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Abstract. Global climate change is one of the most importaigntific, societal and economic contemporary lehgles.
Fundamental understanding of the major processesgliclimate change is the key problem which idb&solved not only
on a global but also on regional scales. The acgur&regional climate modelling depends on a nunadfdactors. One of
these factors is the adequate and comprehensigariafion on the anthropogenic impact which is hggha industrial
regions and areas with dense population — modegaacities. Megacities are not only “heat islandsit &lso significant
sources of emissions of various substances intatthesphere, including greenhouse and reactivesgas2019, the mobile
experiment EMME (Emission Monitoring Mobile Expeent) was conducted within the St. Petersburg ageftation
(Russia) aiming to estimate the emission intersfityreenhouse (COCH,) and reactive (CO, N gases for St. Petersburg
which is the largest Northern megacity. St. PetaghbState University (Russia), Karlsruhe Institute Technology
(Germany) and the University of Bremen (Germanintjg ran this experiment. The core instrumentshef campaign were
two portable FTIR spectrometers Bruker EM27/SUN clihwvere used for ground-based remote sensing nexasnts of
the total column amount of GOCH, and CO at upwind and downwind locations on theosjip sides of the city. The NO
tropospheric column amount was observed alongcalair highway around the city by continuous mohbileasurements of

scattered solar visible radiation with OceanOptiti84000 spectrometer using the DOAS technique. $anabusly, air
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samples were collected in air bags for subseqadmaratory analysis. The air samples were takeheatacations of FTIR
observations at the ground level and also at d##wf about hundred meters when airbags were lifyea kite (in case of
suitable landscape and favourable wind conditiofid)e entire campaign consisted of 11 mostly cloaglldays of
measurements in March-April 2019. Planning of mearments for each day included the determinatioopbimal location
for FTIR spectrometers based on weather forecastbinied with the numerical modelling of the poltutitransport in the
megacity area. The real-time corrections of theR-dperation sites were performed depending on ¢heahevolution of
the megacity NQ plume as detected by the mobile DOAS observatidhe estimates of the St. Petersburg emission
intensities for the considered greenhouse andiveagases were obtained by coupling a box modelthedesults of the
EMME observational campaign using the mass balappeoach. The COemission flux for St. Petersburg as an area source
was estimated as 89+28 kt Kgr'* which is two times higher than the correspondiatue in the EDGAR database. The
experiment revealed the Glmission flux of 135+ 68 t kinyr® which is about one order of magnitude greater tifen
value reported by the official inventories of Set€rsburg emissions (~25 t Kgr* for 2017). At the same time, for the
urban territory of St. Petersburg, both the EMMBPpexment and the official inventories for 2017 gsimilar results for the
CO anthropogenic flux (251+104 t Knyr* vs. 410 t knf yr) and for the NQ anthropogenic flux (6628 t Kiyr™ vs.
69 t km? yr?).

Keywords: ground-based remote sensing, portable spectrosnefd@iiR spectroscopy, DOAS technique, mobile
experiments, trace gas retrieval, greenhouse gessstjve gases, anthropogenic emissions in méggcttansport

modelling of air pollutants

1 Introduction

Global climate change is one of the most imporsafgntific, societal and economic contemporary lelhgles. Fundamental
understanding of the major processes driving cikntdiange is the key problem which is to be solvatdonly on a global
but also on regional scales (IPCC, 2013; WMO Greeasl Gas Bulletin, 2018). The accuracy of regiahialate modelling
depends on a number of factors. One of these faddhe adequate and comprehensive informatioth@mnthropogenic
impact which is highest in industrial regions andas with dense population - modern agglomeratant megacities.
Agglomerations and megacities are not only “helanigs”, but also significant sources of emissiohgarious substances
into the atmosphere, including greenhouse andiveagases (Zinchenko et al., 2002; Wunch et alD92@mmoura et al.,
2014; Hase et al., 2015; Turner et al., 2015; ¥iattal., 2017). Estimating emission intensityifatustrial areas and cities
requires precise measurements of gas composititieitroposphere with a high horizontal resolutiona regional scale.
Existing ground-based observational networks, itigdar ESRL (ESRL, 2019)COS (ICOS, 2020), NDACC (NDACC,
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2019) and TCCON (TCCON, 2019), are mainly focuseddetecting the background concentrations of threemouse
gases. Most of observational stations are spadisisibuted and located relatively far from indiedtand highly populated
areas. Portable Fourier Transform InfraRed (FTIf®csrometers EM27/SUN (Gisi et al., 2012, Freylgt2915) are very
promising instruments for the detection and quinatifon of the emissions of greenhouse gases fresostale area sources
like cities or industrial areas (Hase et al., 20@Ben et al., 2016). The data provided by theseuments are less affected
by the vertical exchange processes than the d#é#nel from in situ measurements. Also, in contr@asiurrent space-based
sensors, the ground-based portable FTIR spectromdata are essentially unaffected by the aerosaldsutransported by

the pollution plume.

The quantification of the gas fluxes from the sesrtocated on the earth’'s surface can be carriedsing various
methods: the “forward” and “inverse” modelling (Makitov et al., 2013; Turner et al., 2015), the edoyariance method
(Helfter et al., 2011; Hiller et al., 2014a), tha@ss balance approach (Zimnoch et al., 2010; Stedady, 2011, Hiller et al.,
2014a), and the technique based on the radon nesasnts (Lopez et al.,, 2015). Depending on a mettiad spatial
coverage of investigated sources can vary fromadtal (for example, in the case of eddy covarianoghe meso- and the
global scales (the assimilation of satellite datatmospheric models). Each of these approache#shasn set of unique
advantages and limitations depending on specifatiapand/or temporal scales. Therefore the efficand accuracy of
many of these methods remain the subject of sierdebates (Cambaliza et al., 2014; Hiller et a014a). Often,
combinations of these methods can yield reduceértaioty of target parameters, at the same timebaany of different

techniques often requires special field campaigiscamprehensive analysis (Hiller et al., 2014dgHet al., 2014b).

Recently, several studies were performed with th&l ¢p estimate the emissions of industrial regiand cities by
means of ground-based mobile measurements of fpbpas gaseous composition using the FTIR and D@&&nique.
Hase et al. (2015) and Zhao et al. (2019) applathple FTIR spectrometers for detecting greenhgaseemissions of the
major city Berlin. In these studies, five portal#M27/SUN spectrometers were used for the accuratk mecise
observations of column-averaged abundances of @@ CH around the major city Berlin. It has been demaitstt that
the CQ emissions of Berlin can be clearly identified lie tobservations. Chen et al. (2016) developed aed differential
column methodology (downwind-minus-upwind columifatences) for the evaluation of Glemissions from dairy farms
in the Chino area. Vogel et al. (2019) investigated Paris megacity emissions of £0y coupling the COCCON
observations and atmospheric transport model frame(CHIMERE-CAMS) simulations. Luther et al. (2Q1&xplored the
feasibility of estimating Ckl emissions for individual coal mine ventilation #haand groups of shafts. They measured
column-averaged dry-air mole fractions of metha@HxXby the FTIR spectrometer Bruker EM27/SUN which \vestalled
on a truck moving through the Gldlumes in the Upper Silesian Coal Basin while idigvin stop-and-go patterns. De Foy et
al. (2007), Mellgvist et al. (2010), Johansson let(2014), and Kille et al. (2017) have applied n®EdTIR (Solar
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Occultation Flux technique) and mobile DOAS techieis| to the large scale flux measurements. Babeeltaide et al.
(2020) estimated CQemissions from Tokyo using the long-term statitianalysis of XC@ amounts measured at the
Tsukuba TCCON site located near Tokyo.

The motivation of the present study originated friva fact that the number of observational stationgreenhouse
gas monitoring on the territory of Russia is vamited and there are considerable uncertaintigb@fgreenhouse gas flux
estimations for the natural and anthropogenic st Russia. St. Petersburg is the second langegacity in Russia with
the population of 5 million and, besides, it is th@thernmost city in the world with the populatiohover one million
people. The goal of the present study was to esith@ emissions of greenhouse ¢OCH,) and reactive (CO, N gases
from St. Petersburg by means of mobile remote-gsgrisichniques and direct in situ measurementssitdy was based on
the observational campaign EMME-2019 (Emission Ntwitig Mobile Experiment) which was performed in idaApril
2019 on the territory of the St. Petersburg agglatien. St. Petersburg State University (Russiatlstuhe Institute of
Technology (Germany) and the University of Brem@erfnany) jointly ran this experiment in the franigh® International
project VERIFY (VERIFY, 2019). The idea and the hwtology of EMME experiment were based mainly angtudies by
Hase et al. (2015), lonov and Poberovskii (2015grCet al. (2016) and Viatte et al. (2017).

2 Concept of EMME, instruments and the experiment fanning

The concept of EMME is based on remote measureneénite total column amount of GOCH, and CO from two mobile
platforms located inside and outside the city plyosually at upwind and downwind locations on tippasite sides of the
city of St. Petersburg) combined with the mobilecaiar measurements of tropospheric column amotifd@, from the
third mobile platform moving in a non-stop modeg thtter measurements are used for the real-timgalof the megacity
plume evolution. The simplified illustration of tldncept is given in Fig. 1. The experiment requitkear-sky conditions
since the instruments for remote sensing measueetdind scattered solar radiation. The ancillagasurements include
control of the meteorological parameters and sargpiif air portions at the locations inside and iolgtshe city plume for
subsequent laboratory analysis of concentrationgrgfet gases. In order to assess the intensigasfemissions by St.
Petersburg, the mass-balance approach is appliga tmeasurement data. The principal feature of EMMits integrated
character: several different instruments are uand,additionally, the planning of the field expegimh and data processing

are performed with the help of numerical modellaighe transport of the megacity pollution plume.

The core instruments of the campaign are two pat&BIR spectrometers Bruker EM27/SUN (Gisi et aD12;
Frey et al., 2015, Hase et al., 2016) which arel dge ground-based remote sensing measurementgabfcolumn amount
of CO,, CH; and CO. The EM27/SUN instrument has a sun-trackiyrsgem and registers direct infrared solar ramhiafi he
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FTIR spectrometers are transported by cars to #msarement locations where they are unloaded atalled outside. The
geographic coordinates are registered by the GIEk&h &l Navigation Satellite System) sensor. A det¢alccar battery with
an inverter is used as a power supply which ensalyest 3 h operation time. Under cold weather aioh, the instruments
are covered by electric heating blankets. The mategn time for a single spectrum constitutes abbuin. Within this

period, about 10 interferograms are registeredaamdaged, and then the corresponding spectruncasded.

The tropospheric N©column is derived from measurements of the seadteolar radiation in the zenith direction by
the portable automatic spectrometer OceanOpticSOARAT his spectrometer is mounted on board of aedrconnected to
a portable computer to ensure uninterruptible miogr of spectra. Measurements are fully automatiileshe car is
moving. The location of the car is controlled bg tBNSS sensor and is routinely recorded by the ansboomputer for
instant referencing of the results of measurementise car route. The sampling period of time (twhexposure) for single
spectrum is calculated by the software tool acdagrfor illumination conditions and constitutes ab60 ms on average for
the observations at about noon. Recording of spaéstdone every 1 min, all single spectra obtainiHdin this period are
coadded. Thus, each final measurement is the nfeslvoat 1000 instant spectra. The route includesetitire city ringway
(the highway around St. Petersburg), therefore rifaén emission sources are inside the route andptisition of the
megacity plume can be detected with high accurdbge. described approach and the DOAS mobile expetimsgecific
design have been implemented previously at St.réteteg and the results have been published by lamovPoberovskii
(2012, 2015, 2017, 2019).

Air samples were collected at the locations of HetHR spectrometers in two air bags: when FTIR measents
started (the first bag) and before completion offFEmeasurements (the second bag). Each bag wadit@r2bedlar bag,
sampled for about 40 min. In case of suitable weramd landscape conditions at the location of oh¢he FTIR
spectrometers, sampling bags were lifted by atkiten altitude of about 100 m. The laboratory asialpf the air samples
was performed with the help of gas analysers. Gadyser Los Gatos Research GGA 24r-EP was usedhéasuring
volume mixing ratio (vmr) ofCH,, CO, andH,0. Gas analyser Los Gatos Research CO 23r was osetehisuring vmr of

CO andH,0. The concentration of NO and NQNO,) was measured by gas analyser ThermoScientifid 42i

For the monitoring of meteorological parameterg) weather stations and the microwave radiometer-RREPRO
were used. One portable weather station was opgratiher at upwind or at the downwind locatiorFGR spectrometers.
The atmospheric pressure measurements were pedahtmth up- and downwind locations. The secoatilostary weather
station was operating on the roof of the buildibg t a.s.l.) of the Institute of Physics of St.éPglburg State University
(SPbU) located about 25 km west from the city enthe RPG-HATPRO radiometer was operating alsthemoof of this
building and delivered information on the temperatand humidity vertical profiles together with timformation on the
cloud liquid water path (Kostsov, 2015; Kostsowalet 2018).

5
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The essential part of EMME was the preparatoryestalgich lasted for three months before the stath®fcampaign.
During this stage the optimal set of FTIR measurgnhecations in the close vicinity of the St. Petairg ringway was
determined accounting for several criteria. Fitlsis set of locations should have had sufficierttisp density to ensure the
possibility to perform up- and down-wind FTIR megesuents for practically any wind directions. Secoexery location
should have been convenient for car parking inrigway proximity, and for installation of the ingtnents. We tried to
choose the locations at a certain distance fromhidjleway and roads with intensive traffic in orderavoid contamination
of air by local sources. The set of FTIR measurdnwations around the St. Petersburg agglomeratioich was chosen
during the preparatory stage is shown in Fig.8htuld be emphasized that during the preparatagest kind of rehearsal
was carried out. This rehearsal has helped to réesatime consuming the following processes avading the equipment
on cars at the Institute of Physics, unloadingetheipment at a measurement location, setting ugwaridg the instruments
for data acquisition. This information is critidalr understanding whether it is possible to redehdesired up- and down-

wind locations in proper time by different crewsldn start simultaneous FTIR measurements.

Special attention was paid to planning of the eixpent a day before. We analysed the weather fotegaesented
by different sources with special attention to doecover and wind direction. Mainly, we used theudomaps from
https://www.msn.com (last access 12 November 20h9)rder to determine FTIR measurement locatiensspecific day,
we made a forecast of the megacity plume usingHth8PLIT (HYbrid Single-Particle Lagrangian IntegedtTrajectories)
model (Draxler and Hess, 1998; Stein et al., 20t6addition, in the morning of a measurement daymwonitored the cloud

cover using web cameras which operated nearbyléima@d measurement locations.

3 Overview of the 2019 campaign

The EMME field campaign in 2019 consisted of 11 slay measurements in March-April. Table Al (see épfix A)
presents daily information on the location of FHpectrometers during the campaign, FTIR spectranagatifier, number
of bags of air samples, flight of a kite and aimgéing altitude. Below, we refer to the two Fouri€ransform
Spectrometers (FTS) as FTS#80 and FTS#84. In Teblglease, see Appendix A) we collect the mainratiristics of
weather conditions for each measurement day. Thalisa images of cloud cover detected by the MODRI&ellite
instrument in the vicinity of St. Petersburg aregemted in Fig. A1 (see Appendix A). They confiraytime clear sky
conditions for the duration of the campaign, exabptday of April 30, when the altocumulus tranglus clouds started to

develop.

During the EMME-2019 we implemented two types @d experiment setup regarding the position of FETI

spectrometers relative to the dominant air flown@idirection:
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- for most of the days of observations (ten ofdleven), FTIR spectrometers were installed aloegviind direction line -
in up- and downwind locations on the opposite siafabe city of St. Petersburg (Fig.1, locationsa#itl #2);
- for 16 April — the cross sectional setup was enpénted. FTIR spectrometers were located on tleewinich is nearly

perpendicular to the dominant wind direction linet(shown in Fig.1).

In order to forecast the spatial distribution dban air pollution on each day of campaign obsé@mat we used the
HYSPLIT model. Following our previous experience simulating the dispersion of urban contaminatioonf
St. Petersburg, the N@ontent in the lower troposphere was set as ertmicthe polluted air mass distribution (lonov and
Poberovskii, 2019). This numerical modelling waseldy means of the dispersion module within théneffversion of
HYSPLIT. It allowed performing the 3D simulation tfe generation and dispersion of N@ume from a set of given
sources of anthropogenic N@mission. The model was configured in the same asyn our early studies (lonov and
Poberovskii, 2012; lonov and Poberovskii, 2015;0and Poberovskii, 2017). Similar to the most réstudy by lonov
and Poberovskii (2019), the N@missions were specified according to the offiiahnicipal inventory of emission sources.
The HYSPLIT grid domain was set with the centré&P0°N and 30.75°E, the grid spacing (horizorgatial resolution) of
0.05° latitude and longitude, and the grid spa6.8f latitude and 14.1° longitude. The vertical gronsisted of 10 levels
with the tops at 1, 25, 50, 100, 150, 250, 350, 3000 and 1500 m. The forecast meteorology dadi¢al distributions of
the horizontal and vertical wind components, terapee, pressure, etc.) were taken from the NatidPemters for
Environmental Prediction Global Forecast System ERCGFS, ftp://arlftp.arlhg.noaa.gov/forecast) ore th°x1°
latitudexlongitude spatial grid. The maps of the ,Ndume, simulated by the HYSPLIT model for 13:00dbtime on each
day of campaign observations, are presented in3rigolour scale represents the spatial distrilbutbNO, column amount
integrated within the boundary layer (~1500 m). sknimated version of such a forecast, showing thenplevolution, was
generated and shared among the campaign staff e hefore each day of planned observations (ampbe of the
animated forecast for 6 April 2019 is availablé@ps://youtu.be/rgtq6JLPhig, last access 2 Ma@202.

Based on the plume evolution forecasts, the optpaal of the FTIR spectrometer locations for theaming day of
measurements was chosen. This approach to plarofinthe city campaign was implemented during 11 days
EMME-2019, and the necessity to change the locaifahe FTIR spectrometers occurred only once, pnlA8. For this
day, the real-time information on the Bl@opospheric column (TrC) acquired along the rragt by the crew #3 using
mobile DOAS observations showed that the actuadtion of the most polluted city plume area wasedéht from one
which had been predicted by the HYSPLIT simulatiotsshould be noted that the mobile DOAS obseoveti were
organised in such a way that the data on the TriR@f for the location outside the city plume were ociéel first. There
were two days of FTIR measurements without mobil»A3 observations due to technical issues. Our é&xper has shown

that the HYSPLIT forecast was precise enough tarengroper selection of FTIR locations on thesesday
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4 Methods and algorithms of the experimental data cessing
4.1 FTIR and DOAS data processing

The dual-channel EM27/SUN spectrometer can meaBOgeof Q, H,O, CQ,, CH,; and CO (Gisi et al., 2012; Hase et al.,
2016). The processing of the raw FTIR data (geimaradf spectra from raw interferograms and trace grievals) is
performed using the software tools provided by@@CCON (Frey et al., 2019; COCCON, 2019). The meglisoftware is
source-open and freely available; the developmétiiase tools has been supported by ESA. The ertgfams recorded
with FTS#80 and FTS#84 were the main input datahinfirst processing step, spectra are generated the recorded
DC-coupled interferograms, including a DC correttigKeppel-Aleks et al., 2007) and quality filterintp the second
processing step, total column abundances (TC)eofarget species are derived from the spectratheoretrievals of the
total columns of @ CO,, CO, HO, and CH, the spectral regions recommended by Frey eP@lLq) and Hase et al. (2016)
were taken. We present these intervals in the otisgeorder: 7765 — 8005 ch{the main interfering gases are® HF,
CO,), 6173 — 6390 cih(the main interfering gases are® HDO, CH), 4210 — 4320 cth(the main interfering gases are
H,O, HDO, CH), 8353 — 8463 cih and 5897 — 6145 ch(the main interfering gases are® HDO, CQ). The
EM27/SUN spectrometer has low spectral resolutib@.b cm’. Therefore the TCs are derived from the FTIR speby
scaling of a priori profiles of target gases (Fetyal., 2019). The required auxiliary data areltiwal ground pressure, the
temperature profile and the a priori mixing ratimfides of the gases. For ensuring consistency wighTCCON reference
network in this regard, these atmospheric profilese provided by TCCON. The ratio of the target §&sto the retrieved
O, TC which is suggested to be known and constamgsgils the column-averaged dry-air mole fractiogdXf the target
gas (Wunch et al., 2011; Frey et al., 2015):

Xgas= 0.2095°925 _ _TCgas
TC,, TCdryair’

(1)

where X, - column-averaged dry-air mole fraction of theg&rgas (unit: dimensionless quantity), J& total column of
the target gas (unit: molec.‘zm TCo, - total column of @ (unit: molec. n‘?), TCyry ar — dry air total column (unit:
molec. ). Using Xgas helps to reduce the effect of varipossible systematic errors (Wunch et al., 201&)pfvide the
compatibility of EM27/SUN measurements to WMO scaled for consistency reasons, the retrieval soéwesed for
processing the EM27/SUN spectra also performs &osessing (Frey et al., 2015). Finally, we hadwar disposal both

the TCgas and Xgas for each day of measuremeatshtobservational location.

For the interpretation of spectral UV-VIS measurataeand the derivation of tropospheric Nédntent, the well known
DOAS method is used (Platt and Stutz, 2008). BHgjdaOAS algorithm derives the Natmospheric content by fitting a
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reference N@ absorption cross-section to the measured zenitiesed radiance. The effective or slant columnsidgen
(SCD) of NQ is retrieved in the 425-485 nm fitting window. S@Dconverted then to vertical column density (VQL)
means of so-called air mass factor, AMF (VCD=SCDM®Mpre-calculated with a radiative transfer mo@TM). The
spatiotemporal variations of stratospheric NtPe negligible compared to these in a polluteddsphere. Consequently, the
variations of NQ vertical column observed in the data of our mobB{@AS measurements are related to,N©llution in
the boundary layer (below ~1.5 km). In generalhsobservations have been proved to be an effiteaftnique to derive
the anthropogeinc NCilux in many studies worldwide (see e.g., Johansdal., 2008, Rivera et al., 2009, Johanssoh,et a
2009, Rivera et al., 2010, Ibrahim et al., 201Qiganfar et al., 2011, Wang et al., 2012, Shaigaetfal., 2015, Wu et al.,
2017, Shaiganfar et al., 2017).

4.2 Side-by-side calibration of FTIR spectrometers

The target quantity of our observations is the tmidflerence between two large values that are nmeasby different
instruments of the same type. Therefore, a camfds-calibration of the instruments is of primémportance for the
considered experiment. Side-by-side calibrationd=66#80 and FTS#84 were carried out during foursddy April,
26 April, 15 May, and 16 May, 2019. The instrumentsre installed at the observational site of SteBburg State
University in Peterhof and operated simultaneotmiythe time period of clear sky weather which éasfrom half an hour
to several hours. The total number of spectra aeduduring cross-calibrations was 604. They wetkected during about
10 h of simultaneous measurements. The scattes platwing cross-comparison of the data are giveRign4. For all
considered gases (GQCH,;, CO), the results for column-averaged dry-air nitdetions (Xgas) delivered by two FTS are in
a very good agreement. The determination coeffisifor CQ, CH; and CO are 0.9999(99), 0.9999(99), and 0.9999(89)
respectively. The calibration factors obtained assalt of side-by-side comparison were used tovednXCGO,, XCH,, and
XCO measured by spectrometer #80 to the scale eftispneter #84. The results of cross-calibratiolp lte avoid an
additional source of systematic error in the ediiomaof area fluxes. The RMS differences betweanetiseries of
simultaneous measurements by FTS#80 and FTS#8qaet to 0.10 ppm (0.025%) fQiO,, 0.59 ppb (0.032%) for CH
and 0.38 ppb (0.38 %) for CO.

The scaled results of the side-by-side measurenté€0,, XCH,, and XCO by FTS#80 and FTS#84 on 12 April
2019 at the St. Petersburg observational site im®epted in Fig. 5. The individual results and 1% ranning average data
are shown. We used the side-by-side measuremergstimating the optimal averaging period for thgaX data. Averaging
is the necessary prerequisite for using these fdaitéhe evaluation of emission and for comparisdthwhe results of
modelling. It should be emphasized that the dataptiag for other input parameters is varying coesitly. In order that

all datasets are consistent, the optimal samplmegrvals were determined. For the FTIR measuremdims averaging
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interval has been selected in such a way that shont variations of measured quantities can bectede As an example, we
point at three local maxima of XGHind XCO during the time period of 13:00-15:00. @ae see that these maxima with
the “half width” of about 15-20 min and with the glitudes of ~0.5 ppbv and of 0.1 ppbv for Xgahd XCO respectively
are nicely covered as well as the increase of thertpouse gases around noon, so the chosen vahwerafing interval of
15 min seems reasonable. The chosen averagingaht#r15 min is in good agreement with the estiorabf the opimal
integration time (10 min) obtained as a resulthaf Allan analysis implemented by Chen et al. (200%)en et al. (2016)
applied this approach for the differential measwarts of XCQ, XCH, performed by three EM27/SUN spectrometers

within urban areas.

4.3 Mass balance approach for area flux estimation

The estimation of the area fluxEBsavas obtained on the basis of a mass balance agpioplemented in the form of a one-
box model. Box models are a widely used techniquettfe evaluation of urban and other emission Buftdanna et al.,
1982; Reid and Steyn, 1997; Arya, 1999; Zinchenkalg 2002; Zimnoch et al., 2010; Strong et aQ12 Hiller et al.,

2014a; Chen et al., 2016; Makarova et al., 20tByur case the following equation for the caltiola of area flux was used:
ATC(ti )wj (ti )

k., @
L; ()

F )=

whereF (unit: t km?yr?) is the area fluxt; denotes the day of a single field experiment i ftame of the observational
campaign. It should be emphasized that we usedstiwdy-state approximation for all involved proesssvithin the
duration of a single field experiment, ghc (unit: molec. rif) is the mean TC difference between downwind JjT&hd
upwind ( TG) observationglyc =TCy- TC,, V (unit: m se?) is the mean wind speed, abdunit: m) is the mean length of a
path of an air parcel which goes through the utiearitory of St. Petersburg agglomeration. Tkheoefficient converts the

value of area flux from (unit: molec. frsec’) to (unit: t km? yr):

M, (B1536710°
N A

: 3)
wheremy, is the molecular mass of the target gas (unitmie), Na — Avogadro constant (unit: myl, 31536-10 - the
coefficient that converts the value of area fluwnfr (unit: kg n¥ sec') to (unit: t km? yr'Y). The data for the wind speed and
the wind direction were taken from different sowod meteorological information (see section 4a8)d these sources are
identified ag in Eq. 2. So, as a result, we obtained the sghlfes ofF(t) for each of the meteorological data sources and

for each day of field measurements. We note thiatbeve will use the units t kihyr for the values oF(t).
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4.4 Wind field data

295  Obviously, reliable wind field information is an ortant prerequisite to get an accurate estimathefarget emissions
from the data of remote spectroscopic measuremEatsinstance, it has been noted by lonov and Rekkii (2015), that
the uncertainty of the surface wind direction is thain contributor to the total error of N®mission by the megacity of St.
Petersburg, estimated from circular DOAS measuréndéinwas also found that the direction of thefae wind acquired
by ground-based meteorological observations oftesdot match the results of modelling of the gimiuplume and the

300 results of the N@ mobile measurements (lonov and Poberovskii, 20Agjparently, the routine wind observations in the
city are subject to significant local perturbaticshse to unavoidable interactions of the wind flomdahe adjacent city
buildings. It should be emphasised that the HY SPiiffulations of the fields of tropospheric N@emonstrate reasonable
agreement with the plume dispersion observed byiticelar mobile observations (lonov and Poberay&€17; lonov and
Poberovskii, 2019). The latter is also true fornpdusimulations, presented in the current studyign & However, one can

305 easily notice inconsistencies between the domidéettions of plume movement and the surface wisglspecified in
Table A2 (see Appendix A): e.g. days March 21, M&@, April 1 and April 24, when the city plume wasving southeast
but the surface wind was west-southwest (see Fign3order to get more accurate wind informatios, have considered
additional sources of wind data:

- in situ measurements of Vaisala weather tranemiftXT520 with an ultrasonic wind sensor, installedally on the

310 roof of the building of the Institute of Physics ®PbU (~60 m a.s.l, 59.88°N, 29.83°E, point Al ig. 2); hereafter

mentioned as "LOCAL";
- the data of Global Data Assimilation System (GDA®m NCEP GFS model, which is similar to the arged to
initialize the HYSPLIT dispersion calculations gesified in Section 3; hereafter mentioned as "GDAS
- the wind speed and direction data retrieved ftbenbackward trajectory calculations of HYSPLITila location of
315 downwind FTIR observation; hereafter mentionedrH¥SPLIT".

We selected HYSPLIT as one of the sources of thmel wiata since HYSPLIT is a widely used modellingtsgn for
the simulation of air parcel trajectories and tigpédrsion processes in the atmosphere which wesdt@s a lot of studies
(HYSPLIT publications can be found using the follow links: https://www.arl.noaa.gov/hysplit/hysptitiblications-
meteorological-data-information/). Stein et al. @ZPnoted thaGrid models are the best-suited tools to handle the regional

320 features of these chemicals. However, these models are not designed to resolve pollutant concentrations on local scales.
Moreover, for many species of interest, having reaction time scales that are longer than the travel time across an urban
area, chemical reactions can be ignored in describing local dispersion from strong individual sources making Lagrangian
and plume-dispersion models practical. Stein et al. (2007) classify HYSPLIT as a looadel which provideshe more
spatially resolved concentrations due to local emission sources. Therefore, for modelling of the evolution of the
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St.Petersburg plume we used the HYSPLIT model @asohwhich perfectly fits the scale of consideretinaspheric

processes. This was also the reason for using HYIS&4_the source of the wind data.

Both "GDAS" and "HYSPLIT" wind data are taken a¢ thititude level that approximately correspondtheomiddle
of the daytime boundary layer height. An averagedwis calculated for the time period of FTIR obsgions. Resulting
wind speeds and directions from the three diffedatd sources are given in Table A3 (see AppendliA4 expected, wind
speeds at elevated altitude levels from GDAS an@PIMT are much higher than the surface wind spészis Appendix A,
Table A2). On some days, e.g. April 6 and April &8situ wind directions ("LOCAL") differ considelnty from "GDAS"
and "HYSPLIT", although the latter two are congisteith each other. Note that compared to surftoe,elevated wind
directions better reproduce the city plume movememtg. northwest and west-northwest directiondays March 21,
March 27, April 1 (see Fig. 3) instead of west-bowdst at the surface (see Appendix A, Table A2).

4.5 Air parcel path length

The determination of the air parcel path lengttEq. 2) is a sophisticated task due to the fazt the application of a box
model suggests that the pollutants are well mixethé entire air box volume, but it is not truepexdally for megacities
with complex structure of the urban terrain andrifistion of emission sources. Thus, different @gwhes have been tested
to calculate.:

- Simplified box model setup with a constant pathgthL;(t)=L=const for each day of field observations. The x
designed to represent the major part of high dgmegidential and industrial area of the St. Pbetag agglomeration, so
that respectivé. is derived from the value of that area. Sinceltizations of our field observations are mostly pthon
the outer side of the ring road, this road waseée a boundary for the target emission area. Alegly, given that the
land area inside the ring is equal to 706°kme get an estimate df=V706v27 km. Hereafter the results of data
interpretation by means of this approach are indet@y 'Lconst -

- The variable effective path is calculated usimg &ctual wind direction and the land use patterthe route of the linear
air trajectory. Only those sections of path arenpeiaken into account that cross the area of s@upasthropogenic
emission. The input wind directions are those noewtil above in Table A3 (see Appendix A), and treilteng path

length calculations hereafter are indicated lagda. ", "Lepas " and ‘Lyvspur . The use of the effective path in Eq. 2

takes into account to some extent the inhomogenéitlye anthropogenic emissions in the megacity.

For the purpose of effective paths calculationpectl gridded model of land use coverage has beestructed on
the basis of the \visual classification of publiclyavailable map (https://yandex.ru/maps/2/saint-
petersburg/?11=30.163886%2C59.911377&z=11, accats 2B January 2020) that covers the St. Peterstygipmeration

with its surroundings (see Fig. 6). The spatial donof the model covers 76 km in south-north dicecaind 128 km in east-
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west direction (59.60-60.29°N, 29.05-31.33°E). dstbeen assumed that there are no significant iemiseurces outside
this domain. The model resolution (grid size) ism@% 25 m. The following major land use classes ewasidered:
residential buildings/industrial areas, roads/highsy water bodies, parks/forests/fields, and swamginds. In Fig. 6
these land use classes are shown in different roltlue for the water bodies, grey for the resi@dmuildings/industrial
areas, green for the parks and forests. Effectith [gength is calculated as a sum of elementadyspirough the urbanized
grid pixels which contain residential buildings,dirstrial areas, and roads/highways. Pixels comginvater bodies,
swamps, and parks are excluded from the variahile palculations. Similar approach was implementgdHase et al.
(2015). The total urbanized area of the St.Petegslbigglomeration according to the developed larel alassification
occupies the area of 984 kmvhile the official area of the entire St.Peterspisrof 1439 kri The target gases can orginate
from different emission source categories, i.e.,€buld partly come from the waterways (sewers antemweanals),
wetlands and pipelines rather than mobile and podmibustion sources which are relevant for CO, @ad NQ. The
EMME-2019 was carried out during March-April whdretwater bodies and earth surface were fully otlypaovered by
ice and snow (see Appendix A, Fig. Al), and soilreavstill frozen. Therefore we suggest that,@&thission from the
excluded pixels (water bodies, swamps, parks, anelsfs) was negligible in comparison to other agbgenic sources

(landfills, pipelines and etc.) which are distribditover the urbanized pixels.

To minimize errors that may occur due to the lasd misclassification and to take into account intow spatial
extension, the 10 km wide band of 11 equidistawnt parallel paths is analyzed and an average patiiids calculated.
Finally, the difference between the "polluted" péiackward from the downwind location) and "clegath (backward from
the upwind location) provides an estimate of tHeative pathL. Fig. 6 presents an example of linear backwardgpfatr the

days of FTIR observations with the major land Uasses shown by different colours.

4.6 Case study: two examples

In order to illustrate the interpretation of expeental data and describe the main error sourcéeaifresults, we consider
two days of field measurements. The first one, IMarseems to be the most successful in terms séfrehtional conditions,
functioning of the equipment, data quality and ityaof the interpretation. It is characterised ligbde weather conditions
with a moderate south-southwest wind, similarlyniifeed by different wind data sources — from theface (see Appendix
A, Table A2) to higher altitude levels (see AppendiXable A3). The simulated city plume picture dersivates a jet-like
flow of air mass on that day, with almost perfemtdtion of both FTS, upwind and downwind almostame line (see
Fig. 3). Besides, according to the model simulafimnApril 4, the upwind FTS was located in theasiearea, while the
downwind one was installed very close to the pljeieAnother example is April 25, when both FTSdtions appeared to
be inside the polluted area. This happened dukespecific weather conditions that contributen® accumulation of air
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pollutants in the boundary layer: calm night befanel light winds of 1 m'5in the day time (see Appendix A Table A2 and
A3). Moreover, the wind direction on April 25 atetlsurface (south-southwest, Table A2) is very diffié from that in the

middle of the boundary layer (east and east-nosth@able A3).

According to the analysis of the air samples ctdiddn air bags, the surface air on April 25 wasemely polluted.
The downwind N@ concentration was found to be 138 m®, while it was varying within the range of 12-i#g¢ m* during
the other days of field observations. Another iatlan of heavy anthropogenic pollution comes friwa data of our mobile
DOAS measurements: the maximum of NIOC registered along the circular route wagl9? molecules cri on April 25,
while it was in the range of 15-88" molecules cii on the other days of field observations. Accordiaghe data of
municipal air quality monitoring, the daily averagencentration of the particulated matter (PM10s wary high and
exceeded 6Qug mi® (http://www.infoeco.ru/, last access 4 March 2028igh pollution event was registered also by the
CIMEL sun photometer installed at St. PetersbugeSUniversity (point Al, Fig. 2) within the AERONEnNternational
programme (Volkova et al., 2018): the daily avethgalue of aerosol optical thickness (AOT) at 500 was found to be
0.40 on April 25 which is considerably higher thenlong term average value (0.12 for the perio@@f3-2019); similar
increase of AOT was registered by the satellitesueaments of the MODIS satellite instrument overP&tersburg on that

day.

The TC data of C&measurements on April 4 and April 25, with a 15+minning averages, are presented in Fig. 7.
Compared to April 4, the TC of Gn April 25 demonstrates higher levels and varigtboth at upwind and downwind
locations. Although the downwind TC is generallydve the upwind level, as expected, the upwind T&tstto exceed
downwind level at the end of FTS observations omilA26. Accordingly, while the "downwind-upwind" ffierence is
relatively stable within the range of 71" molecules cii on April 4, it reaches ID0" molecules ci at 12:00 on
April 25, but becomes zero and then negative (udf0"*® molecules ci) after 14:30. In order to explain this behaviar,
special run of HYSPLIT dispersion model was perfednwith an output of COTC within a boundary layer every 15
minutes, at both FTS locations, upwind and downwsek Fig. 7). As the first approximation, the S3fnission sources
were assumed to be located similar to the, M@ission sources but scaled to match the leveluofFTS measurements.
These calculations qualitatively reproduce the temeges of the COmeasurements and the different character of thdtse
of field experiments on April 4 and April 25. Monggr, we can suggest that the origin of high,J@ values observed at
the upwind FTS location on April 25 was the therpalver station located about 5 km towards nortmftbe upwind point
(see Fig. 6). When the emission by the thermal patation is turned off in the HYSPLIT calculatidhe CQ TC drops

down to the level of upwind FTS measurements ornil Apisee Fig. 7b, blue dashed line).
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The time series of Xgas for GOCO and Cl obtained from the data of FTS measurements on A@nd April 25
are shown in Fig. 8. Since the Xgas variabilitgla&an location (upwind) is usually much smallecampared to a polluted
location, it is possible to use time extrapolat@fnrmeasured data for the periods with data gaps.9demonstrates the
difference between TC for each of three gases medsoy upwind and downwind FTS on April 4 and AR%; the
extrapolated data are specially marked. Fig. 9 alsmwvs the wind speed and wind direction for tineetiperiod of FTS
observations by the “LOCAL” weather station (se€tisa 4.3).

5 Results and discussion
5.1 Overview of obtained results

The campaign consisted of 11 days of field measentsn On 30 April the clouds (altocumulus tranglus) started to
develop quickly during the field experiment (seepApdix A Table Al and Fig. Al). On 18 April the up@y FTS location
was close to the thermal power station. Owing ® pinevailing north-northeast wind (see Appendix Able A3), the
upwind FTS location appeared to be polluted on pélAsee Fig. 3). Consequently, 18 April and 3QiRpere excluded
from final analysis, and the evaluation of the &rfijuxes F) of the investigated gases was limited to remagirtirdays of
campaign. For these 9 days the cross-correlati®aaréon’s correlation coefficient betweend;c values obtained for the
pairs CO/CO, and CH,/CO, were calculatedtcoco, = (0.88 £ 0.02)1chacoe = (0.82 £ 0.03). The high correlation is the
evidence of the fact that the measurements in nassts were conducted inside the plume coming fromgianal/mesoscale

relatively compact powerful source of emission. ¥de attribute this source to the centre of St.rBlteg.

To further consolidate our flux estimates, someitaattl restrictions were imposed on the experirakdata, which
resulted in keeping only 4 days out of 9: March arch 27, April 3 and April 4. The first requirentenvas the wind field
stability. The analysis of the wind field stabiliguring each day was carried out using the GDAS HMSPLIT
meteorological data, as well as local meteoroldgibaervations. The second criterion was the homeitye of the megacity
pollution plume. It was estimated on the basis i tnalysis of the daily variability of enhancemeatios EnhR =
Arcgasidrc,gas2 The ENhR values for the following pairs were considered:/CO, and CH/CO,. For selected days, the

upper limit of the daily relative variability &nhR was set as 30%.

As it has been described above, there were sedifierlent scenarios of thié calculations in which different sources
of meteorological information (LOCAL, GDAS, and HWSIT) and different methods of the air parcel pa#ticulations
were used. The comparison of the obtained resaltssdmown that the minimum variability &fis observed when the
HYSPLIT meteorological data are combined with tlaeiable effective path (see section 4.5). When selecting the results

for final analysis, we suggest that the applicatéithe criterion of minimal variability is a goadhoice because in this case
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the corresponding estimates of area flux are maliable. This statement can be confirmed in paichy comparison of
the CQ fluxes obtained for the 9-day and 4-day sets @4ablcolumns 2 and 3). For the 4-day set, the b#itia is
considerably lower (12 vs. 28 kt Knyr™®), and we should reiterate, that these 4 days therdays with the most favourable
observational conditions during the observatiormahpaign. So, we do not present the results ofcatharios, and show in
Table 1 (columns 2 and 3) the values obtained tier combination of HYSPLIT meteorological data witle variable
effective path. As a supplementary informationtia Appendix B we placed Table B1 which contaires ¥alues of area
fluxes for CQ, CH,, CO, and N@obtained using constant path length approach.

If we compare the flux values obtained for the #-dad 9-day sets, we see that the fluxes foy &® the same, but
the fluxes for CH and CO are different (Table 1, columns 2 and Be fluxes estimated for the selected 4 days apgeare
be 1.3 times higher than corresponding values obtafor all 9 days of field observations. The utaaty of the obtained
flux values for the 4-day subset decreased foy &@ CH. We stress that during these selected 4 daysniptloe specific
meteorological conditions corresponded in the best to the assumptions of the box model, but disoldcations of the

observational points were nearly perfect.

The summary of the EMME-2019 results and the comparwith the flux estimates for St. Petersburgeblasn in
situ measurements, as well as independent literatata, are presented in Table 1 for,COH,;, CO and NQ (the latter
were derived from mobile DOAS measurements of tspperic NQ in the vicinity of upwind and downwind FTIR
observations). Prior to analysis of the resultshart overview of the error and uncertainty analygtiould be presented. The
random uncertainty of meanvalues of CQ, CH,, CO, and NQindicated in Table 1 was calculated as STD ofydaiéans
of area fluxes. This uncertainiycludes two components. The first component isniiral flux variability and the second
component comprises the random measurement errdrha errors introduced by approximations and kfitgtions of the
model approach which was used. It should be spgcéahphasised that these two components cannodéetified
separately. Therefore, below we will use the tefwasiability” or “uncertainty” keeping in mind thathese terms denote
natural variations, measurement errors and modetstogether. The relative random uncertainty dér one specific day

of measurements (daily uncertainty) can be estidnasing the following expression:
OF= 6V+ 0L+ 04 ¢ (2)

wheredV is the relative variation of the wind speed ovetay estimated using HYSPLIT meteorological datais the
relative uncertainty of the air parcel path lengthgdd4:c is the relative daily variation adrc. ThedF values calculated in
this waycan be considered as an upper limit of Ehencertainty. The average valuesdbf 6V and 4 estimated for 9(4)

days of the city campaign are as followk: = 23(24)%,6V = 23(13)%, 4:c(CO,) = 33(28)%,4rc(CH,) = 50(22)% and
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c(CO) = 42(28)%. Finally, the average values oftredadaily uncertainty of area fluxes are equabkgo, = 79(65)%,
OoFcha=96(59)% andFco = 88(65)%. As an example, daily mean values of @@a flux obtained during the city campaign
are presented in Fig.12 where the “error barstlaeerandom uncertainties Bfvalues derived from corresponding relative

475  mean uncertainties for 9(4)-day sets.

To evaluate systematic error of the area floiy() we should first estimate the systematic eridrgs, oVys and
0A4TCgs of corresponding parametelrs V and ATC in Eq.2. In contrast tdLgs anddVys, the contribution of systematic
component 0bATCs into oF g, is negligible. This is due to the high accuracyhef COCCON observations of gas columns
which are calibrated against WMO scale. In Eq. 2use an assumption that an air parcel moves alasttpaght line but

480  obviously this is not true. For the whole ensendflélYSPLIT trajectories simulated for all days betcity campaign we
calculated the maximum relative difference betwélea true lengths of HYSPLIT trajectories and oumight line
approximations ot.. This value equals to ~4% which is consideredragsiimation of the relative systematic erdbs.
According to the information on wind speed (see éqix A, Table A3) observed during the field cangpaithe mean
relative difference between HYSPLIT and GDAS datavind speed is of 14+22%. Hence, the estimatiche systematic

485  error of area fluxFgs due to the systematic errors of all parameteEji2 gives the value 18%.

5.2 Estimation of the CH4 emissions by means of gitu measurements of its mixing ratio

The fourth column of Table 1 contains the estintetiofF for the territory of St. Petersburg, which weredean the basis
of the joint analysis of the CHocal concentrations monitored in the ambiendaiting March-April 2013 and April 2019 at
the SPbU atmospheric monitoring station (point Axkarova et al., 2018) and Voeikovo station (59N530.70°E, 72 m

490 above sea level) of the Voeikov Main Geophysicak@&@tatory (MGO) (Zinchenko, 2002). The ¢kheasurements are
carried out by MGO in accordance with WMO recomnagiwths for GAW stations (WMO, 2009; WMO, 2014). Thigh
quality of the data obtained by MGO is confirmed thg results of WMO/IAEA Round Robin Comparison Exment
2014-2015 (https://www.esrl.noaa.gov/gmd/ccgg/witwamorr_results.php, last access 3 March, 2020). Ta¢a of
Voeikovo station together with 17 other Europeaatiehs were used to estimate European methane iengss the

495  framework of the InGOS project (Bergamaschi et.2018). The measurements of these stations have tigarously
quality controlled (Lopez et al.,, 2015; Schmidtat, 2014). The Voeikovo measurements are calidratgainst the
NOAA-2004 standard scale (which is equivalent te World Meteorological Organization Global AtmosphéVatch
WMO-CH4-X2004 CH mole fraction scale) (Dlugokencky et al., 2005heTcomparability of the SPbU and Voeikovo
station data was ensured by calibrating the SPhilipegent against the working standard prepared byoMG

500 Determination of the Cifluxes is possible due to the beneficial locatidrihe observational stations of SPbU and

MGO - on the western and eastern sides of the nitgg&or the wind directions of 75-85° and 255-2656@ air mass on the
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way from one station to another passes throughcéimre of St. Petersburg. It should be emphasisaddnly the time
periods with the wind speed of at least 2.5 were considered. Using the difference in the, Ebhcentrations obtained at
the monitoring stations, it is possible to estinthie CH, flux for the central part of the St. Petersburglameration on the
basis of a simple box model similar to that usedhim present work. It was assumed that all contatisins emitted by
St. Petersburg into the atmosphere stay withirbthendary layer. The calculation of the variablesetfive pathL between
these two monitoring stations gives (21 £ 7) kmeTHYSPLIT backward trajectory outputs were usedaaource of
meteorological data (wind field, boundary layerdigidata). Finally, th& values forCO, andCO were estimated using the
obtained average GHlux (120+80 t kn yr') and averag&nhR values derived from the in situ measurements @G},
CH,4, andCO concentrations at SPbU atmospheric monitoringastgpoint Al) in 2013-2019 (Table 2, the third wain).
The flux values foiICO, andCO evaluated in this way are 2-3 times lower thandbeesponding results of EMME-2019.
First, we should emphasize that in-situ measuresnemé more sensitive to very local effects and efioee less
representative if compared to column observatiéns. second, this difference can be partially exmdiby the presence on
the territory of St. Petersburg of a significantminer of elevated stationary sources of ,&@d CO - industrial and
power/heat plant chimneys (chimneys of the powantpktations can have a height of ~200 m), whicit products of
combustion and oxidation of various types of fofis#ls. The effect of elevated sources on gas curatons measured at
the surface layer is often minimal, but this impeah be considerable for total/tropospheric coluieamd can be detected
using remote sensing techniques such as thosedusied) the Berlin campaign (Hase, et al., 2015) BMME-2019. We
present more discussion on this topic in Appendikn@rder to detect the presence of the elevaiaccss, the air sampling
using kite launches was performed during EMME-2018e air sampling by kite launching technique wassible only
twice when suitable wind speed conditions occuraed there was enough free space for launching. rébelts of
comparison of the gas concentrations in air sampidlected at the surface and elevated levels oA@4 2019 and on
25 April 2019 at the locations of FTS measuremémsgde the city plume are presented in Table 3mbst cases the
concentrations of considered gases at the elevated are lower if compared to the surface levdiere were only two
cases with the concentration enhancement in theaaiples collected by kite: for Glan 24 April and for C@on 25 April,
however these enhancements were negligibly smabpkl; for CH and 1 ppmv for Cg. So, one can come to the

conclusion that these two kite launches revealedlenated pollution plumes.

5.3 Comparison with inventories

Official reports on the environmental conditions $ff Petersburg (Serebritsky, 2018, 2019) contafarination on the
annual emissions ofO,, CH,;, CO and NQ for the entire territory of the metropolis. Fornggarison with our flux
estimates, these total rates were divided by thenized area of St. Petersburg (984°ksee section 4.5). The best

agreement of the results of the EMME-2019 campaiih the official emission inventory was obtaineat NQ, and CO.
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For NQ, the results of the field campaign and the offieimission inventory demonstrated close valuest I662 yr* and
69 t km? yr’. The average CO flux for the territory of St. Rslbeirg, according to official data, is 410 t&kyr?, which is
535  higher in comparison with the values obtained ia turrent work (251-333 t kfryr?). At the same time, a significant
differences in theF estimates for ClHand CQ were obtained: the official data are by 5-7 antn®s lower than the
corresponding values obtained during field obséwaat in March-April 2019. Hiller et al. (2014a) shed that the
application of the boundary layer budget approacthé form of a box model could give the Citea fluxes of about 1.5-2
times higher in comparison with corresponding valestimated by eddy covariance technique and #r8e& higher thak

540  derived from the emission inventory data.

The results of independent studies of anthropogenicssions reported in the scientific literaturewhthat the
estimates of the CQCH,, CO, and NQfluxes can vary in a very wide range dependingeason, meteorological situation,
location of observation points, measurement teal@ignd used approach for estimation of emissi@ug¥ian et al., 2016;
Hiller et al., 2014a; and also see the referenpdicated in Table 1). The GQlux for the St. Petersburg agglomeration

545  obtained in this paper is approximately three tirnigher than those for London and Berlin and ~7esrhigher than for
Tokyo and Mexico City (see Table 1). We would likenote that when comparing the results of differ@imservational
campaigns one should pay attention to the sea$eatres of emissions. For example, the Berlin aigmptook place in
early summer when space heating was off. The EMNME32campaign in St. Petersburg was carried out amchtApril.
The space heating in St. Petersburg is mainly asgdras the system of district heating which isimg in the winter mode

550  during this period. The district heating in St.éteburg is usually turned off in the beginning ciyMFor CH, the emission
intensity is about 2-3 times higher than the rasfdt London. The CO fluxes for megacities, acauogdio published data,
can demonstrate a wide range of values, for exanalging from 106 t ki yr* (London) to 1520 t kifiyr (Mexico
City). This range covers our estimates for St. Bbteg: ~251-333 t kihyr™.

One of the most important characteristics of thgalilution source is the emission raiByasi/gase

555  ERyasi/gaszFgas1 Mgasd(Fgas2 Mgasi, 3
whereFg;is the gas fluxMgy,sis the molecular weight of gas. For gases, sucdi@s CH,, and CO, whose lifetime in the
troposphere is significantly longer than the damatof field measurements (several hours), the Watig equality is valid:
ER = EnhR. The ER values obtained from the results of the EMME-2@&athpaign and in situ measurements at the SPbU
atmospheric monitoring station (point A1) in 201@&t2, as well agR calculated for the official emission inventory ahe

560 ER taken from literature are presented in Table 2e Emission ratios for St. Petersburg obtained assalt of the
EMME-2019 campaign and of the in situ monitoringGH, at the observational stations located near Ser§lairg have
similar values, which are in good agreement withitiformation orER for the world’s largest cities reported in litared.

For the official emission inventory, iR values for CO/C@and CH/CO, correspond to the upper and lower limits of the
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given literature data, respectively. Thus, the tietacontributions of C§ CH, and CO to the total emissions of the

565  St. Petersburg agglomeration are very similar ¢octbrresponding values for the world megacities.

5.4 Identification of problems

When studying the application of the remote sensisfuments to the problem of the air pollutiontewgology, Beran and
Hall (1974) noted:
“Every urban region is a unique entity and the ectrrfocation and sensor distribution for one citgyrbe
570 totally unacceptable for another. Certain featares however, common to all and can be used torgtne
a hypothetical city.”
Such hypothetical city usually contains industriadion and line sources of emission in the fornhighways. Beran and
Hall (1974) also made the following important rekar
“Terrain features are another important influenneudban meteorology, many times controlling thealoc
575 flow which advects or concentrates effluent in @egi region. For example, a river valley is a ndtura
place for cold air drainage, while a coast linedutes local land and sea breeze circulation, @tely
cleansing a region and concentrating pollutiorhatdea breeze front.”
All these mentioned terrain features are preserhenerritory of the St. Petersburg agglomerat®tn Petersburg is located
at the estuary of the Neva River which flows in @éf of Finland. The territory of St. Petersbumgropies northern, eastern
580 and southern coastlines of the Gulf of Finland (R)g About 40 km to the north-east from the ceofr&t. Petersburg, the
southern coastline of the Ladoga Lake is locatdéek Tadoga Lake is the largest lake in Europe. dse facts define the
weather and climate in St. Petersburg. The comgaain of St. Petersburg agglomeration requiregisp attention due to
its influence on the air pollution meteorology.

The number of sunny days in St. Petersburg is argel We tried to use every clear-sky day. Butweather in

585  St. Petersburg is unstable and in several casedotlegast for clear-sky was wrong. When it happetee field
measurements which were already prepared forwtag cancelled. On the other hand, there were-sleaperiods which
were not forecasted. In some of such cases we radriagjuickly organise and perform the field obagons. As a result of

unstable weather, the experiment appeared to lBedimsuming and interfering with other ongoing\aiés.

The measurement locations for two EM27/SUN instmitsievere appointed about 12 hours prior to the afdield
590 campaign on the basis of the HYSPLIT forecast efdity plume dispersion. Moreover, during the fisldasurements there
was a possibility to correct the locations on tlasi® of the N@ tropospheric column mobile measurements along the
ringroad. Nevertheless, we could not implementglgect setup of the experiment when both measuretoeations of
EM27/SUN were strictly on the straight line parhkttethe wind direction. The problem arises froma 8parsely distributed
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sites suitable for installing the equipment and imglobservations. Also, we were limited in timecsrthe travel time to the
initial destination points was about 1 h and m&hkanging of position is also time consuming procgkih includes the
equipment loading, unloading and the travel tirselit The air sampling at different elevations bgams of kite launching
technique was possible only twice when the wincedpgas suitable and there was enough free spataufwrhing.

There is a certain problem relevant to the metegioal data obtained from different sources. Forfsall, a kind of
ambiguity exists in selecting the optimal data seuil he reason for that is different spatial amdpteral distribution of data
provided by different sources. Second, the databeanpdated, for example we noted the updates %@ata sets which
contained the considerable alteration of infornmatio

6 Summary and outlook

We presented the description and the first resiiltae Emission Monitoring Mobile Experiment (EMMIB19) which was
carried out in March-April 2019 in St. PetersbuRyssia. The main goal of this activity was the eatibn of emissions of
CO,, CH,;, CO and NQ for the megacity with the population of 5 milliofT.he field campaign was performed in the area of
the St. Petersburg agglomeration by joint efforfs Sb. Petersburg State University (Russia), KaHsrunstitute of
Technology (Germany) and the University of Brem@erfnany). The principal feature of EMME is its igitated character:
several different instruments are used, and besidesplanning of the field experiment and datacpssing are performed
with the help of numerical modelling of the trangpaof the megacity pollution plume. The conceptEMME is based on
remote measurements of the total column amoun@af CH, and CO from two mobile platforms located inside antside
the city plume combined with the mobile circularaserements of tropospheric column amount of It@m the third non-

stop moving platform, the latter measurements aeel dior the real-time control of the megacity plugnelution.

The results demonstrate that a combination of deysynchronous upwind and downwind FTIR observatlpntwo
well-calibrated ground-based EM27/SUN FTIR speceters allow the reliable detection of XgOXCH, and XCO
enhancements due to urban emissions in the areardaftudy. The origin and temporal evolution ofsheenhancements
were confirmed by simultaneous mobile DOAS measergm of tropospheric NOaround the city, the upwind and
downwind in situ air sampling (with further analysf CQ, CH,, CO and NQ concentrations), and by the simulations of

urban pollution transport with the help of the HX$P dispersion model calculations.

The collected data of our field campaign, supplemewith the precise in situ measurements of the ©Eal
concentrations at two sites in the suburbs of itye allowed to get an estimates of the emissiondk of greenhouse (GO

CH,) and reactive (CO, N gases by the megacity of St. Petersburg. Regulaitues reveal considerably higher emissions
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of CH, (135 68 t krif yr'') and CQ (8928 kt knf yr™) if compared to the existing inventories, while estimates of the
CO emission (251+104 t Kfryr') and NQ emission (66+28 t kihyr™) are in agreement with the inventories.

The terrain of the St. Petersburg agglomeratiozoiaplex. It comprises the Neva river estuary amddbastline of
the Gulf of Finland which influence the urban metdogy. Besides, multiple emission sources of déife types and origin
are inhomogeneously distributed over the main aitgd the suburbs. In the present study we used plesibbx model
approach for the derivation of the area fluxes @,QCH,, CO, and NQ Obviously, the application of more sophisticated
models in combination with the detailed information the emission inventory for the territory of Betersburg seems
promising for the continuation of the present study
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Table 1. Area fluxes for CQ (kt km2yr™), CH, (tkm2yr?), CO (tkm?yr?) and NO, (t km™? yr™) obtained during

EMME-2019 and the flux estimates for St. Petersburdpased on in situ measurements. The values previdys

reported in literature are also presented.

Area flux EMME In situ Literature sources
(9 days) | (4 days) measurements St. Petersburg The world’s cities
1 2 3 4 5 6
89+28 | 85+12 40 £ 30 31 (Serebritsky, 2018), 29 (London, O’Shea, 2014
CO,, 46 (EDGAR database, 2018) 35.5 (London, Helfter, 2011
Kt k2 yrt 6 (suburbs, Makarova, 2018) 12.8 (Mexico City,Velasco
2005)
12.3 (Tokyo, Moriwaki and
Kanda, 2004)
0.8 — 7.7(Krakow,
Zimnoch, 2010)
28.3 (Berlin, Hase, 2015)
CHy, 135+68| 178 £ 30 120+ 80 25 (Serebritsky, 2018, 2019)|, 66 (London, O’Shea, 2014
t km?yrt 110 (Makarova, 2006), | 7 — 28 (Krakow, Zimnoch
44 (suburbs, Makarova, 2018) 2010)
32 (suburbs, Zinchenko, 200Q)
CO, 251+ 104|333 £ 103 90 + 50 410 (Serebritsky, 2018, 2019)106 (London, O’Shea, 201
tkm?yrt 390 (Makarova, 2011), 1520 (Mexico City,
90 (suburbs, Makarova, 2018) Stremme, 2013)
NO,, 66 + 28 - - 69 (Serebritsky, 2018, 2019) 63-252 (London, Lee, 2015
t km? yr? 13- 300 (Norfolk, Marr,
2013)

— —
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Table 2. Emission ratiosER, obtained during EMME-2019 and theER estimates for St. Petersburg based on in situ
915 measurements. The values previously reported in &tature are also presented. In columns 2, 3, andthe
values of the correlation coefficientr) for corresponding datasets are given in parenthes.

St. Petersburg Literature sources
Emission ratio EMME In situ Offi_cial emission
(9 days) (4 days) measurements inventory
1 2 3 4 5 6
CO/CO;, 5.9 6.2 6.0+x24 21 (Serebritsky, 5.68, 8.44 (Paris,
ppbv/ppmv (r=0.88+0.02) | (r=0.97+0.01)| (r=0.76%0.04) 2018, 2019) Ammoura, 2014),

1.92 — 6.6 (London,
O’Shea, 2014),
6-9 (Indianapolis,
Turnbull, 2015)
14 (Sacramento,
Turnbull, 2011)

CH4/CO,, 6.8 5.8 7.8+2.6 2.2 (Serebritsky, 3.9 - 6.9 (London,

ppbv/ppmv (r=0.8240.03) | (r=0.96+0.02)| (r=0.70+0.04) 2018, 2019) O’Shea, 2014),

5.2 £ 0.5 (London,
Helfter, 2011),
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920 Table 3. Comparison of the gas concentrations in aisamples collected at the surface and elevated kg on 24
April 2019 and 25 April 2019 at the locations of FB measurements inside the city plume.

24 April 2019 (location B2) 25 April 2019 (locati@xb)
Gas

Surface level Kite (~100 m) Surface level Kite (~+7D

925

NO [mkg m-3] 0 0 6 5
NO, [mkg m-3] 26.5 235 138.1 122.4
CH, [ppmv] 1.958 1.959 2.338 2.278
CO; [ppmv] 422.5 417.1 444.0 445.0
CO [ppbv] 191.1 185.8 - -
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#3: DOAS .-

#1: FTIR, upwind

The city
ringroad

930

Figure 1: lllustration of the concept of EMME: two FTIR spectrometers at the upwind and downwind locabns on the opposite

sides of the city (#1 and #2, red and blue dots) drtircular moving DOAS technique spectrometer (#3).Ground-level air samples

were collected at locations #2 and #3. Collectingrgportions with the help of a kite was done usuajl at the downwind location

under suitable weather and landscape conditions. Biogram png-images: https://www.cleanpng.com/, lasaccess 6 November
935  20109.
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Figure 2: The set of FTS locations around the St.dersburg agglomeration. Locations are marked by kers “A” and “B” with
numbers. The “plus” sign near a location mark denags that there is a possibility to use local powewupply at this location. Red

colour denotes primary locations, blue colour den@s secondary locations. Map data © 2019 Yandex.
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950

Figure 3: The HYSPLIT model output for each of thecampaign days (10:00 UTC) used as the forecast diet megacity plume
while planning the field campaign. The colour bar wits for TC yo, are [0-25] 13° cm2. The blue line in the southeast indicates the
955  river Neva.
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Figure 4: The scatter plots of cross-comparison dhe average mole fraction data during side-by-sidealibrations.
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Figure 5: The scaled results of the side-by-side msurements of XCQ, XCH,, and XCO by FTS#80 and FTS#84 on 12 April 2019.
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970

975

Figure 6: An example of linear backward paths (blak straight lines, black dots show the downwind FT3ocations) for the days of
FTIR observations. The major land use classes aréa@gwn by different colours (blue for the water bodis, grey for the residential
buildings/industrial areas, green for the parks andforests). The path lengths on the map are plottedqual only for illustrative
purpose. In fact they are all different since the FIR observation locations and the wind field changdrom day to day. Red line
designates the official administrative boundary othe St. Petersburg agglomeration. Red "star" indicdes the location of one of the
major thermal power stations (TPS) located to the arth of St. Petersburg. Map data © 2019 Yandex.
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985 Figure 7: Time series of the CQ TC measurements by mobile FTS at upwind (U, blueand downwind (D, red) locations on two
days, April 4 and April 25, 2019. The measurementare compared with the results of the HYSPLIT simuldéions at both locations,
upwind and downwind. For the day of April 25, speal HYSPLIT scenario is added for comparison: the mission of the major
thermal power station (TPS) of St. Petersburg neanpthe upwind FTS location is turned off ("no TPS", see Fig. 8 and the text for
details).
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Figure 9: The difference between the TC values ahée polluted and clean locations of FTS on 4 Aprild) and 25 April (b). The
wind speed and direction are also shown.. Solid i&s denote 15 min running average. Dashed lines deadime interval when
extrapolated input data from the clean location wee used (see text).
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Appendix A: Description of the experiment details ad meteorological conditions

Table Al contains information for all days of theld campaign such as the location of FTIR speottens, FTIR
spectrometer identifier, number of bags of air das)dlight of a kite and air sampling altitude.€Tlast column of Table A1
includes information on the experiment setup (up-downwind or cross sectional setup) and FTIR spewtter operator’s
notes about meteorological phenomena, changeoird aover, and local air pollution events obsergtadng FTIR field

measurements.

In Table A2 we collect the main characteristicswd#ather conditions for each measurement day. Thethee
information is provided for local noon from the ebgtional data of the meteorological station ledain the centre of
St. Petersburg (index no. 26063, 59.97°N, 30.287He daytime surface air temperature was varyimgnfr~0 °C on
March 27 to +21 °C on April 25; relative humidityvarying from 84% on March 21 to 21% in April 6. i&eally, surface
wind speed throughout the campaign was moderdteeinange of 2-3 m s-1, except on April 24 andvgen light surface
winds were registered (1 m Y. Prevailing wind direction for St. Petersburgs@uthwest, and surface winds blowing from
southwest and west-southwest were registered dumiogt days of the campaign; however, other winéafions were
registered, too (see Table A2). An average windaisulated for the time period of FTIR observatioRgsulting wind

speeds and directions from the three different gataces are given in Table A3.

The satellite images of cloud cover detected byMIi@DIS satellite instrument in the vicinity of Retersburg are
presented in Fig. Al. They confirm daytime cleay sknditions for the duration of the campaign, gtdbe day of April

30, when the altocumulus translucidus clouds slddelevelop.
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Table A1. EMME-2019 observation details: the fieldexperiment setup (up- and downwind “u&d” or cross ®ctional
1035 “cs”), the FTS location (Loc), the FTS identifier FTS#), the number of bags of air samples (AS), indation of

the kite launch and the corresponding air samplingaltitude.

Date Outside the city plume | Inside the city plume DOAS | Comment
of 2019 mobile
Loc | FTS#| AS | Kite | Loc | FTS#| AS | Kite

21.03 | A1 |#80 |2 no |[B7 |#84 |2 |yes no U&d setup,test FTIR field
measurements,
test flight of the kite without air
sampling

27.03 | A2 | #84 |2 no | B2 |#80 |2 no yes U&d setup, A2 — no clouds, B2 — groups
of clouds

01.04 | A2 | #84 |2 no | B2 |#80 |2 no yes U&d setup, A2 — no clouds, B2 — groups
of clouds

03.04 | Al | #84 |2 no |B3 |#80 |2 no yes U&d setup, clear sky for both locationg

04.04 | A5 | #84 no | B3 | #380 no yes U&d setup, clear sky for both locationg

06.04 | B7 | #84 no | A2 | #80 no no U&d setup, clear sky and burning grasis
for both locations

16.04 | A2 | #84 no | A5+ | #80 no yes Cs setup, clear sky for both locations

18.04 | B3 | #80 no | A5, |#84 no yes U&d setup, clear sky for both locationg

A6+
2404 | A2 | #84 |2 no | B2 |#80 |2 Yes, |yes U&d setup, A2 — clear sky, B2 — light
100 m cirrostratus, sun halo
25.04 | B3 |#80 |2 no |A5 |#84 |2 Yes, | yes U&d setup, B3 — smoke plum in the
70m field of view of FTIR spectrometer, A5

— light cirrostratus

30.04 | B2 |#80 |2 no |A2 |#84 |2 no yes U&d setup, B2 — cirrostratus, A2 —
quickly developing altocumulus
translucidus
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1040 Table A2. Basic meteorological data for the daysfdhe field campaign: surface air temperature (T),relative humidity
(RH), wind speed (WS) and wind direction (WD) at leal noon. The meteorological data refers to one tifie
observational sites in the city of St. Petersburchftp://rp5.ru/Weather_archive_in_Saint_Petersburg,last
access 5 March 2020).

Date T(C)| RH (%) ]| WD WS (m $)
21 March (Th) 2.3 84 WSW 3
27 March (We) 0.1 64 WSW 2
1 April (Mo) 3.2 76 WSW 3
3 April (We) 9.8 24 S 3
4 April (Th) 12.5 24 SW 3
6 April (Sa) 12.5 21 SE 2
16 April (Su) 12.0 39 NE 2
18 April (Tu) 12.5 35 NE 2
24 April (We) 16.7 40 WSW 1
25 April (Th) 20.9 23 WSW 1
30 April (Tu) 10.7 27 SSE 2

1045

Table A3. The wind speed and the wind direction fothe days of the field campaign, as retrieved frordifferent data
sources: in situ observations (LOCAL), globally gridded assimilated data (GDAS) and backward trajectoy
calculations (HYSPLIT).

1050
Date Wind speed, ms Wind direction, °
LOCAL GDAS HYSPLIT LOCAL GDAS HYSPLIT
21 March 6 7 10 293 270 277
27 March 2 5 5 292 332 324
1 April 3 5 8 329 307 310
3 April 3 5 5 212 193 199
4 April 3 6 6 214 194 202
6 April 1 3 3 58 104 103
16 April 1 5 6 36 42 40
18 April 1 5 7 25 34 26
24 April 3 5 6 357 286 291
25 April 1 2 1 69 95 71
30 April 2 4 4 78 112 40
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1055

Figure Al: The MODIS satellite images of cloud coven the vicinity of St. Petersburg taken on the dgs of field campaign.
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Appendix B: Area fluxes for simplified box model s&up

1060
Area fluxes for CQ, CH,;, CO and NQ estimated using the simplified box model setughwitonstant path length
(Lj(t)=L=const27 km for each day of field observations) are giwefable B1.
Table B1. Area fluxes for CQ (kt km2yr™), CH, (tkm?yr?), CO (tkm?yr?) and NO, (t km?yr™) obtained using
1065  constant path length approach.

Area flux EMME In situ measurements
(9 days) | (4 days)
1 2 3 4
96 +25 | 99 +17 32+27
CO,,
kt km? yr?
CH,, 151 +82| 213 +57 95 + 64
tkm?yrt
CO, 276 £117 385 + 97 71+ 40
tkm?yrt
NO,, 74 + 30 - -
t km?yrt
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Appendix C: Comments on transport of the pollutantsfrom elevated sources

We illustrate transport of the pollutants from elead sources with a HYSPLIT simulation (see Fig). @le selected one of
the days of EMME (April 16, 2019) and simulated @@, emission from a 180-meter chimney of the thernoavgr station
mentioned above in the main text of the articlee ot presents a 34-hour trajectory of the madghted CQ plume
position (the centroid of the plume) on the geobregd map (top panel) and using the altitude s@ab¢tom panel). One can
see that the plume centroid starts its movememh ttee chimney location at ~180 m altitude (12:0Rpfil 15) and raises
up to ~500 m in one hour; then it does not falblaethe level of ~350 m during its "flight" lengtti more than 300 km. The
detailed analysis of respective vertical profilésC®, concentration shows its maximum at ~500 m, bei2gtiines higher
than that on the surface at start and 3.6 timelehithan that on the surface at the end of the @ltrajectory. Thus, the
probability to register high concentrations corauging to the centroid of the plume by surface-baseservations can be
estimated as very low. Moreover, polluted air miiesn a chimney is more likely to rise up, rathearthdescend to the
ground due to two reasons: (1) the vertical vejooftthe air pollution jet emitted from a chimnegrncbe rather high; (2) the
temperature of a plume released from the chimneysislly significantly higher than the temperatofehe ambient air
causing the buoyancy effect.

Elevated air sampling using kite launches was peréd only twice during the EMME campaign, thereftire results
of these kind of measurements could not be coresidas a reliable confirmation of the absence ofagésl plumes. The
presence of the elevated plumes of CO and €ld be also confirmed by the following evidenthe comparison of the
values of area fluxed-( see Table 1) estimated using in-situ measurenfeobsmn #4) and FTIR observations (column #2
and #3) shows that for GHivhich sources are mainly located on the grounthsarwe obtain significantly lower difference
in correspondingr values than for CO an GO

NOAA HYSPLIT MODEL (mass-weighted centroid position of CO2 plume)
Forward trajectory starting at 1200 UTC 15 Apr 19
GFSG Meteorological Data

Source » at 60.08 N 30.48 E

Meters AGL

15 18 21 00 03 06 09 12 15 18 21
04/16

Figure C1: Evolution of the mass-weighted centroigbosition of the CO2 plume taken as an example (s&xt).
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