirMAP over Germany $chdnhardt et al., 201%nd
Romania (Meier et al., 20173nd SWING oer Romania (Merlaud et al., 2018After beingtested individually during
dedicatedcampaigngexcept for SBI which was deployed here for the first tintle¢ experimental airborne imagers were
operated simultaneously ovéne city of Berlin, in a unique but complex constellatjoduring the AROMAPEX2016
campaign In contrast ® APEX and AirMAP, SWING and SBI are compact instruments initially designed to be operated
from an UAV and 12Unit CubeSat, respective APEX, AirMAP and SWING have a comparable swath width of 3 km,
while SBI has a swath of 450 m. The spatial resolut®adtter than 100 m for APEX, AirMAP and SBI (pushbroom
scanning), and approximately 325 m for SWING (whiskbroom scanning).

The dudy demonstrates that thNO, distributionover a large city regionan be mapped accurately with high spatial
resolution and in a relatively short time fraftgpically a few hours)The observations allow to differentiate local emission
sources and reveal the figeale horizontal variability of tropospheric Bi@ an uban contexteventuallycontributing to an
increased understanding of trace gas distribstanmd related chemicalnd dynamicaprocesses in urban ared®r the
morning flight 09:34- 12:01 LT) on 21 April2016, NQ levels range between 1 x ®@noleccm? upwind of the cityand
20 x 10" molec cn¥ within the dominant plume, with a mean of 7.3 + 1.8 X hiblec cnf. The afternoon data sett4:24-
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16:39 LT) exhibits largely the same horizontal N@stribution. Although sligtly higher peak valuesp to 2 x 10®° molec
cm? are observed, the mean VCD of 6.0 + 1.4 Xiblec cnifis lower when compared the morning flight.

The NQ VCD productsof the four airborneimagers have been qualitatively and quantitatively compaieeidata
setsare consistent to a high degree aftarmonisition of theparameter settings, AMF LUT and gridding algorithiPearson
correlation coefficients are high¢han 0.9,while the linear regression analgsshowslopes close to unity and generally
small intercpts This demonstrates the robustness of both the instruments and the applied retrieval appboaaihes.
discrgpanciesremain however,due to a combination of (1) instrumental differences, e.g. SdfRtial and spectral
resolution,and temperature stabilisatiof?) observation differeres, e.g. platfornaltitude, overpass timever a dynamic
NO; field, and viewing geometryand (3) algorithmic differences, emgtrieval of surface reflectance product, aQAS
fitting parameters

The AROMAPEX study is seen as a preparatory faegorthcoming calibration/validation campaigns for the new
generation of spaceborreir qualty sensors, such as-®°, S4 and S5. In less than 2.5 h, a (syburban area of
approximately 23 by 32 km was covered by the imagers, which is the equivalent of al®GPAIROPOMI pixels(see
Fig. 20. The AROMAPEX studyssures a suite of reliable instrumethist can be deployed separately from each other for
future satellite validation. The high resolution NM@aps generated from the airborne datiae unique data sets to study the
satelliteNO, intra-pixel variability and to link between gloledgionalmonitoringfrom spacelocal air quality models and
groundbased observations.
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Table 1. Flight characteristics of the AROMAPEX data sets, acquired over the city of Berlin.

Morning flight (AM)

Afternoon flight (PM)

Date (day of year)

Flight time LT (UTC + 2)
# flight lines

Flight pattern (Heading)
SZA

Average wind direction
Average wind speed
Average temperature
PBL height

Lat minrmax (N) /

Long minmax (E)
Average terrain altitude (a.s.l.)

21-04-2016 (112)
09:3412:01

14

0°, 180°

589 42°

276°

9 Kts

10° C

525m
52.35252.55°/
13.18213.72°
70m

21-04-2016 (112)
14:2416:39

14

0°, 180°

43 59°

285°

7 Kts

14° C

1075m
52.35252.55°/
13.18%13.72°
70m

5 Table 2. Instrument specificationduring the AROMAPEX campaign, defined for APEX for a typical altitude of 6.2 km a.g.l. and for
AiIrMAP, SWING and SBI for a typical altitude of 3.1 km a.gpatial resolutions are provided after applying spatigiregation of the

APEX and SBI spectrfor signatto-noise enhancement.

APEX AIrMAP SWING SBI
Wavelength range 3702540 nm 429492 nm 2801550 nm 320/500 nm
Spectral resolution (FWHM) 1.5/3.0 nm 0.9'1.6 nm 0.7 nm 0.3 nm
FOV acrosdrack 28° 51.7° 50° 8.3°
IFOV across track 0.028° 15° 6° 0.0051°
Swath width 3100 m 3000 m 2900 m 450 m
Ground speed 72mst 60m s* 60m s* 60m st
Exposure time 58 ms 500 ms 40 s 140 ms
Acrosstrack spatial resolution 60 m 86 m 325m 6m
Along-track spatial resolution 80 m 30m 325m 205m
DSCD detection limitiolec cnif) ~3.3x106° ~2.2x 107 ~1.8x 107 ~2.4x 107
Temperature stabilisation 19°C 35°C No 25°C
Radiometric calibration Yes No No Yes
Weight 354 kg 100 kg 1.2 kg 8 kg
Size (LXWxH) 83x64x56cnT  92x56M4cm’  33x12x8 cmi 31x42x19 cm
Scanning Pushbroom Pushbroom Whiskbroom Pushbroom
Target platform Aircraft Aircraft UAV 12-Unit
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Table 3. Main DOAS analysis parameters and fitted absorption @essons for NQDSCD retrieval.

APEX AIrMAP SWING SBI
Solar spectrum HgCd line lamp/ Solar Solar spectrum Solar spectrunikurucz
Wavelength calibration (Chance spectrumKurucz et (Chance et al., 1984)
and Kurucz, 2010) al., 1984) and Kurucz, 2010) "
Spectral fitting code QDOAS NLIN QDOAS DOAS software TY
(Dankaert eal., 2016) (Richter, 1997) (Dankaert et al., 2016) Delft
Fitting interval 470510 nm 438 490 nm 425500 nm 425 455 nm

Crosssections
NO,

Os
O,
H,O

Ring effect

Polynomial term
Intensity offset

Vandaele et al.
(1998) 294 K

n/a

Thalman and Volkame!
(2013),293 K

n/a

Chance and Spurr
(2997)

Order 5

Order 1

Vandaele et al.
(1998), 294 K
Serdyuchenko et al.
(2014) 223 K
Thalman and Volkamel
(2013) 293 K
Rothman et al.
(2013) 293 K
Rozanov et al.
(2014)

Order 2

Order 1

Vandaele et al.
(1998) 294 K
Serdyuchenko et al.
(2014) 223 K
Thalman and Volkamel
(2013) 293 K
Rothman et al.
(2010) 293 K
Chance and Spurr
(1997)

Order 5

Order 2

Vandaele et al.
(1998) 294 K
Bass and Paur
(1985) 225 K

n/a

n/a

Kurucz et al.
(1984)
Order 3

n/a

Table 4. Overview of the input parameters in the radiative transfer model DISORT, characterising the air mass fagfotablek

RTM parameter

Grid

Wavelength( &)

Sensor altitudéH)

Surface reflectance (A)
Viewing zenith angle (VZA)
Solar zenith angle (SZA)
Relative azimuth angle (RAA)
Aerosol optical thicknesgAOT)
Aerosol extinction profild AEP)
NO, profile

440, 462, 464, 490 nm

3080 m, 6230 m a.g.l.

0.011 0.35 (steps of 0.01)

0°1 30° (steps of 10°)

40°% 70° (steps of 10°)
0°71180° (steps of 45°)

0.15 (AM), 0.10 (PM)
B0Xo.5km(AM), BOXy 1 km(PM)
B0oXo.5km(AM), BOXy 1k m(PM)
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Table 5. Mean NQ VCD retrieval errors for the morning and afternoon flight. The mean relative errors (percent) and absolute errors (x
10** molec cnf) for the retrieved VCDs are provided fay the native spatial resolution of the different instruments,@rile common
resolution of 0.0045° used for the intercomparison study.

Morning flight

Afternoon flight

a b a b
APEX 36 % (2.7) 24 % (1.8) 34 % (2.1) 24 % (1.5)
AirMAP 29 % (1.9) 23 % (1.5) 28 % (1.7) 23 % (1.4)
SWING 27 % (2.1) 27 % (2.1) 23 % (1.3) 23 % (1.3)
SBI 30 % (2.2) 22 % (1.6) 30 % (1.7) 23 % (1.3)

10  Table 6. NO, VCD map product statistics for the morning and afternoon flight.

Morning flight (x 10*molec cn?)

Afternoon flight(x 10**molec cn?)

Mean Max St. dev. Mean Max St. Dev.
APEX 7.4 19 3.6 6.3 23 4.6
AIrMAP 6.6 18 3.6 6.2 19 4.4
SWING 7.7 21 4.1 5.7 18 3.6
SBI 7.3 18 3.8 5.8 20 4.2
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Figure 1. Overview map, showing thi@cation of the Berlirtity centre The power planti R e u t e rthe WeeUniversitBerlin and
the Schinhagen airportThe flight plan is indicated byhe bue dashed rectangl&ey roads are shown in white and the city border in
black (Google, TerraMetrics).
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10

Figure 2. Overview of the four DOAS imaging instruments APEX (topleft), AirMAP (top-right), SWING (bottomleft) and SBI
(bottomright).
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Figure 3. Time series ohveraged\O, nearnadir SCDs(> -4° and < 4° VZA) retrieved fromAirMAP, SWING and SBlobservations,
during tre morning flight over Berlin 021 April 2016.

—— SWING
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5
Figure 4. Zoom on the N@SCD time series of the morning flight over Berlin on 21 April 2016, between 08:21 and 08:36 UTC. The two
NO, peaks correspono the crossings of the mgitume with eastvest orientation.
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045} . o

Figure 5. Time seriequpper panel) and magower panel)of AOTs at 500 nm, measured witHviodel 540 Microtops Il handheld sun
photometer and operated from a car which was driving through the city of Berlin during the aircraft ovenp24sagril 2016.
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Figure 6. Time series of NQAMFs for the morning flight on 21 Aprie016, computed with DISORT based on the RTM paramétars

5 the AirMAP instrumentThe data iplotted foronly the nadir observati@in each acrosgack scanline.
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Figure 7. Histogram of arfacereflectances from AirMAPAPEX and Landsa® for the afternoon flight over Berlin on 21 April 2016.
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Figure 9. Heightdependent baAMFs assessing the vertical sensitivity to N@lustrated for the aircraft altitude of ti@essna 207T D
EAFU (H = 3.1 kma.qg.l) and the DornieDO-228 D-CFFU (H = 6.2 kma.g.1), both for a low anthigh surface reflectance scenario.
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Figure 11 Tropospheric N@QVCD mapsretrieved fromAPEX, AirMAP, SWING, andSBI for the morning flight over Berlin on 21 April

2016 (Google, TerraMetrics)The key contributing NQ emissionsources ar@ndicated by awhite triangle (power plani Reut e}y We st
and white diamond (Messe Berlin).The highways A100 and A113, running south of the city, are marked bwhfe line. Hourly

averaged wd vectors indicate the surface wind a@@®(light grey, 6.5 Kts), DO (grey, 9.5 Kts), and 100 (black, 10 Kts) UTCThe

average surface wind speadndicated on the maps.
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Figure 12 Tropospheric NQVCD mapsretrieved fromAPEX, AirMAP, SWING, andSBI for the afternoon flight over Berlin on 21

April 2016 (Google, TerraMetrics)The key contributing N@emissionsources aréndicatedby a white triangle (power planfi Re ut er

We s)ara@white diamond (Messe Berlin}he highways A100 and A113, running south of the, @tg marked by the whitae. Hourly
averaged windrectors indicate the surface wind atA@(light grey, 75 Kts), 1400 (grey, 7 Kts), and 180 (black, 7 Kts) UTC.The

average surface wind speed is indicated on the maps.
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Figure 13. Temperature and wind profile on 21 April 2016 at 9 UTC, based on {8ddensponder data derived with an AIBSReceiver
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of ascending and descending aircraft in the vicinity of the two Berlin Airports (Bltow, 2016).
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Figure 14. APEX and caiDOAS NO, VCD time series fofa) themorningand(b) afternoon flighton 21 April 2016 respectively.
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Figure 15. Scatter plag and linear regression analys#sthe co-locatedNO, VCDs, retrievel from APEX andcarDOAS for (a) the
morningand (b) afternoon flighton 21 April 2016 respectivelyDatapoints are coloucoded based omé absolute time offset between

APEX and caiDOAS observations.
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Figure 16. Tropospheric NQVCD mapsretrieved fromAPEX, AirMAP, SWING, andSBI for the morning flight over Berlin on 21 April
2016(Google, TerraMetrics)-or the pixelwise comparisondiscussedn Sect. 7 all NO, maps were harmonised to ensure comparability
and gridded to the same regular grid size of 0.0045°. Only the central half of the swath has been compared for APEX,ndirMAP a
SWING, corresponding to a swath of roughly 1500Time key contributing N@emisson sources are indicated byvhite triangle (power

pl ant fi R e u t white disveosdt (Messe Barlid). The highways A100 and A113, running south of the city, are marked by the
white line. Hourly averaged wind vectors indicate the surface wind at 8¢b@ grey, 6.5 Kts), 9:00 (grey, 9.5 Kts), and 10:00 (black, 10

Kts) UTC. The average surface wind speed is indicated on the maps.
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AIrMAP slant error (AM)

Figure 17.Distribution of the errors on the retrieved slant columns from APEX and AirMAP observations (upper panel) and distribution
of the relative slant errors for APEX and AirMAP retrievals (lower paftelthe morning flight over Berlin on 21 April 2016 (Google

TerraMetrics)
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Co-locatedNO, VCDs retrievedfrom the harmonised mapfor respectively(a) the morning andb) afternoon flight on 21

April 2016. APEX VCDs are provided in green, AirMAP in red, SWING in blue 8Bdlin purple The Xaxis corresponds to the
acquisition timerecorded by th€essna 207T fEAFU.
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Figure 19. Scatter plots andrthogonallinear regression analyses of theleoated NQ VCDs, retrieved from théarmonigd mapdor
respectively(a) the morning andb) afternoon flight on 21 Aprie016.The AirMAP NO, VCDs are plotted on the-#xis. The black solid
line and grey line represettie 11 ratio andhe linear regressiomespectivelyThe colourcodingin the lower plotsndicates the amlute

time offset between the observations from the two aircraft. Note that the same data points are plotted as in the piots cEFies 18.
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