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Abstract. One of themainissues arising from the comparison of groubdsed and satellite measurements is the difference in
spatial representativess, which for locations with inhomogeneous spatial distribution of pollutants may lead to significant
differences between the two datasets. In order to investigate the spatial variability of troposphevithiM@ subsatellite
pixel, a campaignvhich was lasted for about six monttas held at the greater area of Thessaloniki, Greece. Threee MAX
DOAS systems performed measurements of troposphericcBiOmns at different sites representative of urban;usbln

and rural conditions. The direct comparisof these grounttased measurements with corresponding OMI/Auraducts
showed good agreement over the rural and-wsbhn aregswhile the comparison withGOME-2/MetOpA and
GOME2/MetOpB observations is goodnly over the rural area. GOME2A and GORHE sensors show an average
underestimation of tropospheric NOver the urbam r ea of abdu@®ahd. 3 D NIZLYBBlecBlds cm,
respectively. The mean difference between grebemked and OMI observations is significantly lowe6(\6.711 10t
molecules crd). The differences found in the comparisons of MBXOAS data with the different satellite sensors can be
attributedto the higher spatial resolution of OMds well as the different overpass times and N@ieval algorithms of the
sdellites OMI data were adjusted using factorsceadited by an air quality modeg tool, consisting of the Weather Research
and Forecasting (WRF) mesoscaleteorological model and ti@mprehensive Air Quality Model with Extensions (CAMXx)
multi-scale pbtochemical transport model. This approach restiftezignificant improvement of the comparisons over the
urban monitoring siteThe average difference of OMI observations frdfAX -DOAS measurements was reduced-to
1.68%6.011 10" molecules cm.

Keywords: tropospheric N@ MAX -DOAS, Phaethon, grourahsed, satellitedMI, GOME-2, air quality modehg, CAMX,

Thessalonikair quality
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1 Introduction

Nitrogen oxides (N@= NO + NQ) are among the most important trace components of the atmosphere plaginpée in

the tropospheric photochemis{®.g.Seinfeld and Pandis, 1998]hey affect the oxidation capacity and the radiative forcing
in the lower atmospheric layers by controlling the ozone formation, contributing to nitric acids(HNE nitrate rdical
formation and affecting the hydroxyl levé&olomon et al., 199%inlaysonPitts and Pitts, 2000The main emission sources

of nitrogen oxides are fosdiliels combustion, biomass burning, microbiological processes in the soil, lightning aaftsircr
[Leeetal,1997 J a e gl ®]. Tde most Importantabtirdpogenic source is the-téghperature combustion processes
occurring in vehicle engines and industrial and power plants [EEA report, 2013]. Hence, urban areas, with heavy road traffic,
as well as industrial areas are characterized by inhomogeneous spatial and temporal patterosrined@ations.

Nitrogen dioxide (N@Q) is mainly produced by the oxidation of nitrogen monoxide (NO) and only a small proportion.of NO
is emitted directl as NQ [Hewitt and Jackson, 2009However, in the case of diesel vehicles the fraction of directly emitted
NO; to the total N@ emissions is much higher, resulting in a significant increase of édssions and more frequent
breaching of N@air qualitylimits in urban locations in recent years [Grice et al., 2009; Keuken et al., 2012].

Thessaloniki is the second largest city of Gresng with a population of more than 1 million inhabitaritestsabout 10%

of the total population of the countfiresident Population Census 201The main air pollution sources in Thessaloniki are
road transport, domestic heating and industrial facilities, while the air quality of the city is affected by the locaptapogr
and meteorological characteristics aagdional pollution transport [Poupkou et al., 2011]..MOncentrations in the city tend

to stabilize during the last decades with the highest NM@els observed at the traffic hotspots in the center of the city
[Moussiopoulos et al., 2008]. According Zyrichidou et al. [2009] the mean value of tropospheric; @umn until 2008
over Thessal olnlittkmolecwlescm 8 n @ N8 I BN BaleBules cm as observed by GOME and OMI
satellite instruments correspondingly.

Well established methis are used worldwide for monitoring M@oncentrations based on both in situ measurements from
local air quality networks and remote sensing from greliaskd instruments and satellite sensors [e.g. Ordonez et al., 2006;
Blond et al., 2007; Brinksma et. aR008]. Spacéorne measurements provide information on@ncentrations in a larger
scale and over areas, such as oceans and deserts, wherelmeethdystems cannot be easily deployed. On the other hand,
the spatial and temporal resolution of tlageflite dataare respectiveljimited by the satellite footprint size and its overpass
time. Thus, welestablished, extended and relatively dense grdnaseéd networks in areas where significant spatial and
temporal variations in Ngoading are observerhn improve the validation of the satellite data sets.

Remote sensing of N@oncentrations is based mainly on the Differential Optical Absorption Spectroscopy (DOAS) analysis
[Platt 1994;Platt and Stutz 2008] of radiance data, measured either from gphace or from the ground. The first studies
applying the DOAS method to zenith grodin@sed measurements for the retrieval of tropospheric and stratosphedatdO
backtot he 670s [ Brewer et al ., 1973; WDOoASamlyssthasaéden widelytaplidd] .

in groundbased systems for the monitoring of air quality species likeiN@e atmosphere and is considered as a reference
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technique for the validation of satellite observations [e.g. Celetrig, 2008; Kramer et al., 2008hen et al., 200Herman

et al., 2009; Irie et al., 2012; Li et al., 2013; Ma et al, 2013; Hendrick et al., 2014]. Several studies have showtiitthat sat
sensors underestimate the tropospherie @els over regionsharacterized by inhomogeneous pollution loadings such as
urban and industrial locationknown also as gradient smoothing effect [Chen et al., 2009; Ma et al., 248} al. [2012]
have shown a clear bias of less than 10% between-bpace and grand-based observations over the Tokyo area in Japan,
which is characterized by significant spatial variations in,N@ncentrations. In Celarier et al. [2008] the correlation
coefficient of the comparison of OMilerived tropospheric NOwith different MAX-DOAS instruments at Cabauw, The
Netherlands, were found to be about ~0.6. Kramer et al. [2008] estimated similar correlation coefieieeen OMI and
concurrent MAXDOAS observations over Leicester, England, while they found significant underestiwia@dal in late
autumn and winter months when comparing with weighted-sdiace concentrationdla et al. [2013]have shown a
systematic underestimation of aboutZ® % in tropospheric NQover Beijing by OMI, depending on the satellite retrieval
algotithm and time period.

In this study, tropospheric Nzolumn measurements derived from satellite sensors (OMI/Aura, hereafter OMI, GOME
2/MetOp-A, hereafter GOME2A, and GOME/MetOpB, hereafter GOME2B) are compared with data from MBRAS
systems that werdeployed in three different sites within the greater area of Thessaloniki, Greece, for a period of a few months.
Air quality at these locations, is representative of urbanusbiéan and rural condition$n order to minimize the effect of
smoothing of ND; gradients in the satellite data and improve their comparison with the ground basedjdstament factors
(AF) werecdculated by an air quality motieg tool, consisting of the WRF meteorological model and the CAMx air quality

model,andwereappliedto OMI data

2 Instrumentation and data
2.1 The Phaethon system

Phaethon is a miniature groubdsed MAXDOAS system that performs fast spectrally resolved measurements in the
wavelength range 38850 nm which are used for the retrieval of total tmgospheric columns of atmospheric trace gases.
The prototype systeiiiPhaethon #1yvas developed in 2006 at the Laboratory of Atmospheric Physics (LAP) in Thessaloniki,
Greece [Kouremeti et al., 2008; Kouremeti et al., 2013]. Phaethon hasebeatly ugradedo improve its performance and

two new clone system@haethon #2 and #3)ave been assembled. The system comprises a cooled miniature CCD
spectrograph (AvaSpddLS2048LTEC) by Avantes (http://www.avantes.com/), the entrance optics aadia tPaker.

The spectrometer is a symmetrical Czefyner type with 75 mm focal length and a grating of 1800 lines/mm. The slit
function has been measured using Cd and Hg spectral lampiseatuthable laser system PLACOS [Nevas et al., 28ad]

was found vey similar to Gaussian with a full width at half maximum (FWHM) of about 0.25nm for Phaethon #1 and ~0.4
nm for Phaethon #2 and #3. The CCD detector is a Sony-@@éBlinear array with Deep UV coating that enhances its

response below 35m andisthermo| ectri cally cooled to 5AC. The entrance

3



10

15

20

25

30

l ens which focusses the collected radiation ont edemsitye en
optical filters, cutoff filters andtransmission diffuser plates, alone or in various combinations are placed on a filter wheel with

8 positions. One position is clear for scattered radiation measurements and one is opaqussigmalarieasurements. The
collected light is transferred thugha fused silica UV/Vis optical fiber with highoncentration ohydroxyl (OH) and a
numerical aperture of 0.28 the spectrograph entrance slit. The entrance optics is mountedanea acker with pointing
resolution of 0.125A, al | esunandgkyad@mnce measuremehts a diffierenhejevafion and b o

azimuth angles. The operatiagftware controls the positioning of the tracker and filter wheel, as well as the data acquisition.

2.2 Ground-based measurements

I n the framework of the AOptimization and e xgedvedsolumn of
densities of atmospheric specieso (AVANTI) project, a st
tropospheric columns of air pollutants in the greater area of Thessaloniki and the effect of this variability on theaw@mmparis

of satellite with ground based data. In addition to the Phaeth@ystem that operates regularly at the roof of the Physics
Department in the Aristotle University campus which is located in the center of Thessaloniki with prevailing urban conditions
(UC), two identical system@haethon #2 and #Bgave been deployed at two different locationshimitan area of about 13

km by 28km (see Fig. and Table 1 These three locations are characterized by diverse local atmospheric pollution patterns
representing Uran, suburban and rural conditions. Phaethon #2 was installed at a site with rural cofRi@onear the sea

shore about 2&m south of Thessaloniki city center, wheravis operatindrom November 1 2014 through January 31

2015. Phaethon #3 wasstalled at the Alexander Technological Educational Institute of Thessaloniki (ATEITH) located in

an area with sulirban conditions (SC) ~13 km nottvest of Thessaloniki center and it has been operating there from January
20" to May 11" 2015. Unfortunatly, due to a technical problem in one of the spectrometers only a short period of parallel
measurements is available at all three locations.

During the campaign the MADOAS systems were performing both dirsain and scattered light measurementseduence

of sky radiance measurements included the zenith direction and iheoélevation angled P30 40 50 80 100 120 150 300

and 4%J Elevationsequences were performatlazimuth angles of 8@elative to the solar azimutihdditionally, the same
sequence of elevation angleas repeated several times during theaady a f i x ed a z | awirection freenofj | e ¢
significant obstacles case of UC siteFor this studywe usedobservatiosat all available azimuth anglespnsiderimg that

no significant variations with azimuth angle were obserbetionlyat t he el evat i o rnnoeder(plawid o f
uncertainties introduced due to aersstllower elevation anglésl © n n i ehafy 2004 An average of measurements attb

el evation angles was calculated if the derived VCDs agi
satellite retrievals. A similar approach has been applied by Brinksma et al. [2008].

The measured sky radiance spectra were analyzetgkhns of the QDOAS v2.109_3 software developed by the Royal Belgian
Institute for Space Aeronomy (BIRBASB) and S[&]T (https://www.stcorp.nl/) [Danckaert et al., 2015]. For the DOAS

analysis the fitting window 40@850nm was used. fourth-orderpolynomial, asecondorderoffset and a Ring effect spectrum,

4
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calculated according to the approach described by Chance and Spurr [1997], were also included in the DOAS analysis. Alon
with the NQ cross section at 298K [Vandaele et al., 1998], the crati®ss of Q at 223K [Bogumil et al., 2003], £at 296K
[Greenblatt et al., 1990] anck@ (HITRAN database, https://www.cfa.harvard.edu/hitran/) were also taken into ad€igunt.

2 presentsan example of N@slant column fiting for an elevation angle & U o b t dhe d@site of ® November 2014

around 10:30 UTG S Z A a b.dar the rétriethl) of tropospheric N@he zenith spectrum of each sequence of elevation
angles was used as reference in order to minimize the influence of the stratospmponent in the deulated offaxis
differential $ant column censities (ASCDsH ° n n i et al, 004]. The tropospheric vertical column density (VCD) can be
calculated for each elevation angle by the formula suggested in Ma et al. [2013]:

w60 —— (1)

where dAMHFp is the tropospheric differential ainass factowhich represents the absorption enhancement in the effective
light path caused by the combination of single and multiple scattering and absorption processes.

Look up tables (LUTs) were constructesingradiative transfer simulatiorts derive theropospheric N@ AMF for each
measurement locatiomhese simulations were performeg means of the motleg package libRadtran version 1.7 [Mayer
and Kylling, 2005] using a pseudpherical discrete ordinate radiative transfer method [Buras et al, 2gpidal values of
aerosol single scattering albedo (0.95), aerosol asymmetry factor (0.7) and surface albieddJ@.4nd 0.07 for the other

two sited were assumed [Bais et al., 2005; Kazantzidis et al., 2006]. A key parasiggtiicantly affecting the radiative
transfer simulations and therefore the calculation of AMFs is the trace gas vertical distribution in the atmosphestidwy, this
mean vertical profilegvere provided byhe air quality modéhg tool consisting of thehotochemical grid mad CAMx and

the mesoscalereather prediction systelWRF. The description of this modeg tool and details about the simulations are
presented in the next sectiorhese vertical profiles decay approximately exponentially with altitude with a scale bgight
about 0.3 km for UC, 0.65 km for SC and 0.66 km for RC sites. The profiles of SC and RC are comparable, but the NO
concentrations in the UC profile are much higher, up to about seven times higher in the lowest atmospheric layer near the
surface For the AMF LUTs the mean vertical profile of the aerosol optical depth (AOD) at 355 nm calculated from
observations of the LIDAR system operating in LAP/AUTH during the period-200Y [Giannakaki et al., 201@js scaled

by AOD values in the range D5. Thisaerosol informationmvas used for all three locatios#ce,according to Kazadzis et al.
[2009], the spatial variability in AODand its verticalprofile in these locations isquite small. In that studythe average
differencesof AOD at 340 nmatthe RC and SC sites from the UC site were found teOl¥ and-0.01, respectivelyfor

AOD values ranging between about 0.1 and 1.1, while the-tkenmg (19972005) mean AOD over Thessaloniki (UC) is

0. 3 3 NO . 5B 4 DrdonvdnteDandsummerime, repectivey [Kazadzis et al., 2007Along with the AOD, other variables
considered for the constructiof LUTs are the solar zenith angle, the elevation viewing angle and the azimuth angle relative
to the solar azimuthAn example of the AMFs calculated @levation angles P5and 30 versus AOD for each location is
presented in Fig3. The AMF corresponding to each measurement is calculated byImed#r interpolation, using AOD

measurements from the CIMEL sphotometer operating at Thessaloniki (htgeronet.gsfc.nasa.gov/).
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Prior to their deployment at the campaign sites, the three systems were operating for a few days in parallel in thg Universit
campus and their interomparison tests revealed a very good agreement and no systematic diffdffended able 2). he
hourly mean ropospheric N@ measurements performed both 1% and 30e elevation anglesvere included in the inter

comparison.

2.3 Satellite observations

The Ozone Monitoring Instrument @) is one of four instruments orboard the NASA EOSAura spacecraft
(http://aura.gsfc.nasa.g9viaunched on 15 July 2004 in a ssynchronous ascending ngavlar orbit with around 1:45 pm

local equator crossing time [Levelt et al., 200Bhe OMI detector is a-B chargecoupled device (CCD) ay. OMI is a
compact nadir viewing, wide swath (of 2600 km that permits a near daily global coverage), ultrasiblet(270 nm to 500

nm) imaging spectrometer that was contributed to the Aura mission by the Netherlands and Finland. The foot pixel size
OMI at nadir is 13 kmi 24 km, degrading towards swath ed@es to 40 kml 160 km at the two ends of the track) [Wenig

et al., 2008Curci et al., 2010]Beginning in 2007, thesoal | ed firow anomal yo [ KNMI ; 201
track positons of the swath, reducing the spatial coverage of the instrument. In this work, we use only the unaffected pixels.
OMI NO:; retrievals are obtained from the spectral measurements in the dp#xeral rangebetween 405 and 465 nm.
Overpass data of theextgeneration version 3 (V3) of the OMI NGtandard product (SP), based on the sequential DOAS
fitting algorithm [Marchenko et al., 2015], are used in this study. The algorithm used to cre&P M@scribed byBucsela

et al. [2008, Celarier et b [2008], Wenig et al. [2008] and Bucsela et al. [20M&rchenko et al. [2015] proposed revisions

of the spectral fitting in the OMI N£retrieval algorithm, which reduce the slant column densities b$3.86, bringing them
closer to independent measuents. The new V3 algorithm also includes improved resolutida(l i t u d e lormitude) 1 . 2 5
a priori NG, profiles fromthe Global Modeling Initiative chemistrjransport modeabith yearly varying emission$ he present
version uses annual monthpyofiles from 2004 to 2014. For dates starting in 2015, the 2014 monthly profiles ard lised.

use of monthly N@profile shapes captures the seasonal variation inpi@iles [Lamsal et al., 2010].he a priori profileé
shapepresent a closeto-exponetial decay with altitudeTheseprofilesarecomparable to the mean CAMXx profilgst were

used as a priori for the SC and RC sitasl, compared titne profile for UC site theycontainmuch lower NQ concentratios

in the lowestatmospheric layefsee also section 2.2The description and the improvements of the new V3 8®are given

in Bucsela et al. [2016] and the references therein in detdiésoperational total and tropospheric N@lumns from OMI

are generated by NASA and distributed by fura Validation Data Center (AVD@http://avdc.gsfc.nasa.ghv

The Global Ozone Monitoring Experime2t(GOME2) instrument is a nadiriewing scanning spectrometer that samples the
2401 790 nm spectral range with a spectral resolution betweein@Z4m, with an acrostrack scan time of 6 seconds and a
default swath width of 1920 km [Callies et al., 2000]. Currently there are two G®MEruments operating, one on board
EUMETSATOs Met eor ol ogi-A(BdtOp@)plaunched in ©ctadrd?0065 and thd othér meunted on the
MetOp-B satellite, launched in September 2062ME-2 ground pixels havedefaultfootprint size of 80 km x 40 kngince

July 2013, in the tandem mode, GOME2A operates on a reduced swi#tloi®60 km with an increased spatial resolution

6
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(approxi mately 40

km T

40 km), whil e GOMEQP amdMetOpBtare s on

flying on a sursynchronous orbit with an equator crossing time of 09:30 local time (desgemaiie) and a repeat cycle of

29 days. Global coverage of the sunlit part of the atmosphere can be achieved almost within Br&rdalgs. start of GOME

2 measurements in 2007, the instrument has sufferedsiositivitydegradation [Dikty and Richte2p11; Azam et al., 2015],

especially for the wavelengths between 300 and 450 nm (likely due to contamination of optical surfaces). The degradatior

rates for GOME2B are similar to those for GOMEZ#gee http://www.eumetsat.int/website/home/TechnicalBullgtin
GOME2/index.htm). However, the fiing residuals of GOME2Rompared to those of GOME2A are much smaii€2013
andhigherin early 2007 [Hao et al., 2014]. According to Hassinen et al. [2016], the impact of @ ument degradation

on Levetl2 praduct qualitydepend®n the spectral region and the type of retrieval methods selected.

The operational GOMR total and tropospheric N@olumns from MetOpA and MetOpB are generatetly the German

Aerospace Center (DLR) using the UPAS (Universal Pracdes UV/VIS Atmospheric Spectrometers) environment version

1.3.9, implementing theevel1-to-2 GOME Data ProcessofOP) version4.7 algorithm(http://atmos.eoc.dIr.de/gomé2/
GDP 4.7 is based on DOASYyle algorithms, originally developed for GOME/ERJe.g. Spurr et al., 2004 he data

processing is commissioned by EUMETSAT within the auspices of the Satellite Application Facility for Atmospheric

composition and UV radiation, O3MSAF, projetThe algorithm has two major steps: a DOAS leagtaresifting for the

trace gas SCD, followed by the computation of a suitable AdMEhe conversion to the VCD. Total N©Golumns, including

a tropospheric and stratospheric component, are retrieved with the DOAS methodisibtbevavelength range 42850

nm [Valks et al., 2011]. In DOAS fitting for optically thin absorbers, such asih@e visible, the basic model is the Beer

Lambert extinction lawThe a priori NQ profiles are obtained from a run of the global chemistry prartsmodel (CTM)

MOZART version 2 (Horowitz et al., 2003Jhe profilescan be fitted by aexponential decreasnd, similarly to OMI a

priori profiles, compare better with RC and SC sildgre details on the GDP 4.7 algorithm can be found in Valks E2Gil1]

and Hassinen et al. [2016].

The main features of the two data algoritrars summarized in Table Both satellite data sets show generally good agreement

with independent N@measurements [e.g. Valks et al., 20Hlongo et al., 2016]. Valks ai. [2011] showed that pollution

episodes over the Observatoire de Haute Provence (OHP) were well captured byZz@iEhe monthly mean tropospheric

columns of MAXDOAS and GOME2

are i

n

very

good agreement ,“moléctlds/crtli f f e

In lalongo et al. [2016] a moderate correlation (r=0.51) was found between e N® al col umns & measur

by the Pandora spectrometer and the OMEN® in Helsinki 2012. Pandora overestimated the SP V3 and the median relative
df ference was 32KN18%.

For each of the campaign locations an overpass data set was extracted from OMI, GOME2A and GOMEZ2B observations

Details of this data selection are discussed in.S&ztin Fig. 5 the average tropospheric Nepatial distribution obseed by

OMI, GOME2A and GOME2B during the campaign period is illustrafefite maps cover a large area around the three

campaign stations taccount fort h e

sat el

i te

S e n s o The manyg whi¢ercallg whiclp @ireisporid tor e s
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lack of suffciently good quality data, on the OMI mape sul t fr om OMI sensords relatiwv

anomalies.

2.4 Air quality simulations

The comparison of satellitgerived tropospheric NOwith groundbased observations in areas with inhomogeneous
distribution of air pollution is usually poor, due to the different geometries associated with the measurement methods of the
two datasets [Celarier et al., 2008; Kramer et al., 2008; Irie @0412]. Grounebased measurements are representative of the
absorption of radiation in a particular viewing direction and path, while measurements of satellite sensors are sensitive tc
absorption of radiances emerging from a wide area determined by ¢hef glze satellite pixel. In order to overcome this
problem and improve the comparisons in the greater area of ThessaliMikdata are adjusteasingfactors derived from

air quality simulations.

The modeling system employed for the calculation of AlRs consisted of th&Comprehensive Air Quality Model with
Extension{CAMYX, version 5.3) [ENVIRON, 2010] offine coupled with th&Veather Research and Forecastinglvanced
Research Weather (WRFARW, version 3.5.1) [Skamarock et al., 2008]. The modautations were performed for the

period November 2014 May 2015.

The WRF- ARW is a nextgeneration mesoscale Numerical Weather Prediction (NWP) rfi¢akelay E., 2003Hesigned to

serve both atmospheric research needs and operational weather foged&®RF simulations were carried out over two
domains in Lambert Conic Conformal projection; a 6 km resolution coarse domain (d01, mesh size 273pthat covers

the greater area of Balkan Peninsula and a nesteewaiyaesting) domain (d02) that feges over the area of Thessaloniki

with a higher spatial resolution of 2 km (mesh size of 690 ) . The domainsdé vertical pro
ground level and contains 28 layers of varying thickness with higher resolution near the groumitialtend boundary
meteorological conditions were taken from the European Centre for MédiRenge Weather Forecast, ECMWF, in spatial
resolutidm®m.dR5@A. 123R2.5 km) and temporal resolutising of 6
the New Thompson et al. [2008] scheme, whereas convection in the coarse domain (d01) was parameterized with the Grel
Devenyi (GD) ensemble scheme [Grell and Devenyi, 2002]. For the innermost domain (d02), no convective parameterization
was used. Radtive transfer processes were handled with the shortwave and longwave RRTMG schemes [lacono et al., 2008].
The surface layer was parameterized using the Eta similarity scheme [Janjic, 2002], while for the planetary boundary layer th
Mellor-YamadaJanijic @rameterization scheme [Janjic and Zavisa, 1994] was used. Finally, for the parameterization of land
surface processes the Noah Land Surface Model [Tewari, et al., 2004] was applied.

CAMXx is a 3D Eulerian photochemical dispersion model widely used irualitg studies during the last decadei[et al.,

2007 Lee et al., 2009Kukkonen et al., 2012Poukou et al., 2014;iora et al., 201pseveral of which are related to joint
analysis of simulated and remotely sensed pollutant concentration data [@yuicHial 2009; 2013; 2015; Zyryanov et al

2012; Huijnen et al 2010]. In the current study, the simulation domains of CAMx were identical, in terms of horizontal spatia

resolution and projection, with those of the WRF model in order to avoid errorsuogdy interpolations between grids,

8



10

15

20

25

30

but were slightly less spatially extended (337 x 267 cells for the Balkan domain ki 5@lls for the Thessaloniki domain).

CAMXx grids were structured in 22 vertical layers extending up to 10 km above groundTlegejjaseous and particulate
matter anthropogenic emissions for the Balkan domain were derived from the European scale emission database of Th
Netherlands Organisation (TNO) for the reference year 2007 [Kuenen et al., 2011]. For the greater arealofhikhdhe
anthropogenic emissions were calculated using mainly the methodologies and emission factors of the EMEP/CORINAIR
emission inventory guidebook [EEA, 2006]. More specifically, the anthropogenic emission model MOSESS (Model for the
Spatial and Teaporal Distribution of Emissions) [Markakis et al., 2013] was applied for the calculation of CO, N@x, SO
NHs, NMVOC, PM10 and PM2.5 emissions as well as for their chemical, spatial and temporal amlgysatal NOx
emissions for the domain of Thessalorfiki the months November to Maye presented ithe upperpanel ofFig. 6. The

monthly NOx emissions pattern for each of the months November to May is similar to that presented in Fig. 6 characterized
by higher engsion density over the urban center due to enhand¢brbangenic activities (mosthpad transport)Particulate

matter emissions from natural sources (windblown dust, sea salt) as well as biogenic volatile organic compounds from
vegetation were estimateing the Natural Emissions model (NEMO) [Poupkou et al., 2010; Liora et al., 2015; Liora et al.,
2016]. The gaphase chemical mechanism employed in CAMx was the 2005 version of Carbon Bond (CBO05) [Yarwood et
al., 2005]. The chemical boundary conditidas CAMx runs were taken from the global model syste#tF&TM5 results,
available in the framework of the EU project MAGIC

The adjustment factors @MI| data were calculated by the following procedure: For each 2 Rrkm grid cellof the
simulationsdomainthe tropospheric NOVCD was derived by integrating vertically the modelrivedhourly mearmixing

ratios of NQ. Thelower panel inFig. 6 presents the simulated N®CD averaged over the period of the campdimneach

cell of the simulations dmain. It can be clearly seen thdtet tropospheric N&follows the NOx emissions patterfihen the
tropospheric N@QVCD for the grid cell thatontainsthe coordinates afach monitoring site was divided by tsienulated

VCD averageaveran area that correspondsthe OMI pixel.Finally, the OMI data were multiplied by thegé-sin order to
minimize theeffect of the differences in thepatial distributiorof NO, and achieve better agreement with the grebased
observationswhich areassumed to represent mostly the VCD above the grid cell where they are.located

In reality, the size of theOMI pixelsis not always equal tthe typical nadir pixel[de Graaf et al., 2016For this reasonthe

average value of the simulated troposphBi@ VCD over the area covered by the Opixel was calculated usingdose

to-actual pixel size and position for each overp@$e pixel is assumed to be centensith the CAMx grid cell containing

the crosstrack position(CTP) coordinates and its sizes est i mated from the CTP number
Guide p013.

It should be mentioned here that the method was applied only to OMI data because Z38dEis very large, covering
typically aboutone third,in case of GOMEA, or abouthdf, in caseof GOME2B, of the entire domaighown inFig. 6. A

similar method has been previously employedamparisons oEOME2A tropospheric N@observationsvith groundbased
dataover the Observatoire de Haute Provence (OHP) at southern France fLemalhe2011], leading to a slight improvement

of the correlation coefficient from 0.63 to 0.71 and the slope of therlirgeession from 0.69 to 0.73.
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It should be also noted thataded on calculations of the representativeness area of theM¥S measurements presented

in this study, the m x 2 km model cell used for the calculatiohAFscan be considered representative of the measurement
light path.For MAX-DOAS observations near the surface under high aerosol cond#magproach based ons@etrieval
should be used for the estimation of the horizontal representativenes®vagaelr et al., 200Richter et al., 2013However,
theeffect of the aerosol loading and, thus, the atmospheric visifuilitybservationsit the elevation angle$ d5eand 3@can

be consideredelatively weak.Moreover, the horizontal distance, of which these measurements are representqtiite, is
small especially for an absorber layer located near the sutfeee, the horizontaensitivity rangevas estimted for the
campaign period and OMI overpass time using the elevaitaving angle andoundary layer heighBLH) reanalysis data
from ECMWE, as the ratio of the BLH to thertgent of the elevation angle (Thomas Wagner, personal communic#tjon)
this method, a average value of 0.55 km was obtained. During spring the representativeness area can be up to apout 10 knr
whereas in summer even larghstancesan be reachedHowever the horizontal distance larger tha 2 kmfor only about

2% ofthe campaigrdatg becausehe majority of the measurements were perforifnech lateautumn through eargpring

when the BLH isshallower Irie et al. [2011] estimated a horizongansitivitydistance of roughly 10 krifor MAX -DOAS
measurements performed Cabauw, the Nethlmdsduring the periodfrom 8 Juneto 24 July 2009usinga geometrical

approach based on b@&MFs.

3 Results and discussion
3.1NO: tropospheric columns in the greater area of Thessaloniki

The hourly mean tropospheric N@easurements obtained by Phaethon at the three campaign sites are present&d in Fig.
The NQ at the city center of Thessaloniki (UC) in blue circles are much higher than at the SC (red circles) and RC (yellow
circles) sites, especially during winter ntlbe. The NG levels observed in the urban area during spring months are slightly
lower compared to those in the winter considering also the small temporal variabilityntdflynmad transport emissions,
representing the maj@mission source in the urbe@nter The averaged measured tropospheric bigr the campaign period

is ~1232N 7 6 1410" molecules cm for the center of Thessaloniki, whereas thean valuegor the SC and RC sites are

5.94N 3 8 1510 and 479N 261 10" molecules cm, respectivelyThe average tropospheric N@& SC and RC sites are in
general comparable. However, some positive excursions are observed at SC because this site is likely affected by NC
transported from urban areas or by local pollution sources depemndimgather conditions. The SC site is adjacent to the city
center and to Thess al oimduskial actvityihmsdees drastically redacedeosey thedasttfive yaarg. h
Negative values of the VCD obtained from measurements at highatieleangles, such those used in this st{idg and

30eas discussed in section P.thdicate that the N@absorption of the Fraunhofer reference spectrum is underestimated and

cannot be assumed negligible compared to the analyzed spectra.
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3.2 Comparison of ground-based tropospheric NQ with OMI, GOME -2/MetOp-A and GOME-2/MetOp-B
observations

For each of the three campaign sites grebased measurements of troposphericN® ot h 15U a rasidestribél we r
in section 2.2are compared with prodts from satellite overpass data. The collocation criteria used are the solar zenith angle
(SZA), the cloud fraction (CLF) and the temporal and spatial difference of the measurements. More specifically, oely satellit
data correspobandigCliFo (5Z200 % (7hb s er v at from oleudsel legs thanr5@26[vaa n ¢ e
der A et al ., 2008]) were selected and averages of Pha
included in the comparison. Moreover, OMI pixelgth CTP between 7 and S#orresponding to crogsack dimension
smaller than 60kmand only thos¢é hat are not affected by the OMI row anon
used in this study in order to obtain good quality and meaningful Batally, the upper limit for the distance between the
measurement site and the center of thesaibllite pixel was set to 25 km for OMI and 50 km for GORIEensors, in
correspondence to their typical pixel sizZ@sthe case of OMI, taking into accduthe smaller pixel sizeéhe closest pixel was
selectedor the comparisos) whereas ithecase of GOME2 sensors the averageasuremerdf all pixels within the distance

limit of 50 kmwas calculatedHowever, the comparison results semonto be sigificantly affectedwhenthe 50 kmlimit is
usedfor both OMI and GOMR2 sensors, ovhenthe closest GOMR pixel is chosen instead of the average value

Scatter plots of tropospheric N@ata for each campaign site and satellite sensor separately aptedeis Fig.8, while
averages and statistics of the comparisoashown respectively in Tablesdd 5 The NG time series over the UC site has
been separated into tveoibsets which coincide withe different periods of measurements at the RC and SC sites, i.e. from 1
November 2014 through 31 January 2015 and from 20 Jathvaugh May 2015 respectivelhe satellite instruments seem

to underestimate significantly the M@vels over the urbaarea of Thessaloniki (right column in F&§j. Table 4 and Table

5). This finding might be ascribed to the fact that the satalltéved columns represent the average pollution loading in the
subsatellite pixel areggradient smoothing effectjvhile graund-based data are mostly representative of the &fibunts in

air masses above and in close proximity to the monitoring site. In the case of ThessalostkonfpeNQ gradients with
significant contribution of lower pollution levels in the suburbs lteisto lower estimates of N£by the satellite. Several
studies have reported significant differences in air pollution between the city center and the suburbs usarglong
observations by the air quality monitoring network of Central Macedonia [Powgtkady 2011; Moussiopoulos et al., 2008].
The statistics calculated from the comparison between the glms®tl and OMI measurements over the UC and SC stations
(Table 5) are similar tthosefound in previous studie$-or examplethe correlation coeifients estimated by Kramer et al.
[2008] and Celarier et al. [2008] at Leicestenglandand CabauwThe Netherlandsespectivelyare about 0.6In lalongo

et al. [2016] linear fit slopes of 0.49 and 0.39 for V2.1 and V3 OMI retrieval algorithmsctieshe and r = 0.51 foboth

were found when comparedth Pandora observatioms Helsinki. Similarly, OMI measurements &8ASA Goddard Space
Flight Centerwere ~25% lower than the Breweratawith an r value of 0.58 in daily values,slope of 0.7% NO . 14n) and
intercept 0£0.38( N 21. 18" molecules/crh[Wenig et al., 2008]
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The fact that OMI observations compare better with the grvasegd N@ datathan the GOME2 sensorgan be attributed
mainly tothe different satellitpixel sizesand toOMI6 kigh sensitivity in the boundary layfr.g. Wallace et al., 2009]The

OMI sensor provides better detection of higher local pollution levels [Kramer et al., 2008], due to its higher spatiahresolu
(13kmI 24 km at nadi r-Rsensorswhjctadetect thetacerageMEhEentration over a larger aret (
kmT 40km for MetOpA and80kmT 4 Ofor MetOpB). Moreover the differences observed between@idl and GOME

2 data sets can be explaineglthe difference in satellite overpass timfdMI passes over Thessaloniki at around local solar
noon (~10:30 UT), when tropospheric NBvels are normally reduced due to photochemical processes [Crutzen,Q879].
the contrary, GOME2A and GOME2B pass oVéessaloniki during morning hours (between 7300 UT), when local
NO; concentrations in the city center are usually much highexdifferentoverpass timemayalsoexplain partlythe larger
deviations of GOME2 from MAX-DOAS compared tthose of MI. The groundbased observations near the OMI overpass
time are lower and, thus, closer to the spatially averaged satellite measurdimentifferent algorithms used for the retrieval
of tropospheric N@ from OMI and GOME2 measurementand mainly thalifferent spectral rangeused in the DOAS
analysis and different a priori profiles (Table &so play an important role

The r values calculated for GOME2A and GOME2B over UC fitethe whole campaign periodre 0.28 and 0.19
respectivelyBetterc or r el ati on coefficient and sl ope values, 0.51
DOAS and GOMEZ2A tropospheric N@olumns were found by Valks et al. [2011], showing that pollution episodes over the
Observatoire de Haute Provence @Hhivere well captured by GOME Groundbased and satellitgerived NQ tropospheric
VCDs are in better agreement over the rural (RC) andusdn (SC) stations (left and middle columns respectively ingrig.
Table 4andTable §. However, there is poarorrelation between Phaethon and GORIEensors wer those two locations
(Table § probably due to the limited number of data pairs and some elevateddd€entrations observed by the Phaethon
system over the SC location which are not detected by G@MEnsors.Differences observed between GOME2A and
GOMEZ2B resultgFig. 8, Tables 4 and ®puld be attributed mainly to their different pixel sizes, as GOMfRBorint has
double the size of GOME2Aand partly to their different instrumental degradatioosidering that the same retrieval
algorithm is usedin general, the slope, intercept and r values from the comparison between GOME2A arDOhXare
better than in case of GOME2Bable 5) However, he mean bias of GOME2A frorthe groundbased data isbaut half
compared to the GOME2B bias owbe RC sitebut slightly higheror similarover the SC and UC sitelnterestingly, the

~y

difference between GOME2A and GOME2B mean values (Table 4) is larger for the RC site and smaller for the SC and UC

areaswhich isnot consistent with theixel size influece.Especially in case of UC sitebetter detection of the higher NO
loadings in the city center by GOMEZ2A should be expected, which, as can be seen also from the mean satalliienhN©

in Fig.5, isnot the case.

3.3 Reconstruction of OMI| observations

Hourly data of tropospheric N@round the OMI overpass tingerived from the CAMx simulations according to thethod

described in section 2are presented for each campaign location separately i® Ha&ft panels)bothasaverags over the
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closeto-actualOMI pixel and for the grictell of 2 kmT 2 km containingthe location otthe groundbasednstrument The

AFs, i.e. ratios othe VCD at the single cell to the averagee also shown in Fi@.(right panels)

For the center of Thessaloniki (UC) the mésdhis 2.83\1.00 while & the other two locations theean AFs much smaller.

In the case of th&C sitg the AF is on average close to unit.20N0.39. This indicates that the area withiret®MI pixel
corresponds mostly to lower N@velsand similar to those @he MAX -DOAS location Although for a different periadhe
majority of the AFs calculated for the SGite (middle row in Fig.9) are slightly lower than 1, leading to an average of
0.79\0.39 which indicates higher average Nencentrations over the OMI footprint than atkh&X -DOAS location These
results can be ascribed to the fact that thesiBs located about 13 km west of the center of Thessaloniki, henc®Mhe

pixel area can be affected by heavy pollution levels observed in the city center. HoWevkarger than unit are observed
occasionally, possibly related to local pollution sources or te tdisportation by the prevailing winds from neighboring
locations.

The wind direction and speed at théa@ur interval around the OMI overpass time (1613000 UTC) during the campaign
period are visualized in Fig. 10. The wind data set was obtained by a vector anemograph system installed at the \\eather Stati
of EptapyrgioThessalonikihttp://www.envdimosthes.grwhich is located 177m above sea level and ~800m to the north of
theUC site Due to its elevated location compared to the city area the wind data can be considered representative of the gener:
wind field over the greater aregenerallyunaffected by local patterns. The wind during the period of the campaign is mostly
of southwest direction with low to moderate speed, especially in spring months. Less frequent, stronger winds can be also
observed, blowig mostly from northern and eastern directions which generally favor cleaning of the air over all sites.

The horizontal representativeness of the MBRAS slant columnmeasurements along the light padHound to bewell

within the2 km T 2 km model cel(see also section 2.4lowever, i order to investigate the effect on thEs, we repeated

the calculationsor all hourly data of CAMXx by taking the ratio tife VCD at the cell of each monitoring location to the VCD
averaged over a typical OMI pixel madir (covering 7x13 CAMx cells) centeredtais cell, as well ato the average VCD in

two andthreeCAMX cellsin the light path directiofiTable 6) This way,the average AFs wharsing one celare2 . 25\

0. D24land . DASor UC, SC and RGite,respectivelyThese values are very similar to those calculated assuming a
closeto-actual pixel size and positioiihe differencen the resultedneanfactorswhen two cellsareused,is about1-2% in

all cases excepor the UC site duringhe OMI overpass timédifference of~5%). When the averages of three celle used

in the calculationsthe absolutaifferencesare in general highere.g up to about 5% inhe SC site and 13% ithe UC site
Themuch higher decreagetheUC sitecan beexplained by the influence of the lower bi€dncentration levels some light

path direction®ver the seavhich is very close tthe urban aregFig. 6). It is worth mentioning that ithe RC site the average
ratio when all simulations are consideredar®und unityirrespective othe number of cells taken into accouint all other
cases, except ithe UC site when all simulations are considered, the differences iresldtingratios using more than one
cells are negative, which meahaitthe averagéropospheric N@is lower when the light path is extended further away from

the measuremeiucaion.
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The comparison between grouhdsed and OMI observations over thenitoringlocations before and after tlagjustment

of the satellite data is presentéd Fig. 11 and Fig. 12The MAX-DOAS and satellite data sets at the UC site are separated
into the two different periodsf monitoring at theRC and € sites so as the N@data serie$or the different locationsre
directly comparableOver the UC sitthe MAX-DOAS datacomparemuchbetter with the adjusted OMI data. The average
underestimatiorof OMI for the whole period of the campaigrasdecreasedrom 6.60\6.711 10'°to 1.68\6.011 10
molecules cmi. There is substantial improvememt the comparison for the perioMovember 2014 January 2015during
which the NOQ columns observed byhe MAX-DOAS systemare much higher compared to the sateltiiga The
underestimation of OMIT 10" or ed d@8Fol&Wesom? Eodtheparibtdanuargvay
2015the difference is only slightly reducdm -2.86\8.851 10 to -1.35\4.411 10 molecules cr, likely due to the
closeto-background N@concentration levels observed by btk MAX -DOAS andthe satellite Accordingly, the slope of
the fitted least squares regression line has been improved~@ointo ~ and from~0.2 to ~03 for the two periods
respectively The OMI data over the other tvgiteshave not been significantly affected by the adjustmanobablydue to
better spatial homogeneity of the NiDading.

It should be noted here thahcertainties may arise from thertical integration of the auality simulations to derivéhe
vertical column of NQrepresentative for the troposphere #melassumption that it tomparable téhe VCDderivedby the
MAX -DOAS measurementd he two methods are based on different concepts, and for the IM24S it is not possible to
define a top level for the tropospheric N&lumn which could be used to igrate vertically the model simulationBhe
importance of this effect was investigated isemsitivity analysisvhich showedthat the uncertainty in the calculation of the
VCD of NG, associated with the upper level used in the vertical integration ofiddelderived mixing ratias less than 1%
for differentupper leved between 6 and 9 km

In addition tothe gradient smoothing effeqiart of the underestimation of tropospheric N OMI observations can be
explained by the soalled aerosol shieldingffect [Jin et al., 201,6and references therein], whan elevatedayer of scattering
aerosoldeadto reducedsatellite sensitivity in the lower tropospheted i et &l.p2010]. Especially, in the RC site, where the
spatial gradients are weaker, some lower M&uesobserved by OMin wintercan be explained only by the shielding effect.
The aerosol shielding effect increases with AOD &dd, thus, it is more eifient in winter than in summeassuminghe
sameAOD andaerosol profilgMa et al., 2013]Part of the aerosol shielding effect on OMI observatiora/sdedby the
SZA filtering ( S Z 78@3ypplied in this studyand, alsopy the cloud correction algahim and theusedfiltering with CLF

(almost clear sky observationsjnce aerosols are partly detected as clouds and measurements with high aerosol optical depth

might also be classified as cloutheasurements (Ma et al., 201B).contrasto the shieldig effect observed in spaberne
measurementshe MAX-DOAS observationseem to overestimate the N@CD due to multiple scattering glevatedherosol

layers, but this overestimation is much less pronounced [e.g. Ma et al., 2013].
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4 Summary andconclusions

An experimental campaign took place in the greater Thessaloniki area, Greece, within the period Novenitdag @DA5,

with the aim to investigate the impact of different spatial sampling of grbasdd and space borne measurements on
tropospheric NQcolumn density. In this study, tropospheric Nf@rived bythePhaethon grounlased MAXDOAS systems

at three different locations characterized by diverse pollution loadings were presented and compared with corresponding
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satellite productsf OMI/Aura and GOME2/MetOp-A and /MetOpB. The main findings are:

il

The agreement dflAX -DOAS measurements with satellite columns over the rural area is good for ak#tedize
instruments, although the variability is higher for GOMEZBe mean diffenaces olOMI, GOME2A and GOME2B

from the grounebaseddataare-1.63,-1.26 and-2.371 % rolecules cm, respectively

A strongnegativebias insatelliteNO, columns is found over the urban afed6N5 ., 7Q. 51 NBOS @@ 1
10. 21 NBY Bofecules cm for OMI, GOME2A and GOME2Brespectively) This is attributed to the great
inhomogeneity of N@concentrations over the area covered by the city of Thessaloniki. A significant portion of the
area surrounding the city center and included typical subsatellite pixel corresponds mostly to rural atmospheric
conditions. Therefore the average tropospherig ®ignificantly reduced compared to Phaethon data that probe air
massesnainly over the center of the city.

Our findings from the conmgrison between MAXDOAS and OMI dataver the UC and S@=0.77for UC and
r=0.54 for SQ are similar tahe results of previous validation studies [e.g. Kramer et al., 2008; lalongo et al., 2016].
However, we have calculated smaller correlation coeffisibetween the MAXDOAS and GOME2 data(0.28 for
GOMEZ2A and 0.19 for GOME2Bt the UQ compared to other studies [e.g. Valks et al., 2@LE tomore complex

air pollution patterns over Thessaloniki

The agreement of Phaethon data with OMI retrievdletter compared to GOME sensors, duainlyto its smaller
footprint. For GOME2A and GOMEZ2B the city center is a very small portion compared to the entire area covered by
the satellite pixel, thus the contribution of the increased Nadings to the avage column density is very weak.
The differences between the two satellite retrieval algorithms as well as the different overpaststinpday an
important role Differences observed between GOME2A and GOMEZ2B troposphericchi©be explained by their
different pixel sizes and instrumental degradation.

The NQ time series over the UC site was also investigated separatellyefatifferent periods of measurements at
the RC and SC sites, i.e. from 1 November 2014 through 31 January 2015 and from 20thaough May 2015
respectivelylnterestingly,the satellite and grourddased data show better agreement during the latter period due to
lower NO; concentrations observed in the urban area in spfing.mean difference of OMI from the MARIOAS

over theUC was found to bel0.671 % dnd-2.861 *%for the two different periods, respectively.

The application of adjustment factors derived fromodnuldions with an air quality modiglg tool on OMI data

reduced the effect of spatial differences between OMI and Phaethon observations. The improvement in the
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comparisons is more evident for the urban site, where the mean difference between OMI and Ritdbthauole
campaign periosvasreducedrom6 . &0 N 15tb1 .1®8 N 5 ¥ édlecules cm. The effect on the rural and
suburban locations is negligible, due to the reduced spatial inhomogeneity ofpb#ugion.
In the present study, the data set of the MB®AS instruments that was used fhetvalidation of the satellite observations
was rather short due to technical issues that arose during the campaign, and has not allowed more thorough investigation
However, the applied method for the adjustment of OMI data has significantly reducsatehiée underestimation and
improved the comparisons with the MAXOAS over the urban area, suggesting that the application of such procedures will
improve the satellite validation results over areas with complex spatial distribution of air pollutants.
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Table 1. Information on campaign locations and measurements performed there.

LAP-AUTH (UC) ATEITH (SC) Epanomi (RC)
Air quality conditions Urban Suburban/Industrial  Rural
Latitude 40.63N 40.65N 40.37N
Longitude 22.96E 22.81E 22.98E
System Phaethon #1 Phaethon #3 Phaethon #2
Period of operation 1/11/2014- 11/5/2015 20/1/2015 11/5/2015 1/11/2014 31/1/2015
Number of NQ trop. VCD measurements 7930 16716 5738

Table 2. Tropospheric NO; statistics from the comparison of Phaethon #2 and #3 systems to Phaethon #1 during the period 19
5 October2014.The hourly averaged vert ialesationvviewingianglese eompatedht h 15e and 30

Phaethon #2 Phaethon #3
Number of observations 75 75
Correlation coefficient (r) 0.95 0.92
Slope of the linear fit 1.03 1.07
Mean bias [x1& molec. cn¥] 0.58 0.73
Standard deviation (@ [x10' molec. cn¥] 2.51 3.12
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Table 3: Main features of the satellite algorithms.

DLR GDP 4.7 (GOME2)

NASA V3 (OMI)

SCD Retrieval Methodology

Stratosphericomponent

Cloud algorithm

AMF calculation

NOz2 a-priori profile

Main algorithm reference

DOAS within 425450nm[Platt, 1994; Platt
and Stutz, 2008]
Spatial filtering [Wenig et al., 2004] /
masking of polluted areas [Loyola et al., 20C
Valks et al., 2011]

OCRA/ROCINN version 2.0

[Loyola et al., 2007]
LUT generated using the Linearized Discre
Ordinate Radiative Transfer (LIDORT) Mode
[Palmer et al., 2001Spurr et al., 20012008]

Monthly mean profiles derived from
MOZART -2 CTM
[Horowitz et al., 2003]

Valks et al. [2011] oHassinen et al. [2015]

DOAS within 402465nm [Marchenko et al.,
2015]

In regions of tropospheric pollution,
stratospheric column is inferred using a loca
analysis of the stratospheric field [Celarier et

al.,2008; Bucsela et al., 2013]
Updated @i Oz
[Acarreta et al., 2004]
LIDORT Model [Palmer et al., 2001; Spurr et
al., 2001 2009

Monthly mean profiles derived from Global

Modeling Initiative CTM [Douglas et al., 2004]

Celarier et al. [2008], Bucsela et al. [202814
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Table 4. Average and standard deviation of spacborne and groundbased tropospheric NQ observations over eachmonitoring

site. Phaethon mean values have been calculated from measuremeats 15e and 30e e lk(seealscdeaion2.9i ewi n
within N30 min around The 8O sneasueeinénis atehe U site greassparatediintoawo periods: from
November 2014 through end of January 2015 and from id-January through mid-May 2015.

NOzt r o p. V CD) xS malec.(cri¥]Trom RC site SC site UC site

Nov 20141 Jan 2015 Jan- May 2015
oMl 319( N39)  2.18( N2%) 3.92( K84 2.15 (L.14)
Phaethon (OMI overpass time) 4.82( K69 2.35( No05) 14.59( &I33 5.01 (4.60)
GOME2A 3. 0458 2. 1725) 3.39( K58) 2.49 (1.39)
Phaethon (GOME2A overpass time) 4.30( Ne&3) 47 7 3.03N 16.43( 856) 10.08 {8.53)
GOME2B 3.3350 2. 38519) 3.25( A13 2.56 (1.22)
Phaethon (GOME2B overpass time) 570( A23)  4.66( K89 15.53( $l64) 10.18 (7.49)
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Table 5. Statistics from the comparison of spacéorne and ground-based NQ tropospheric VCDs for eachmonitoring site. The
same MAX-DOAS data were used as in Table 4.

Compared to Phaethon N®op. VCD RC site SC site UC site
Nov 20147 Jan2015 Jan- May 2015

Number of collocations 11 19 11 12
Correlation coefficient (r) 0.37 0.%4 0.77 0.73
_ Slope 0.19 0.65 0.35 0.18
CED Intercept k10> molec. cn?] 228 0.66 -1.12 1.24
Mean bias [x1& molec. cn¥] -163 -0.17 -10.67 -2.86
Standard deviation () [x10'®> molec. cn?] 254 112 4,53 3.85
Number of collocations 22 34 24 17
Correlation coefficient (r) 0.44 0.02 0.01 0.26
é Slope 0.42 0.01 0.003 0.04
(23 Intercept k10 molec. cn¥] 1.22 2.12 3.35 2.06
© Mean bias [x1& molec/cnd] -1.26 -2.60 -13.04 -7.59
Standard deviation (@) [x10%> molec. cn?] 1.70 3.25 8.68 8.27
Number of collocations 27 52 29 27
Correlation coefficient (r) -0.10 -0.07 0.18 -0.06
S Slope 0.11 -0.03 0.04 -0.01
% Intercept k10 molec. cnv¥] 3.97 2.48 263 2.66
© Mean bias [x1& molec/cnd] -2.37 -231 -12.28 -7.62
Standard deviation () [x10' molec. cn?] 3.5 3.16 9.49 7.65
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Table 6. Average and standard deviation of the CAMx simulated N@tropospheric VCDs atthe 2 km T 2 km cell containing each
monitoring site andfor the OMI nadir pixel (14km x 26 km) centered at each site fothe entire period of the campaign separately
for all simulations and for simulations near the OMI overpass timeThe correspondingmeanadjustment factors (AF) for two and
three model cdls in the light path direction are alsopresented.

Me a n () NG frop. VCDs [x18° molec. crr?] and

adjustment factors from RC site SC site UC site
2kmx 2 km 3.7274( N 5.0273 N 11. 583)(
14kmx 26 km 3.5837x N 5.7322(N 5. 8336 N
All simulations AF (single cell) 1.0016( N 0.8625( N 1. 9a75( N
AF (2 cells) 1.00 (N o0.83 (N 1.93 (N
AF (3 cells) 1.00 (N ©0.81 (KR 1.83 (
2kmx 2 km 2.8897( N 3.6264( N 12. 48%6)(
14kmx 26 km 2.85( N55) 4.5p36 N 5. 4812( N
Simulations near OMI overpass N . .
ime AF (single cell) 0.9618( N 0. 7824( N 2. 2075 N
AF (2 cells) 0.95 (N o0.77 (N 2.09 (N
AF (3 cells) 0.94 (N o0.76 (N 1.92 (N
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Figure 1: Map of the greater Thessaloniki area with the three sites of measurements: UC (blue), SC (red) and RC (yellow). The
rectangular outlines represent the area covered by the nadir pixel size of OMI centered at each location (Courtesy of Godffeth
5 NASA Images).
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NO,, dSCD: 1.65x10"” molec. cm™2
0-16 T T T T

measured
0.14 fitted 1

0.12

0.1

0.08

0.06

residual: 2.00x1073
0.01 | ' '

differential optical density

0.005

-0.005

-0.01

400 410 420 430 440 450
wavelength (nm)

1 1 1 1

Figure 2: Example of N fitting results obtained at the UC site on 6 November 2014, around 10:30 UTC, atenl evat i on ang|l
and a S.ZWe uppér pdiel shows the measured (black) and the fitted (red) NQand the lower panel showshe residual of
the DOAS fit.
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Figure 3: Example of AMFs calculated with libRadtrana t S Z #nd aritlith angle80 kklative to the sun for each campaign
site. Th e A MF s (crasseskl b dJ (dr€led) elevation angles are plotted versus the AOD.
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Figure 4: The Phaethon systems were operating in parallel in the University Campus from 11 to 19 October 2014. Upper panel:
Hourly mean NO; tropospheric VCD time series of the three systemsetrieved for 1 5¢ and 30e
Histograms of theNO2 tropospheric VCD differences of Phaethon #2 and #3 relative to Phaethon #1.

33

elloveew panels:o n

an



OMI/AURA

k

-
. 140
ATEITH (SC) i

- a
J“ @P-wm (uc)

EPANOM! (RC) 2.0

GOME—2/METOPA * I 12.0
10.0

A » 8-0
6.0
4.0

C)
-AgTH (uC) 3.0
IANOMI (RC) §20

1.0
0.5

GOME~—2/METOPB ? I 12.0
10.0

r.‘ =M g
6.0
4.0
3.0
2.0

1.0
0.5

Figure 5: Maps of the tropospheric NQ spatial distribution averaged over the campaign period from OMI (upper panel), GOME2A
5 (middle panel) and GOME2B (lower panel) observations The white outlined areas represent the GOME2 and OMI pixel sizes for
the 11" and 12" of November 2014 respectively The pink outlined areas represent the CAMx domain used ifrigure 6. Blank cells

indicate lack of sufficiently good quality data
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Figure 6: The upper panel shows the totaNOx emissions of the period November to May for the domain of Thessalonikihe lower
5 panel showshe smulated NO2 VCD averaged over the period of the campaigfor the same domain.
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Figure 7: Time series of hourly mean tropospheric NQVCD measurements performecat 15e and 30 éyPédethonat i on
at the three campaign sites.
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Figure 8: Scatter plots of trapospheric NO: VCD derived from the ground and space for each campaign site (RC left column, SC
middle column, and UC right column) and satellite sensor (OMI top row, GOME2A middle row and GOME2B bottom row).The
NO2 measurements at the UC site are separated into two periadsom November 2014 through end of January 2015 (blue circles)
and from mid-January through mid-May 2015 (light blue circles).Error bars are the standard deviation of all data points entering
the mean for the ground-based data and the estimated total error for the satellite overpass datidote the different scalefor the UC
site. Statisticsof the comparisons can be found in ables4 and 5.
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Figure 9: Hourly NO2 tropospheric VCDs (left column) and thecorresponding adjustment factors (right column) calculated by
means of CAMXx air quality simulations for the UC site (top row), the SC site (middle row) and the RC site (bottom row). Lgfanels:
Only the NOz columnsfrom CAMx corresponding to OMI overpass data are presented here. The blackquarescorrespond todata

5 for the CAMXx cells which include the monitoring sitesand the coloredsquaresto data averaged ovethe closeto-actual OMI pixel
area.
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