Thereply tothe anonymous referee #1 (RC1)

We are grateful to the referee for the very indightomments. We took them into account while pripathe
revised version of the manuscript.

Below, the actual comments of the referee are givéwold courier font and blue colour
The text added to the revised version of the maiptss marked byed colour

1) The abstract presents a lot of technical details , such as the data
processing activities in four steps. | recommend to remove these.
The text about four steps of data processing has mmoved from the abstract.

2) Part of the methodology is based on emission ass essments using
differential column measurements equipped with two solar-tracking
spectrometers upwind and downwind of the city. The authors could consider
to include Chen et al. (2016): “Differential column measurements using
compact solar-tracking spectrometers”, where the sa me principle has been

used, as a reference in line 100.
We added the suggested reference in several plagasticular:

Chen et al. (2016) developed and used differentiklmn methodology (downwind-minus-
upwind column differences) for the evaluation of Géissions from dairy farms in the
Chino area.

The idea and the methodology of EMME experimentenggised mainly on the studies by
Hase et al. (2015), lonov and Poberovskii (2015grCet al. (2016) and Viatte et al. (2017).

3) Page 9: The authors have determined the optimum integration time by
examining the “half width” of the short term variat ions. Another
possibility to determine the optimum integration fi me is to use the Allan
variance analysis. This approach was used in Chen e tal. (2016).

We added the following text at the end of Secti¢h 4

The chosen averaging interval of 15 min is in gagceement with the estimation of the optimal
integration time (10 min) obtained as a resulthaf Allan analysis implemented by Chen et al.
(2016). Chen et al. (2016) applied this approactheo differential measurements of XCO2,
XCH4 performed by three EM27/SUN spectrometersiwitiiban areas.

4) Page 9: please add units to the parameters denot ed in equation (1).

In the revised version units are added to the patens denoted in equations (1-3).

5) Section 4.4: | have doubts about the definition of the effective air
parcel path length. By deriving the effective path length including only
the “polluted path”, and excluding the “clean path” , you are determining
the emission flux of the industrial and traffic (th e polluted areas), but
not the emission flux of the whole city. So it coul d be not fair to compare
these numbers to the emission inventories of the ci ty, which may result in
much higher emissions compared to the emission inve ntory.

+



12) Table 4: The big discrepancies between the esti mate in the paper and

the emission inventory could be partially attribute d to the usage of the
effective path length, so the flux density determin ed in this study is
focused on the industry area and traffics whereas t he inventory is the
averaged flux in the city. Please discuss this poss ibility.

The main goal of the field campaign is to evalubtearea fluxes (F) originated from the urbanizrdtbries of
the St.Petersburg agglomeration. Therefore we drddrom the consideration the territories of pafksests
and water bodies as the areas that practically havanthropogenic emission sources. At the same i
agree with the referee’s statement tHa ‘it could be not fair to compare these numbers

to the emission inventories of the city, which may result in much higher

emissions compared to the emission inventory ". In the revised version of the manuscript, we
estimated the urbanized area of the St.Peterslggtgraeration according to the land-use classificathat was
developed for the derivation of the effective p&hgths. We obtained that the total urbanized afethe
agglomeration occupies about 984%kmhile the official area of the entire St.Peterspisr 1439 kA Therefore
the values of area fluxes for all gases §CCH,, CO and NQ) that were estimated using the official inventory
data have been recalculated and, as a result, keaigimer. Revised version of Table 1 (the formenldd) is
given below. The changes are highlighted by yelbolour.

Table 1. Area fluxes for CO, (kt km?yr™®), CH, (tkm?yr?), CO (tkm?yr") and NO, (t km?yr™
obtained during EMME-2019 and the flux estimates for St. Petersburg based on in situ measurements.

The values previoudly reported in literature are also presented.

Area flux |EMME In situ| Literature sources

(9 days) | (4 days) measurementsSt. Petersburg The world’s cities
1 2 3 4 5 6

89+28 |85+12| 40+30 31 (Serebritsky, 2018), 29 (London, O’'Shea
CO,, 46 (EDGAR database, 20182014)

Kt k2 yr 6 (suburbs, Makarova, 201835.5 (London, Helfte
2011) 12.8  (Mexic

! City,Velasco, 2005)

12.3 (Tokyo, Moriwak

and Kanda, 2004)

08 - 7.7 (Krakow

Zimnoch, 2010)

28.3 (Berlin, Hase, 2015)

A=)

CH,, 135+68| 178 +120+80 25 (Serebritsky, 2018, 201956 (London, O’Shea
t km?yrt 30 110 (Makarova, 2006), 2014)
44  (suburbs, Makaroygr —28 (Krakow, Zimnoch
2018) 2010)
32 (suburbs, Zinchenko
2002)
CO, 251+ 333 +90 +50 410 (Serebritsky, 2014106 (London, O’'Shea
tkm?yr® (104 103 2019), 2014)

390 (Makarova, 2011), 1520 Mexico City,
90 (suburbs, MakarovqStremme, 2013)
2018)




NO,, 66 +28 |- - 69 (Serebritsky, 2018, 2019) @32 (London, Leq
t km?yrt 2015)
13- 300 (Norfolk, Marr
2013)

We see that even in this case the official invgnttata provide much lower area fluxes for &d CH. The
validity of our results can be confirmed if we cioles the values of emission ratio (ER) which ardely used
as a characteristic of the relative structure ofssions from a source. If we compare ERs estimated our
observational data (FTIR measurements during EMMBaign and in-situ routine observations of,CCO
and CH) and ERs derived from official inventory data, wen see that these values differ significantly from
each other, see Table 2 (the former Table 5) ip#per. For example, the mean value of&&.obtained from
our observations varies from 5.9 to 6.2, at theestime the ERy/co» Value estimated using official inventory
data equals to 21. This difference in &Ro. values obtained using “top-down” and “bottom-ugpeoaches
could be explained by the underestimation of t@&l, and CH emission of St.Petersburg in the official
inventory.

6) Line 358: repetition of “April 25", please delet e the second one.
Repetition of “April 25” has been deleted.

7) Equation 2: It is not clear what kind of wind sp eeds are taken for the
consideration, please elaborate it.

We added the following text:

... wheredV is the relative variation of the wind speed oaeatay estimated using HYSPLIT
meteorological data,...

8) Equation 2: you can determine the square root of the error terms instead
of adding them

The esteemed referee is perfectly right. The assampf uncorrelated errors of input parametersuthavork
well in our case. However, in order to be on tHe sae we decided to present the estimation ofihper limit
of the total error (completely correlated errorswifid and TC which are anticorrelated with the esrof L),
therefore we added terms instead of using the squat of the sum of squared terms. In the origiueasion of

the manuscript we have already writt€énhe 6F values calculated in this wagan be considered as an upper
limit of the F uncertainty.

9) Figure 5: there is no unit for the color bar [0- 25]. The river is drawn
as blue, but it looks confusing because the blue co lor is also assigned to
the color bar.

In the revised version we changed the figure capftdg.3, former Fig.5):

The HYSPLIT model output for each of the campaiggsd(10:00 UTC) used as the forecast
of the megacity plume while planning the field caign. The colour bar units for T, are
[0-25] 10® cmi® The blue line in the southeast indicates ther iNeva.

10) Figure 7: you could show the scaled results ins tead. It will illustrate
how the close the curves are to each other after th e scaling process.



Figure 7 (at present Fig. 5) in the original mamipéds showing the data after the scaling proceksvever, it
was not indicated explicitly. In the revised versiwe give this information in the text of the adi@nd in the
figure caption:

The scaled results of the side-by-side measurenoéiX€02, XCH4, and XCO by FTS#80
and FTS#84 on 12 April 2019 at the St. Petersbbsgivational site are presented in Fig. 5.

Figure 5: The scaled results of the side-by-sidasueements of XCO2, XCH4, and XCO by
FTS#80 and FTS#84 on 12 April 2019.

11) Figure 8: It is not very clear from the descrip tion which paths you
took for determining the effective path length, are these paths from
different days? Please elaborate these further. Do you have only one
effective path length for all the days for each met eorological data set
(LOCAL, GDAS, and HYSPLIT)? If so, how the effectiv e path lengths vary

given by different meteorological data set?

Figure 6 (former Fig.8) shows all the paths of experiments, one path per day. They are all differgnce the
FTIR observation locations and the wind field chaufrpm day to day. In the original manuscript wa@mced

in the figure caption thdbr simplicity, the path lengths on the map are equal. We agree that this phrase can
be misleading. So, in the revised version the &guaption is changed:

“An example of linear backward paths (black straigies, black dots show the downwind
FTS locations) for the days of FTIR observationse Thajor land use classes are shown by
different colours (blue for the water bodies, gi@ythe residential buildings/industrial areas,
green for the parks and forests). The path lengthshe map are plotted equal only for
illustrative purpose. In fact they are all diffetsince the FTIR observation locations and the
wind field change from day to day. Red line desigaahe official administrative boundary
of the St. Petersburg agglomeration. Red "starlcaids the location of one of the major
thermal power stations (TPS) located to the noftlSto Petersburg. Map data © 2019
Yandex.”

Special notes:

A number of typos have been found and correctedngluthe preparation of the revised version of the
manuscript. All of them are not critical with resp# the results and conclusions.

We slightly rearranged the text by moving sevenals parts of the text to other places without ahgnges.
The general structure of the article remained ungéd. This minor rearrangement was a result okiegithe
manuscript in accordance with the comments andesiigas of referees.

Maria Makarova
on behalf of all co-authors



Thereply to the anonymous referee #2 (RC2)

We are thankful to the referee for the very detb#iaalysis of our study. We agree with almost athments and
took them into account while preparing the revigesion of the manuscript.

Below, the actual comments of the referee are givéiold courier font and blue colour
The text added to the revised version of the maiptss marked byed colour

The paper is well written, with good languag e and nice,
instructive graphs in most cases.

We are grateful to the referee for the positivesssient of our manuscript.

It is claimed that the objective of the paper is to provide emission
numbers for Sankt Petersburg. However a significan t, and in my mind, to
big part of the paper describes the general methodo logy with complementary
data. The abstract is rather long and detailed, and it should be made more
concise with focus on the results. The main body is too detailed for a
scientific paper. a) The Modis data is not relevant since it is not
actively used, b) Remove nice photos of StPetersbur g, ¢ In the
introduction, there is a lot of explanation about d ifferent variants of
obtaining windspeed and effective path, but this is not used in any
significant extent in the results; this should be s hortened.

We agree with the referee’s statements. Howevanitampinion, the details of the experiment carmélpful for
better understanding and analysis of the obtaieedlts. Therefore we decided not to remove therarpat
details completely or to shrink the correspondiragt pf the manuscript, but to move these detailsht®
Appendix. We made the following changes in thegpap

1) Figure 4 containing MODIS images has been movépmendix A;

2) Figure 3 has been removed from the revised verditime manuscript;

3) Part of the information on the EMME-2019 observatitetails (including Table 1), the overview of
meteorological data for the days of the field caigipdincluding Table 2), and the analysis of wind
speed and the wind direction for the days of tleédficampaign based on the different data sources
(including Table 3) were also moved to Appendix A.

If 1 understand right, the methodology is the same as used in other
campaigns (Berlin). In the introduction or elsewher e an overview about the
other studies should be added with discussion on ho w comparable this study
is to the other ones in terms of methodology and re sults . E.g. was

effective path used by other studies.

Yes, the esteemed referee is right. In the intrbdacsection of the original manuscript it was ated: “The
idea and the methodology of EMME experiment wastasainly on the studies by Hase et al. (2015)pvWon
and Poberovskii (2015), Chen et al. (2016) andt®iat al. (2017)". Following the advice of the refe we
added the following text:

... Chen et al. (2016) developed and used differecttumn methodology (downwind-
minus-upwind column differences) for the evaluatiérCH, emissions from dairy farms in
the Chino area. Vogel et al. (2019) investigatesl Baris megacity emissions of €0y
coupling the COCCON observations and atmospheramsport model framework
(CHIMERE-CAMS) simulations.



... De Foy et al. (2007), Mellgvist et al. (2010)hdasson et al. (2014), and Kille et al.
(2017) have applied mobile FTIR (Solar Occultatielnx technique) and mobile DOAS
techniques to the large scale flux measurements.

In Eq 1 you calculate the flux using total column ( needed to get the right
unit).

We have made the necessary changes in setfidiass balance approach for area flux estimation. The new
version of this section which includes explicitication of the units is given below:

The estimation of the area fluxéswas obtained on the basis of a mass balance agproa
implemented in the form of a one-box model. Box gledare a widely used technique for
the evaluation of urban and other emission fluxtenfa et al., 1982; Reid and Steyn, 1997;
Arya, 1999; Zinchenko et al., 2002; Zimnoch et 2010; Strong et al., 201 Hiller et al.,
2014a; Chen et al., 2016; Makarova et al., 20Bpur case the following equation for the
calculation of area flux was used:

— ATC (t| )w(t| )
Fit )= TUJ , )
whereF (unit: t km? yr?) is the area fluxt; denotes the day of a single field experiment in
the frame of the observational campaign. It shdaddemphasized that we used the steady-
state approximation for all involved processes mitlthe duration of a single field
experiment, sadc (unit: molec. rif) is the mean TC difference between downwind §TC
and upwind ( TQ) observationglc=TCy- TC,, V (unit: m set) is the mean wind speed, and
L (unit: m) is the mean length of a path of an arcpl which goes through the urban
territory of St. Petersburg agglomeration. Theoefficient converts the value of area flux
from (unit: molec. nf sec") to (unit: t kn¥ yr?):

_ m,, [B1536[10°
k= N , 3
A

wheremg is the molecular mass of the target gas (unitmkg'), Na — Avogadro constant
(unit: mol®), 3153610° - the coefficient that converts the value of afiea from (unit:

kg m? sec') to (unit: t km? yr"). The data for the wind speed and the wind dioectivere
taken from different sources of meteorological infation (see section 4.3), and these
sources are identified @sn Eq. 2. So, as a result, we obtained the sealfes ofF(t) for
each of the meteorological data sources and fdr éag of field measurements. We note that
below we will use the units t Kfnyr™ for the values oF(t).

You also introduce Xgas (I assume against total pre ssure). When do you use
Xgas in the calculation? Is it only to show thing q uantitatively? | assume
in most cases te pressure is the same for up and do wnwind site ? Add in the
text a definition of Xgas (not know for everyone) a nd describe what is your

purpose here for showing it?

Please, see the answer to this comment below ifhees to referee’s comment to P8, row 128).

For the wind used in the final results the authors rely on the Hysplit
model, which in turn is based on a global model (NC EP) for the wind. The
authors argue that the use of data from this model provides less
variability in the final results. | argue that the wind variability is less



for the Hysplit data than for real measurements, si nce it is large domain
model, and Hysplit will therefore artificially smoo th the wind data. This
should be beter discussed by the authors.

We agree with the referee’s statement theintl variability is less for the Hysplit data

than for real measurements ... and Hysplit will the refore artificially

smooth the wind data ". Nevertheless, to our opinion, HYSPLIT cannotdiessified as &...large

domain model...". Following the advice of the referee, we presentad arguments in the extended
discussion in the new version in Section 4.4:

We selected HYSPLIT as one of the sources of thedwiata since HYSPLIT is a widely used modelling
system for the simulation of air parcel trajectsr@md the dispersion processes in the atmosphéch whs tested in
a lot of studies (HYSPLIT publications can be foundusing the following links:
https://www.arl.noaa.gov/hysplit/hysplit-publicati&meteorological-data-information/). Stein et &007) noted
that Grid models are the best-suited tools to handle the regional 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 beignored in
describing local dispersion from strong individual sources making Lagrangian and plume-dispersion models
practical. Stein et al. (2007) classify HYSPLIT as a looabdel which providegshe more spatially resolved
concentrations due to local emission sources. Therefore, for modelling of the evolution of tB&Petersburg plume
we used the HYSPLIT model as a tool which perfefity/the scale of considered atmospheric procegges was
also the reason for using HYSPLIT as the sourdbefvind data.

The authors present their flux estimation based on modelled effective path.
Such an excercise provides useful data but it is ha rd for the reader to
understand how the data was produced and its errors , since the data
represents a combination of measurements and model. | suggest presenting
also the purely measured data based on a constant p ath. For the effective
path the authors claim they made a land use analysi s and they refer to a
public web site but there little information given in the paper and it is
hard for the reader to understand the assumptions m ade here. For instance,

| am missing an explanation about what are the hypo thesis about the
detailed emission source categories and differentia tion between species
(CO2, CH4, NO2). The species above orginate from di fferent emission source
categories; e.g CH4 could partly come from the wate rways (sewers and water
canals) and pipelines rather than mobile and fixed combustion sources which
are relevant for CO2 and NO2. This will make the ef fective path species
dependent. The emissions from water ways could also be impacted by
windspeed. | suggest adding a graph for the landuse model and include the

model as complementary material for this paper.

Addressing this issue, in the revised version ef paper we present the values of area flux cakxilasing
constant path length and the description of thd lase model. The results obtained with a constatit length
are given in Table B1 (please see below) in theefydjx B.

Table B1. Area fluxes for CO, (kt km?yr™), CH, (tkm?yr?), CO (tkm?yr?) and NO, (t km?yr?
obtained using constant path length approach.

Area flux EMME In situ measurements
(9 days) (4 days)




96 £ 25 99 +£17 32 £ 27

CO,,

kt km? yr
1

CHy, 151 £+ 82 213 £57 95 +64
t km? yr?

CO, 276 £117| 385x97 71 +£40
t km?yrt

NO,, 74 =+ 30 - -
t km?yrt

The land use model that was developed for the ctatipn of the variable path length is presentedrion6
(former Fig.8):

In Fig. 6 these land use classes are shown irréliffecolours: blue for the water bodies, grey
for the residential buildings/industrial areas,egrdor the parks and forests. Effective path
length is calculated as a sum of elementary pédifttaitjh the urbanized grid pixels which
contain residential buildings, industrial areas] aoads/highways. Pixels containing water
bodies, swamps, and parks are excluded from th&blar path calculations. Similar
approach was implemented by Hase et al. (2015). i@ urbanized area of the
St.Petersburg agglomeration according to the deeeldand use classification occupies the
area of 984 kihwhile the official area of the entire St.Peterspisrof 1439 krfi The target
gases can originate from different emission sowategories, i.e. CHcould partly come
from the waterways (sewers and water canals), maslaand pipelines rather than mobile
and point combustion sources which are relevar@@ CG and NQ. The EMME-2019
was carried out during March-April when water bedand earth surface were fully or partly
covered by ice and snow (see Appendix A, Fig. AhY] soils were still frozen. Therefore we
suggest that the GHemission from the excluded pixels (water bodi@grsps, parks, and
forests) was negligible in comparison to other eogbgenic sources (landfills, pipelines,
etc.) which are distributed over the urbanized Igixe

We generally agree with the statement thiat “emissions from water ways could also be
impacted by windspeed " but this effect is not expected to be criticalcg water bodies were covered by
ice and snow.

As it was mentioned above, for the revised vergibrthe manuscript we computed the urbanized area of
St.Petersburg agglomeration according to the la®sdelassification that was developed in order tonede the
effective path lengths. The total urbanized arethefagglomeration occupies 984%while the official area of
the entire St.Petersburg is 1439%iTherefore, the values of area fluxes for all gag&0, CH,, CO and NQ)

that were estimated using the official inventoryadhave been recalculated and, as a result becaher.h
Revised version of Table 1 (the former Table 4)iv@n below, corresponding changes are highlightegellow
colour.

Table 1. Areafluxesfor CO,(kt km?yr™), CH, (t km?yr™), CO (t km?yr™*) and NO, (t km?yr™) obtained
during EMME-2019 and the flux estimates for St. Petersburg based on in situ measurements. The values

previoudy reported in literature are also presented.



Area flux |EMME In situ| Literature sources
measurement

(9 days) | (4 days) 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,
CO,, 46 (EDGAR database, 20182014)

kt kini? yr 6 (suburbs, Makarova, 201835.5 (London, Helfte
2011) 12.8 (Mexic

! City,Velasco, 2005)

12.3 (Tokyo, Moriwak

and Kanda, 2004)

0.8 - 7.7 (Krakow

Zimnoch, 2010)

28.3 (Berlin, Hase, 2015)

O

CH,, 135+68| 178 +120+80 25 (Serebritsky, 2018, 2019656 (London, O’'Shea
t km? yr? 30 110 (Makarova, 2006), 2014)
44  (suburbs, Makaroyg/ —28 (Krakow, Zimnoch
2018) 2010)
32 (suburbs, Zinchenko
2002)
CO, 251+ 333 +90 + 50 410 (Serebritsky, 2014106 (London, O’Shea
tkm?yr® (104 103 2019), 2014)
390 (Makarova, 2011), 1520 Mexico City,
90 (suburbs, MakarovqStremme, 2013)
2018)
NOy, 66 +28 |- - 69 (Serebritsky, 2018, 201963252 (London, Lesg
t km?yrt 2015)
13- 300 (Norfolk, Marr
2013)
The NO2 DOAS data are explained very briefly wrt to methodology and
results. Did you use the same methodology as for th e other species, even
though you measure in a full circle around town. | suggesting describing
the methodology in a better way and results. Did yo u use the NO2 data to

correct the FTIR measured data, if so clarify.

A detailed description of our DOAS measurements lmarfound in the references provided in the mairpiscr
(lonov and Poberovskii 2012, lonov and Poberovafii5, lonov and Poberovskii 2017, lonov and Polskiov
2019). We would not like to increase the size @f manuscript by describing the methodology in ektail.
However, as a response to the referee’s commentheinrevised version we added the following text to
Section 4:

Basically, the DOAS algorithm derives the N@&mospheric content by fitting a reference
NO, absorption cross-section to the measured zerdtitesed radiance. The effective or slant
column density (SCD) of Nis retrieved in the 425-485 nm fitting window. SA®
converted then to vertical column density (VCD)rbgans of so-called air mass factor AMF
(VCD=SCD/AMF), pre-calculated with a radiative tsé&r model (RTM). The
spatiotemporal variations of stratospheric Nte negligible compared to these in a polluted

5



troposphere. Consequently, the variations of, N@tical column observed in the data of our
mobile DOAS measurements are related to, N©llution in the boundary layer (below
~1.5 km).

The primary purpose of mobile DOAS B@easurements was a real-time verification of thkufion plume
location with respect to the original HYSPLIT disgien forecast. By means of this approach, theahctu
evolution of plume was monitored to adjust the FTilRd measurement positions, if necessary. We dation

this in the manuscript: "The real-time correcti@fighe FTIR operation sites were performed dependim the
actual evolution of the megacity NO, plume as detected by the mobile DOAS observations' (lines 35-36 of the
Abstract, orig. version), and "The concept of EMNéEbased on remote measurements of the total column
amount of CQ, CH, and CO from two mobile platforms located insidel autside the city plume (usually at
upwind and downwind locations on the opposite siofethe city of St. Petersburg) combined with thebile
circular measurements of tropospheric column amount of NO, from the third maobile platform moving in a non-

stop mode, the latter measurements are used for the real-time control of the megacity plume evolution"
(beginning of Section 2, orig. version). Generdlhe DOAS measurements confirmed the HYSPLIT faseca
However, on one day of experiment this was notdase, and the FTIR measurements location was timely
corrected according to the data of DOAS observatidiis is mentioned at the end of Section 3.Eslif17-
221, orig. version.

The referee is right, the methodology of mass lwa@approach was applied to estimate, M@k in exactly the
same way as it was done for all other species,(CH, and CO). We do mention this in the manuscript:€'Th
summary of the EMME-2019 results and the comparigitn the flux estimates for St. Petersburg baseiho
situ measurements, as well as independent literalata, are presented in Table 4 (orig. versionLfd,, CH,,

CO and NOy (the latter were derived from mobile DOAS measurements of tropospheric NO, in the vicinity of
upwind and downwind FTIR observations)" (line 401-404 of Section 5.1, orig. version). éadl, much more data
of NO, measurements is available from our circular DOASeovations, but its interpretation is a subject of
separate study and is beyond the scope of the m@piusnder review. Finally, an answer to anotteferree's
guestion here: no, we did not use the,Ni@ta to correct the FTIR measured data.

The treatment of uncertainties is all based on the obtained/measured
variability of the parameters used to calculate the flux (total column,
effective path and wind).

In my mind this is an assessment of the random unce rtainty. However there

is no mentioning of systematic errors of any of the se parameters. Please
add a discussion about this and change absolute unc ertainties to random
uncertainty.

The following discussion was added in the paper:

To evaluate systematic error of the area fléif) we should first estimate the systematic
errorsolys, 0Vgs andoAdTCy,s of corresponding parametdrsV andATC in Eq.2. In contrast
to JLgs and oVss the contribution of systematic component ddTCgs iNto oF s iS
negligible. This is due to the high accuracy of @@CCON observations of gas columns
which are calibrated against WMO scale. In Eq. 2use an assumption that an air parcel
moves along a straight line but obviously this & true. For the whole ensemble of
HYSPLIT trajectories simulated for all days of tlty campaign we calculated the
maximum relative difference between the true lesigth HYSPLIT trajectories and our
straight line approximations df. This value equals to ~4% which is considered ras a
estimation of the relative systematic erétr,. According to the information on wind speed
observed during the field campaign (see AppendiXakle A3), the mean relative difference
between HYSPLIT and GDAS data on wind speed i$4a22%. Hence, the estimation of
the systematic error of area fld¥gs due to the systematic errors of all parametetSgr2
gives the value 18%.



In the CO2 and CO data there is a factor of two dif ference between the

column measured data and the one measured by in sit u data. This is
explained by the fact that the CO2 and CO emissions are released from high
chimneys (200m). However the mixing layer should be several hundred meters
(at minimum) at solar conditions and the pollutants should therefore well
mixed at some distances from the chimney (>1 km). T his was also supported
by kite measurements. In addition a considerable po rtion of the CO2 should
come from transport sector. The discussion should b e improved on this
topic.

We agree with the referee that this issue requoese more discussion. Taking into account thattdpg is
specific, we put the extended discussion in Appefxdi

Appendix C: Commentson transport of the pollutantsfrom elevated sources

We illustrate transport of the pollutants from elad sources with a HYSPLIT simulation (see Fig).C1
We selected one of the days of EMME (April 16, 2048d simulated the GGmission from a 180-meter
chimney of the thermal power station mentioned abiovthe main text of the article. The plot preseat
34-hour trajectory of the mass-weighted £@lume position (the centroid of the plume) on the
geographical map (top panel) and using the altitsiclde (bottom panel). One can see that the plume
centroid starts its movement from the chimney liocaat ~180 m altitude (12:00 of April 15) and esup

to ~500 m in one hour; then it does not fall beltw level of ~350 m during its "flight" length ofare
than 300 km. The detailed analysis of respectivdoat profiles of CQ concentration shows its maximum
at ~500 m, being 1.2 times higher than that onstiréace at start and 3.6 times higher than thathen
surface at the end of the plume trajectory. Thuee probability to register high concentrations
corresponding to the centroid of the plume by sugfaased observations can be estimated as very low.
Moreover, polluted air mass from a chimney is nlikely to rise up, rather than descend to the gdodine

to two reasons: (1) the vertical velocity of the gollution jet emitted from a chimney can be rathigh;

(2) the temperature of a plume released from thenmméy is usually significantly higher than the
temperature of the ambient air causing the buoyaffegt.

Elevated air sampling using kite launches was pewad only twice during the EMME campaign,
therefore the results of these kind of measurenmmikl not be considered as a reliable confirmadiotie
absence of elevated plumes. The presence of thateteplumes of CO and G@ould be also confirmed
by the following evidence. The comparison of theuga of area fluxed~ see Table 1) estimated using in-
situ measurements (column #4) and FTIR observatjoakimn #2 and #3) shows that for Cihich
sources are mainly located on the ground surfacehiagn significantly lower difference in corresipiomy
F values than for CO an GO
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Figure C1: Evolution of the mass-weighted centroid position of the CO2 plumetaken asan example (see text).

Specific comments

P3: Row 83: When making refence to other studies it would be relevant to
add similar large scale measurements by mobile FTIR (Solar Occultation Flux
techniqgue) and mobile DOAS which has been applied f o large scale flux
measurements for at least decade by now : e.g. 1. d e Foy, et al., (2007)
Modelling constraints on the emission inventory and on vertical dispersion

for CO and SO2 in the Mexico City Metropolitan Area using Solar FTIR and
zenith sky UV spectroscopy. Atmospheric Chemistry A nd Physics 7, pp. 781-
801. DOI: 10.5194/acp-7-781-2007. 2. Mellqvist, et al., (2010) Measurements
of industrial emissions of alkenes in Texas using t he solar occultation
flux method. Journal of Geophysical Research - Atmo spheres 115. DOI;
10.1029/2008JD011682. 3. Johansson, J., et al. (201 4) Emission measurements
of alkenes, alkanes, SO2, and NO2 from stationary s ources in Southeast
Texas over a 5 year period using SOF and mobile DOA S. Journal of
Geophysical Research-Atmospheres 119, no. 4, pp. 19 73-1991. DOL:
10.1002/2013jd020485. 4. Johansson, et al. (2014) Q uantitative measurements
and modeling of industrial formaldehyde emissions i n the Greater Houston
area during campaigns in 2009 and 2011. Journal of Geophysical Research-
Atmospheres 119, no. 7, pp. 4303-4322. DOI:10.1002/ 2013JD020159. 5. Kille
N, et al, The CU Mobile Solar Occultation Fluxinstr ument, AMT, 10, 373-392,
2017

The following text has been added in the introducsection:

... Chen et al. (2016) developed and used differetitumn methodology (downwind-
minus-upwind column differences) for the evaluatidrCH, emissions from dairy farms in
the Chino area. Vogel et al. (2019) investigatesl Baris megacity emissions of €0y



coupling the COCCON observations and atmospheransport model framework
(CHIMERE-CAMS) simulation$.

“... De Foy et al. (2007), Mellgvist et al. (2010)hdasson et al. (2014), and Kille et al.

(2017) have applied mobile FTIR (Solar Occultatilnx technique) and mobile DOAS
techniques to the large scale flux measurements.

P 5, row 121: You claim that the DOAS measures trop ospheric columns. Please
elaborate in a few sentences what is actually measu red, even though you
refer to previous studies. Are you using multiaxis measurements to derive
absolute columns or is it differential columns assu ming that the upwind
measurements is free from troposheric NO2, and henc e that the differential
measurements corresponds to the tropospheric absolu te column.

In the revised version of our manuscript we addeexawith some more details of our DOAS measurdmen
(see above). We are not using multiaxis (or MAX-D&)Aobservations. Our DOAS measurements are just
zenith-sky, and we specify that in the manuscript.

P5, row 132. Add references from other places on mo bile DOAS, e.g.
Johansson, M et al., Mobile mini-DOAS measurement o f the outflow of NO2 and
HCHO from Mexico city, ACP, 9(15):5647-5653, 2009. Rivera, C. et al,
(2010) Quantification of NO2 and SO2 emissions from the Houston Ship
Channel and Texas City industrial areas during the 2006 Texas Air Quality
Study. Journal of Geophysical Research - Atmosphere s 115. DOL:

10.1029/2009JD012675.
In the revised version we added the following secgeand significantly expanded the list of relevafierences:

In general, such observations have been proved tanbefficient technique to derive the
anthropogeinc NQflux in many studies worldwide (see e.g., Johamsstoal., 2008, Rivera
et al., 2009, Johansson et al., 2009, Rivera €2@L0, lIbrahim et al., 2010, Shaiganfar et al.,
2011, Wang et al., 2012, Shaiganfar et al., 201beWal., 2017, Shaiganfar et al., 2017).

P6, row 171: This sentence is unclear rewrite it. F or instance Table 1
presents daily information ...

In the revised version we added the following text:
Table Al (see Appendix A) presents daily informatam the location of FTIR spectrometers

during the campaign, FTIR spectrometer identifieimber of bags of air samples, flight of a
kite and air sampling altitude.

P8, row 128: Define Xgas (is it against pressure?) and motivate why you
introduce this. Would it not be more appropiate to compare total columns
instead of Xgas since TC is the ones used for the f lux.

For the cross-calibration of the EM27/SUN spectrarewe used XCE XCH,, and XCO values as strongly
recommended in the special study by Frey et allL§20Mo define Xgas, we added the following text:

The ratio of the target gas TC to the retrievedT@ which is suggested to be known and
constant, gives us the column-averaged dry-air fnation (X9 of the target gas (Wunch et
al., 2011; Frey et al., 2015):



Xgas= 0.2095 =928 _Tcgas (1)
TC,, TCdryair

where X;,s - column-averaged dry-air mole fraction of theg&rgas (unit: dimensionless
quantity), TGas— total column of the target gas (unit: mole&) T Co, - total column of @
(unit: molec. ), TCqry ar — dry air total column (unit: molec. fh Using Xgas helps to
reduce the effect of various possible systematiorer(\Wunch et al., 2011). To provide the
compatibility of EM27/SUN measurements to WMO scatel for consistency reasons, the
retrieval software used for processing the EM27/3iphctra also performs a post-processing
(Frey et al., 2015). Finally, we had at our dispdsrh the TCgas and Xgas for each day of
measurements at each observational location.

P8, row 232: The comparions between the two spectro meters is very
convincing. Nevertheless, it only shows how the spe ctral properties of two
spectrometers influences the statistical error of t he measurements. Please

comment how this information was used.

After cross-comparison procedure we used obtaiagession parameters to scale the data. The edtitthe
scaling process is shown in Figure 5. We explaiim ihe revised version:

The calibration factors obtained as a result oé-4ig-side comparison were used to convert
XCO,, XCH,, and XCO measured by spectrometer #80 to the stapectrometer #84. The
results of cross-calibration help to avoid an adddl source of systematic error in the
estimation of area fluxes.

P 9, 244: | think this section should be more detai led wrt the
spectroscopy. At least a couple of general sentence s for how te retrieval
is done and if there are interfering species etc co uld be helpful,

In the revised version we added the following tex¢ectiord.1 FTIR and DOAS data processing:

...For the retrievals of the total columns of GO,, CO, HO, and CHj, the spectral regions
recommended by Frey et al. (2019) and Hase eR@l§) were taken. We present these
intervals in the respective order: 7765 — 8005 ¢the main interfering gases areq HF,
CO,), 6173 — 6390 cih(the main interfering gases areQ4 HDO, CH), 4210 — 4320 cih
(the main interfering gases are® HDO, CH), 8353 — 8463 cih and 5897 — 6145 chn
(the main interfering gases are® HDO, CQ). The EM27/SUN spectrometer has low
spectral resolution of 0.5 ¢ Therefore the TCs are derived from the FTIR gpeby
scaling of a priori profiles of target gases (Fe¢wl., 2019).

Special note:

A number of typos have been found and correctedngluthe preparation of the revised version of the
manuscript. All of them are not critical with resp# the results and conclusions.

We slightly rearranged the text by moving sevenadls parts of the text to other places without ahanges.
The general structure of the article remained ungéd. This minor rearrangement was a result okiegithe
manuscript in accordance with the comments andesiigams of referees.

Maria Makarova
on behalf of all co-authors
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Abstract. Global climate change is one of the most importentific, societal and economic contemporary lehgles.
Fundamental understanding of the major processesgliclimate change is the key problem which ib&osolved not only
on a global but also on regional scales. The acyuriregional climate modelling depends on a nundiéactors. One of
these factors is the adequate and comprehensigariafion on the anthropogenic impact which is higha industrial
regions and areas with dense population — modegaaities. Megacities are not only “heat islandsit &lso significant
sources of emissions of various substances intatthesphere, including greenhouse and reactivesghs2019, the mobile
experiment EMME (Emission Monitoring Mobile Expeemt) was conducted within the St. Petersburg agetation
(Russia) aiming to estimate the emission interdfitgreenhouse (CQCH,) and reactive (CO, N gases for St. Petersburg
which is the largest Northern megacity. St. PetaghState University (Russia), Karlsruhe Instite Technology
(Germany) and the University of Bremen (Germany)tjp ran this experiment. The core instrumentshef campaign were
two portable FTIR spectrometers Bruker EM27/SUN aclhivere used for ground-based remote sensing nezasots of
the total column amount of GOCH, and CO at upwind and downwind locations on theosjtp sides of the city. The NO
tropospheric column amount was observed alongcaleir highway around the city by continuous mobileasurements of

scattered solar visible radiation with OceanOptiti84000 spectrometer using the DOAS technique. $anabusly, air
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samples were collected in air bags for subseqadratory analysis. The air samples were takeheatacations of FTIR
observations at the ground level and also at dk#wf about hundred meters when airbags werd lifyea kite (in case of
suitable landscape and favourable wind conditiofi$)e entire campaign consisted of 11 mostly claslldays of
measurements in March-April 2019. Planning of meaments for each day included the determinatiooptimal location

for FTIR spectrometers based on weather forecastbimed with the numerical modelling of the polutitransport in the
megacity area. The real-time corrections of theR-@peration sites were performed depending on theahevolution of
intensities for the considered greenhouse andiveagases were obtained by coupling a box modelthedesults of the
EMME observational campaign using the mass balappeoach. The CQOemission flux for St. Petersburg as an area source
was estimated as 89+28 kt Krgr'* which is two times higher than the correspondiaue in the EDGAR database. The

experiment revealed the Glémission flux of 135+ 68 t kthyr® which is about one order of magnitude greater tihen

69t km? yr). SN

Keywords: ground-based remote sensing, portable spectrasndt@iR spectroscopy, DOAS technique, mobile
experiments, trace gas retrieval, greenhouse gesastjve gases, anthropogenic emissions in mégmcitansport
modelling of air pollutants

1 Introduction

Global climate change is one of the most imporsaintific, societal and economic contemporary lelngles. Fundamental
understanding of the major processes driving ckntdtange is the key problem which is to be solvatdonly on a global

but also on regional scales (IPCC, 2013; WMO Greash Gas Bulletin, 2018). The accuracy of regichialate modelling

depends on a number of factors. One of these fadhe adequate and comprehensive informatioth@mnthropogenic
impact which is highest in industrial regions andas with dense population - modern agglomeratans megacities.
Agglomerations and megacities are not only “helahids”, but also significant sources of emissiohsasious substances
into the atmosphere, including greenhouse andiveagases (Zinchenko et al., 2002; Wunch et aD92@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 composititimeitroposphere with a high horizontal resolutiona regional scale.
Existing ground-based observational networks, ifigaar ESRL (ESRL, 2019)COS (ICOS, 2020), NDACC (NDACC,

- YpaneHo: The data processing

activities included the following
steps: (1) the generation of
calibrated spectra from raw
interferograms; (2) the retrievals
the CQ, CH,, and CO column
averaged abundances using the
software tools provided by the
COCCON (Collaborative Carbon
Column Observing Network); (3)
the retrieval of tropospheric NO
amount from DOAS
measurements; (4) the laborator
analysis of air samples; (5) the
numerical modelling of the plume|
movement based on the actual
meteorological information.
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2019) and TCCON (TCCON, 2019), are mainly focuseddetecting the background concentrations of tleemrouse
gases. Most of observational stations are spadistsibuted and located relatively far from indiedtand highly populated
areas. Portable Fourier Transform InfraRed (FTifctrometers EM27/SUN (Gisi et al., 2012, Freylet2915) are very
promising instruments for the detection and quanatifon of the emissions of greenhouse gases fresostale area sources
like cities or industrial areas (Hase et al., 20dBen et al., 2006 The data provided by these instruments aredtssted
by the vertical exchange processes than the d&énel from in situ measurements. Also, in contrasiurrent space-based
sensors, the ground-based portable FTIR spectromate 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 edolyariance method
(Helfter et al., 2011; Hiller et al., 2014a), thesa balance approach (Zimnoch et al., 2010; Steomady, 2011, Hiller et al.,
2014a), and the technique based on the radon newasnts (Lopez et al., 2015). Depending on a metttwa spatial
coverage of investigated sources can vary fronidte (for example, in the case of eddy covariarioghe meso- and the
global scales (the assimilation of satellite datatimospheric models). Each of these approacheshawn set of unique
advantages and limitations depending on specifatiapand/or temporal scales. Therefore the efficacd accuracy of
many of these methods remain the subject of séierdebates (Cambaliza et al., 2014; Hiller et abl4a). Often,
combinations of these methods can yield reduceeértaioty of target parameters, at the same timebagnyg of different

techniques often requires special field campaigwkscamprehensive analysis (Hiller et al., 2014digHet 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 fpbpds gaseous composition using the FEIRI DOAStechnique.
Hase et al. (2015nd Zhao et al. (201%pplied portable FTIR spectrometers for detecjregnhouse gas emissions of the

~ { YnaneHo: is J

. o R/ :
observations of column-averaged abundances of &@ CH around the major city Berlin. It has been dematstt that [ hanewo: y ]

the CQ emissions of Berlin can be clearly identified lire tobservationsChen et al. (2016) developed and used differential

column methodology (downwind-minus-upwind columffetences) for the evaluation of Glémissions from dairy farms

YpaneHo: Chen et al. (2016)
************************************************************* developed and used differential

observations and atmospheric transport model frame(CHIMERE-CAMS) simulationsLuther et al. (2019) explored the column methodology (downwind-
minus-upwind column differences)

feasibility of estimating Cldemissions for individual coal mine ventilation #kaand groups of shafts. They measured | for the evaluation of CH
emissions from dairy farms in the

column-averagedry-air mole fractions of methane XGHy the FTIR spectrometer Bruker EM27/SUN which westalled Chino area.

on a truck moving through the Gldlumes in the Upper Silesian Coal Basin while iddvin stop-and-go patternSe Foy et




90  Occultation Flux technique) and mobile DOAS techieisttq, the large scale flux measuremerBabenhauserheide et al. - - { yaaneno: for

(2020) estimated COemissions from Tokyo using the long-term statédtianalysis of XC@ amounts measured at the
Tsukuba TCCON site located near Tokyo.

The motivation of the present study originated fribia fact that the number of observational statfongreenhouse

gas monitoring on the territory of Russia is vemgited and there are considerable uncertaintigh®fgreenhouse gas flux

95  estimations for the natural and anthropogenic st Russia. St. Petersburg is the second langegcity in Russia with
the population of 5 million and, besides, it is tharthernmost city in the world with the populatiohover one million
people. The goal of the present study was to ettithe emissions of greenhouse ¢COH,) and reactive (CO, NQ gases

from St. Petersburg by means of mobile remote-agrtgichniques and direct in situ measurementssiitiay was based on

the observational campaign EMME-2019 (Emission Narimg Mobile Experiment) which was performed in fela-April

100 2019 on the territory of the St. Petersburg agglatimen. St. Petersburg State University (Russiagtldtuhe Institute of
Technology (Germany) and the University of Brem@&erfnany) jointly ran this experiment in the franfigtee International

project VERIFY (VERIFY, 2019). The ideznd the methodologyf EMME experiment wrebased mainly on the studies by- - { yaaneno: as

Hase et al. (2015), lonov and Poberovskii (20T%)en et al. (2016nd Viatte et al. (2017).

2 Concept of EMME, instruments and the experiment fanning

105 The concept of EMME is based on remote measurenoénite total column amount of GOCH, and CO from two mobile
platforms located inside and outside the city plosually at upwind and downwind locations on tippasite sides of the
city of St. Petersburg) combined with the mobilewalar measurements of tropospheric column amoftiN@, from the
third mobile platform moving in a non-stop modeg thtter measurements are used for the real-timgal®f the megacity
plume evolution. The simplified illustration of tlw®ncept is given in Fig. 1. The experiment requikear-sky conditions

110 since the instruments for remote sensing measueetdind scattered solar radiation. The ancillaeasarements include
control of the meteorological parameters and sargpdif air portions at the locations inside and idgtshe city plume for
subsequent laboratory analysis of concentrationtamgfet gases. In order to assess the intensigasfemissions by St.
Petersburg, the mass-balance approach is applige tmeasurement data. The principal feature of EMMits integrated
character: several different instruments are uaad,additionally, the planning of the field expegimh and data processing

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

The core instruments of the campaign are two pEt&d IR spectrometers Bruker EM27/SUN (Gisi et aD12;
Frey et al., 2015Hase et al., 20)6@vhich are used for ground-based remote sensirggunements of total column amount
of CO,, CH, and CO. The EM27/SUN instrument has a sun-trackysgem and registers direct infrared solar raghafi he
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FTIR spectrometers are transported by cars to #resorement locations where they are unloaded atalled outside. The
geographic coordinates are registered by the GNE&& &l Navigation Satellite System) sensor. A detalccar battery with
an inverter is used as a power supply which ensabbest 3 h operation time. Under cold weather dons, the instruments
are covered by electric heating blankets. The mat@mn time for a single spectrum constitutes abbuatin. Within this

period, about 10 interferograms are registeredeardaged, and then the corresponding spectrunaasded.

The tropospheric NOcolumn is derived from measurements of the seatteolar radiation in the zenith direction by
the portable automatic spectrometer OceanOpticsOBRA4This spectrometer is mounted on board of @edrconnected to
a portable computer to ensure uninterruptible iogr of spectra. Measurements are fully automatidlevthe car is
moving. The location of the car is controlled by tBNSS sensor and is routinely recorded by the amaboomputer for
instant referencing of the results of measuremtentise 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 spéstdone every 1 min, all single spectra obtaiwétin this period are
coadded. Thus, each final measurement is the nfeamoot 1000 instant spectra. The route include<etitire city ringway
(the highway around St. Petersburg), therefore rttaén emission sources are inside the route andptis@tion of the
megacity plume can be detected with high accur@ibe. described approach and the DOAS mobile expetimgecific
design have been implemented previowslysSt. Petersburgnd the results have been published by lonov aei®@vskii
(2012, 2015, 2017, 2019).

Air samples were collected at the locations of W6tHR spectrometers in two air bags: when FTIR mesments
started (the first bag) and before completion offFFfheasurements (the second bag). Each bag wadi®r2bedlar bag,
sampled for about 40 min. In case of suitable wera#ind landscape conditions at the location of ohehe 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 asetehsuring vmr of

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

For the monitoring of meteorological parameters) tweather stations and the microwave radiometer-RRGPRO
were used. One portable weather station was opgraiiher at upwind or at the downwind locatiorFG1R spectrometers.
The atmospheric pressure measurements were peda@intmth up- and downwind locations. The secoatiostary weather
station was operating on the roof of the buildiBg (n a.s.l.) of the Institute of Physics of St.dpPalburg State University
(SPbU) located about 25 km west from the city eerthe RPG-HATPRO radiometer was operating alsthemoof of this
building and delivered information on the temperatand humidity vertical profiles together with timormation on the
cloud liquid water path (Kostsov, 2015; Kostsowakt2018).

5
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The essential part of EMME was the preparatoryestalgich lasted for three months before the stath@ftampaign.
During this stage the optimal set of FTIR measurgnhecations in the close vicinity of the St. Petarrg ringway was
determined accounting for several criteria. Fitlss set of locations should have had sufficierttisph density to ensure the
possibility to perform up- and down-wind FTIR measuents for practically any wind directions. Secoedery location
should have been convenient for car parking inrthgway proximity, and for installation of the ingtments. We tried to
choose the locations at a certain distance fronhifjeway and roads with intensive traffic in orderavoid contamination
of air by local sources. The set of FTIR measurdrtmations around the St. Petersburg agglomeratioich was chosen
during the preparatory stage is shown in Fig.8htiuld be emphasized that during the preparatagesa kind of rehearsal
was carried out. This rehearsal has helped to réwsatime consuming the following processes avading the equipment
on cars at the Institute of Physics, unloadingetjeipment at a measurement location, setting upwandg 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 crewslan start simultaneous FTIR measurements.

Special attention was paid to planning of the expent a day before. We analysed the weather foreqpaesented
by different sources with special attention to docover and wind direction. Mainly, we used theudomaps from
https://www.msn.com (last access 12 November 20h9)rder to determine FTIR measurement locatienspecific day, ‘
we made a forecast of the megacity plume usindi¥i8PLIT (HYbrid Single-Particle Lagrangian IntegedtTrajectories)
model (Draxler and Hess, 1998; Stein et al., 20th5addition, in the morning of a measurement daymwonitored the clouqf

Spectrometers (FTS) as FTS#80 and FTS#84.able A2 (please, se&ppendixA) we collect the main characteristics \df
weather conditions for each measurement day. Thellisa images of cloud cover detected by the MODBI&ellite \
instrument in the vicinity of St. Petersburg aregented in Fig. Al (seAppendix A). They confirm daytime clear sky
conditions for the duration of the campaign, exdbptday of April 30, when the altocumulus tranglus clouds started to

develop.

During the EMME-2019 we implemented two types @fid experiment setup regarding the position of FFTI
spectrometers relative to the dominant air flonn@idirection:

\
\
\

/I Fig. 3 we present a nice picture -
/| the screenshot made from the web

YpaneHo: As an example, in

camera installed on top of the
Lakhta Centre which is the highes
building in St. Petersburg (462 m).
The field of view allowed getting
information on a large sector
which comprised eastern and
south-eastern parts of the St.
Petersburg megacity.

-

YaaneHo: <#>3.1 Field
observations, weather conditions
and auxiliary dataf

| YaaneHo: For all days of the

field campaign, Table 1 presents
information on the location of
FTIR spectrometers, FTIR
spectrometer identifier, number o
bags of air samples, flight of a kit
and air sampling altitude.

==

YpnaneHo: Table Al (please, se
Annex A) contains information fo
all days of the field campaign sud|
as the location of FTIR
spectrometers, FTIR spectromete
identifier, number of bags of air
samples, flight of a kite and air
sampling altitude.

1

=

=

YaaneHo: The last column of
Table 1 includes information on
the experiment setup (up-and
downwind or cross sectional setup
and FTIR spectrometer operator’s
notes about meteorological
phenomena, changes in cloud
cover, and local air pollution
events observed during FTIR field
measurements.

=
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- for most of the days of observations (ten ofealeven), FTIR spectrometers were installed aloegatind direction line -
in up- and downwind locations on the opposite safahe city of St. Petersburg (Fig.1, locationsatl #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).

HYSPLIT model. Following our previous experience simulating the dispersion of urban contaminatioonf -
St. Petersburg, the N@ontent in the lower troposphere was set as arntmicthe polluted air mass distribution (lonov and
Poberovskii, 2019). This numerical modelling wasieldoy means of the dispersion module within théingffversion of
HYSPLIT. It allowed performing the 3D simulation tfe generation and dispersion of Nflume 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;0@and Poberovskii, 2017). Similar to the most necudy by lonov
and Poberovskii (2019), the N@missions were specified according to the offimiahicipal inventory of emission sources.
The HYSPLIT grid domain was set with the centr8@&®20°N and 30.75°E, the grid spacing (horizorgatial resolution) of
0.05° latitude and longitude, and the grid spab.8f latitude and 14.1° longitude. The verticallgronsisted of 10 levels
with the tops at 1, 25, 50, 100, 150, 250, 350, 3000 and 1500 m. The forecast meteorology dasical distributions of
the horizontal and vertical wind components, terapge, pressure, etc.) were taken from the Natid@Pehters for
Environmental Prediction Global Forecast System ERCGFS, ftp:/arlftp.arlhqg.noaa.gov/forecast) ore th°x1°
latitudexlongitude spatial grid. The maps of the,Nlume, simulated by the HYSPLIT model for 13:00dbtime on each
integrated within the boundary layer (~1500 m). aximated version of such a forecast, showing theplevolution, was
generated and shared among the campaign staff el lbefore each day of planned observations (ampbe of the
animated forecast for 6 April 2019 is availabldps://youtu.be/rgtq6JLPhig, last access 2 Ma202.

Based on the plume evolution forecasts, the optpaal of the FTIR spectrometer locations for theaming day of
measurements was chosen. This approach to plarofintpe city campaign was implemented during 11 days
day, the real-time information on the N@opospheric column (TrC) acquired along the riagt by the crew #3 usiné\
mobile DOAS observations showed that the actuadtion of the most polluted city plume area wasedéht from one
which had been predicted by the HYSPLIT simulatioltsshould be noted that the mobile DOAS obseoveti were
organised in such a way that the data on the TrR@f for the location outside the city plume were octkel first. There
were two days of FTIR measurements without mob{B¥AS observations due to technical issues. Our épez has shown

that the HYSPLIT forecast was precise enough tamngroper selection of FTIR locations on thesesday

N
N

-

YaaneHo: In Table 2 we collect
the main characteristics of weather
conditions for each measuremen
day.

YnaneHo: The weather
information is provided for local
noon from the observational data|
of the meteorological station
located in the centre of

St. Petersburg (index no. 26063,
59.97°N, 30.28°E). The daytime
surface air temperature was
varying from ~0 °C on March 27 to
+21 °C on April 25; relative
humidity — varying from 84% on
March 21 to 21% in April 6.
Generally, surface wind speed
throughout the campaign was
moderate in the range of 2-3 s
except on April 24 and 25, when
light surface winds were registered
(1 m sY. Prevailing wind direction
for St. Petersburg is southwest, and
surface winds blowing from
southwest and west-southwest
were registered during most days
of the campaign; however, other
wind directions were registered,
too (see Table 2). The satellite
images of cloud cover detected by
the MODIS satellite instrument in
the vicinity of St. Petersburg are
presented in Fig. 4. They confirm
daytime clear sky conditions for
the duration of the campaign,
except the day of April 30, when
the altocumulus translucidus
clouds started to develop. Besides,
Fig. 4 gives an impression of rapi
sea ice and snow melting as the
daytime air temperature rises fro|

'| ~0°C in March to ~20 °C in April

\\\ { YnaneHo: 5 ]
{ YpaneHo: (see Table 1) ]
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4 Methods and algorithms of the experimental data cessing 4

4 1 FTIR and DOAS data processing

The dual-channel EM27/SUN spectrometer can meaB0eeof Q, H,O, CO,, CH, and CO (Gisi et al., 2012; Hase et al.,
2016). The processing of the raw FTIR data (generatiorspectra from raw interferograms and trace gaseretlts) is

, 2019; COCCON, 2019). The negsoftware is
source-open and freely available; the developmétthese tools has been supported by ESA. The ertgfams recorded

performed using the software tools provided by@@CCON (Frey et al.

with FTS#80 and FTS#84 were the main input datahénfirst processing step, spectra are generated fhe recorded

DC—coupIed interferograms, including a DC corramt(cb(eppeI—AIeks et aI., 2007) and quality filteringl the second

were taken. We present these intervals in the otisgeorder: 7765 — 8005 ¢h(the main interfering gases are® HF, \\\

C0,), 6173 — 6390 cth(the main interfering gases arg® HDO, CH,), 4210 — 4320 cth(the main interfering gases are,
I\

H.,O, HDO, CH), 8353 — 8463 cify and 5897 — 6145 cin(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 W

Va

scaling of a priori profiles of target gases (Fe¢yal., 2019)The required auxiliary data are the local grounespure, the ' |

temperature profile and the a priori mixing rat'mnﬁﬂes of the gases. For ensuring consistency WiehTCCON reference \\\

gas (Wunch et al., 2011; Frey et al., 2015): \\
Xgas= 0.2095 935 _TCgas_ @
. TC,, TCdryair .

******************************************************************* Y 1
the target gas (unit: molec.%)) TCos - total column of @ (unit: molec. rif), TCury air — dry air total column (unlt.\ \ Xgas= 0.2095;
ol :
molec. n¥). Using Xgas helps to reduce the effect of varipossible systematic errors (Wunch et al., 201a@)pfvide the '\ ‘{ y:::::z- J
\ o
compatibility of EM27/SUN measurements to WMO scatel for consistency reasons, the retrieval sofweed for [ynaneuo: 1 ]
\

processing the EM27/SUN spectra also performs &prosessing (Frey et al., 2015). Finally, we hadur disposal both

the TCgas and Xgas for each day of measuremeatxhtobservational location.

For the interpretation of spectral UV-VIS measuretaeand the derivation of tropospheric i\l@)ntent, the well known

~

\
\

YpaneHo: 3.2 Side-by-side
calibration of FTIR
spectrometersThe target
quantity of our observations is
the small difference between two
large values that are measured
by different instruments of the
same type. Therefore, a careful
cross-calibration of the
instruments is of primary
importance for the considered
experiment. Side-by-side
calibrations of FTS#80 and
FTS#84 were carried out during
four days: 12 April, 26 April,

15 May, and 16 May, 2019. The
instruments were installed at the
observational site of

St. Petersburg State University
in Peterhof and operated
simultaneously for the time
period of clear sky weather
which lasted from half an hour
to several hours. The total
number of spectra acquired
during cross-calibrations was
604. They were collected during
about 10 h of simultaneo(” 1]

[yAaneHo: -averaged ]

YnaneHo: For the retrievals of
the total column of @ CO,, CO,

H.0, and CHthe followin(" 157
{yAaneHo:

YnaneHo:

{ YpnaneHo: over

U

{YAaneHO: a

YaaneHo: As a result, the time
series of Xgas and total column

(TC) were obtained for C(" 3]

YpaneHo: where Xs- column-
averaged dry-air mole fraction of

the target gas (unit: dime("_ 147

YpaneHo: Basically, DOAS
algorithm derives the NO

atmospheric column by f'{ .. [5]
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reference N@ absorption cross-section to the measured zendtiesed radiance. The effective or slant columnsign
(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 moRTM). The
spatiotemporal variations of stratospheric Nt@e negligible compared to these in a polluteddsphere. Consequently, the
variations of NQ@ vertical column observed in the data of our mobBil@AS measurements are related to,N©llution in
the anthropogeinc NGlux in many studies worldwide (see e.g., Johansgtal., 2008, Rivera et al., 2009, Johanssoh,et a
2009, Rivera et al., 2010, Ibrahim et al., 201(aiganfar et al., 2011, Wang et al., 2012, Shaigeaetfal., 2015, Wu et al.,
2017, Shaiganfar et al., 2017).

A.2 Side-by-side calibration of FTIR spectrometers

iy

The target quantity of our observations is the smiflerence between two large values that are mmeaksby different -
instruments of the same type. Therefore, a cads-calibration of the instruments is of primamportance for the
considered experiment. Side-by-side calibrationd=056#80 and FTS#84 were carried out during foursddy April,

26 April, 15 May, and 16 May, 2019. The instrumemitsre installed at the observational site of SteRRéurg State
University in Peterhof and operated simultaneotstythe time period of clear sky weather which éalstrom half an hour

to several hours. The total number of spectra aeduduring cross-calibrations was 604. They weltlecied during about

10 h of simultaneous measurements. The scattes plaiwing cross-comparison of the data are giveRign4. For all
considered gases (GQCH,, CO), the results for column-averaged dry-air nicdetions (Xgas) delivered by two FTS are in
a very good agreement. The determination coeffisiéor CQ, CH, and CO are 0.9999(99), 0.9999(99), and 0.9999(89)
respectivelyThe calibration factors obtained as a result oé4ig-side comparison were used to convert XO@H,, and
XCO measured by spectrometer #80 to the scale exftspneter #84. The results of cross-calibratiolp e avoid an
simultaneous measurements by FTS#80 and FTS#84gaeg to 0.10 ppm (0.025%) falO,, 0.59 ppb (0.032%) for CH
and 0.38 ppb (0.38 %) for CO.

The scaled results of the side-by-side measurenwét€0,, XCH,, and XCO by FTS#80 and FTS#84 on 12 April
2019 at the St. Petersburg observational site me®epted in Fig. 5. The individual results and 18 ranning average data
are shown. We used the side-by-side measuremengstimating the optimal averaging period for thgaX data. Averaging
is the necessary prerequisite for using these fdmtéhe evaluation of emission and for comparisdathwhe results of
modelling. It should be emphasized that the dataptiag for other input parameters is varying coesably. In order that
all datasets are consistent, the optimal sampliervals were determined. For the FTIR measuremémnsaveraging

YpnaneHo: In general, such

observations have been proven to

be an efficient technique to derive
the anthropogeinc NGlux in
many of studies worldwide (see
e.g., Johansson et al., 2008, Rive
et al., 2009, Johansson et al., 20
Rivera et al., 2010, Ibrahim et al.|
2010, Shaiganfar et al., 2011,
Wang et al., 2012, Shaiganfar et
al., 2015, Wu et al., 2017,
Shaiganfar et al., 2017).

‘{ YapaneHo: I ]

YaaneHo: The calibration factor:
obtained as a result of side-by-sig
comparison were used to converf
XCO;, XCH,4, and XCO measured

using #80 spectrometer to the sca

of #84 spectrometer. Taking into
account the results of cross-

calibration allows us to avoid the
introducing an additional source
systematic error into the estimatig
of area fluxes.
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interval has been selected in such a way that skont variations of measured quantities can bectkrdle As an example, we
point at three local maxima of XGHind XCO during the time period of 13:00-15:00. @re see that these maxima with
the “half width” of about 15-20 min and with the plitudes of ~0.5 ppbv and of 0.1 ppbv for XE&hd XCO respectively ///
are nicely covered as well as the increase of teerfhouse gases around noon, so the chosen vadwerafging interval of )

/
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 measwets of XCQ, XCH, performed by three EM27/SUN spectrometers
within urban areas.

/
‘s

[
V%
”

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,
/

ne’
box model. Box models are a widely used technigquettfe evaluation of urban and other emission fuf¢anna et al.‘g
1982; Reid and Steyn, 1997; Arya, 1999; Zinchenkale 2002; Zimnoch et al., 2010; Strong et a12 Hiller et al., 'x%

JThe estimation of the area fluxeEswvas obtained on the basis of a mass balance appioglemented in the form of a o

2014a; Chen et al., 2016; Makarova et al., 20Byur case the following equation for the caltiola of area flux was used‘;{\\
\

A (t)V(4)

|:j (t. )= LA s A

: @
L)

whereF (unit: t km? yr?) is the area fluxt; denotes the day of a single field experiment & fitame of the observationall‘ﬁ‘:\\\\\

it
campaign. It should be emphasized that we usedstibedy-state approximation for all involved proesssvithin the \M

duration of a single field experiment, ghc (unit: molec. rif) is the mean TC difference between downwind JjTand | il

upwind ( TG) observationglc =TCy4- TC,, V (unit: m se¢) is the mean wind speed, ahdunit: m) is the mean length of a i

path of an air parcel which goes through the utiearitory of St. Petersburg agglomeration. Keoefficient converts the
I
value of area flux from (unit: molec. fisec' ) to (unit: t km? yr™): l

_ my, (31536010°

=_ 9 @@ H\t
N, | @
wheremy,s is the molecular mass of the target gas (unitmiegt), Na — Avogadro constant (unit: md), 31536-18 - the
coefficient that converts the value of area flumfr(unit: kg n¥ sec') to (unit: t km® yr™). The data for the wind speed and
the wind direction were taken from different sow@é meteorological information (see section 4a8)d these sources are
identified ag in Eqg. 2. So, as a result, we obtained the sethfes ofF(t) for each of the meteorological data sources and \
for each day of field measurements. We note thiavbere will use the units t kiqyr™ for the values oF(t),,

used:{
F-(tk)= ATC(ti)D‘/j (t)
] Li(t)
\ (2
\\{ YnaneHo: 1 ]
‘( YpaneHo: )Y

u\\ approximation for all inv™ 1]
1 \[ YnaneHo:

YpaneHo: The chosen averagin
/| interval of 15 min is in good

;| agreement with the estimation of
the opimal integration time (10
min) obtained as a result of the
Allan analysis implemented by
Chen et al. (2016). Chen et al.
(2016) applied this approach for
the differential measurements of
XCO,, XCH,4 performed by three
EM27/SUN spectrometers within
urban areas.

/

/{ YnaneHo: 1 ]
{YAaneHo: 2 ]

YaaneHo: The estimation of the
area fluxe$- were obtained on the
basis of a mass balance approach
implemented in the form of a onet
box model. Box models are a
widely used technique for the
evaluation of urban and other
emission fluxes (Hanna et al.,
1982; Reid and Steyn, 1997; Arya,
1999; Zinchenko et al., 2002;
Zimnoch et al., 2010; Strong et al.,
2011; Hiller et al., 2014a; Chen e
al., 2016; Makarova et al., 2018).
In our case the following equatiol
for the calculation of area flux was

/

|| whereF (unit: t km? yr) is the
Il area flux;t

‘\[ YpaneHo: }

YpnaneHo: ; denotes the day of a
single field experiment in the
frame of the observational

campaign. It should be emphasized
I| that we used the steady-state

YpnaneHo: ) observations
=TCq4- TC,, V (unit: m sed) is
the mean wind speed, ahdunit:

| m) is the mean length of [ﬁ
[YAaneHo: 1
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4.4 Wind field data ’

/
/
./

bviously, reliable wind field information is an portant prerequisite to get an accurate estimattbetarget emissions
from the data of remote spectroscopic measuremeatsnstance, it has been noted by lonov and ReBkii (2015), that

{yAaneHo: indeterminacy

Petersburg, estimated from circular DOAS measurésnénwas also found that the direction of theface wind acquired
by ground-based meteorological observations ofteas diot match the results of modelling of the gmlhuplume and the
results of the N@ mobile measurements (lonov and Poberovskii, 20A@parently, the routine wind observations in the

city are subject to significant local perturbaticthse to unavoidable interactions of the wind flomdahe adjacent city

YpaneHo: Along with that

<~ 7 YpaneHo: ,

agreement with the plume dispersion observed byitcalar mobile observations (lonov and Poberay&17; lonov and >

) ‘[ YananeHo:

ed

*************************************************************** T ‘[YAaneHo: 1

easily notice inconsistencies between the domidaections of plume movement and the surface wiasispecified in

o ‘[ YnaneHo:

TableA2 (seeAppendixA): e.g. days March 21, March 27, April 1 and Ap#dl, 2vhen the city plume was moving southeast

but the surface wind was west-southwest (seedfign order to get more accurate wind informatio, have considered - - { YaaneHo:

J O

additional sources of wind data:

- in situ measurements of Vaisala weather tranemitXT520 with an ultrasonic wind sensor, installecally on the
roof of the building of the Institute of Physics ®PbU (~60 m a.s.l, 59.88°N, 29.83°E, point Al ig. B); hereafter
mentioned as "LOCAL";

- the data of Global Data Assimilation System (GDA®m NCEP GFS model, which is similar to the arsed to

initialize the HYSPLIT dispersion calculations gesified in Section,3; hereafter mentioned as "GDAS

- {yAaneHo: .

vy T TR _EaT Y —

- the wind speed and direction data retrieved ftbenbackward trajectory calculations of HYSPLITizé location of
downwind FTIR observation; hereafter mentionedrSPLIT".

We selected HYSPLIT as one of the sources of tmeldata since HYSPLIT is a widely used modellingtegn for
the simulation of air parcel trajectories and tispdrsion processes in the atmosphere which wgedtés a lot of studies
(HYSPLIT publications can be found using the foliow links: https://www.arl.noaa.gov/hysplit/hyspfitiblications-
meteorological-data-information/). Stein et al. 2P noted thaGrid models are the best-suited tools to handle the regional
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 looaddel which provideshe more
spatially resolved concentrations due to local emission sources. Therefore, for modelling of the evolution of the

11
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St.Petersburg plume we used the HYSPLIT model asobwhich 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¢ thltitude level that approximately correspondthemiddle
of the daytime boundary layer height. An averagedwis calculated for the time period of FTIR obsgions. Resulting
wind speeds and directions from the three diffedat& sources are given in TaBld (seeAppendixA). As expected, wind
TableA2). On some days, e.g. April 6 and April 18, in sitind directions ("LOCAL") differ considerably froffGDAS"
and "HYSPLIT", although the latter two are congisteith each other. Note that compared to surftoe,elevated wind

directions better reproduce the city plume movemertg. northwest and west-northwest directiondays March 21,

model suggests that the pollutants are well mixethé entire air box volume, but it is not truepesally for megacities
with complex structure of the urban terrain andritistion of emission sources. Thus, different agghes have been tested
to calculate.:

designed to represent the major part of high demsgidential and industrial area of the St. Pétang agglomeration, so i
that respectivéd 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 wagsséie a boundary for the target emission area. Alicgly, given that the
land area inside the ring is equal to 706°kme get an estimate df=V706<27 km. Hereafter the results of data
interpretation by means of this approach are inditay 'L onst -

- The variable effective path is calculated using &ctual wind direction and the land use patterthe route of the linear

emission. The input wind directions are those nometil above in Tabld3 (seeAppendix A), and the resulting path

length calculations hereafter are indicated la$ca ", "Lepas " @and ‘Luyspur . The use of the effective path in E2y. -

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

For the purpose of effective paths calculationpec&l 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, accass 2B January 2020) that covers the St. Petersiggipmeration
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west direction (59.60-60.29°N, 29.05-31.33°E). dslbeen assumed that there are no significant iemiseurces outside

this domain. The model resolution (grid size) isn2% 25 m. The following major land use classes @wasidered:

grid pixels which contain residential buildingsdustrial areas, and roads/highways. Pixels comginvater bodies,
swamps, and parks are excluded from the variablle palculations. Similar approach was implementgdHase et al."‘
(2015). The total urbanized area of the St.Petegslgglomeration according to the developed lanel classification,
occupies the area of 984 kmhile the official area of the entire St.Petershisrof 1439 krii The target gases can orgina“Te
from different emission source categories, i.e.,€bluld partly come from the waterways (sewers antemwaanals), \
wetlands and pipelines rather than mobile and poamibustion sources which are relevant for CO, @ad NQ. The "‘
EMME-2019 was carried out during March-April whéretwater bodies and earth surface were fully oflypaovered by |
ice and snow (see Appendix A, Fig. Al), and soilrevstill frozen. Therefore we suggest that,@&thission from the ‘:

excluded pixels (water bodies, swamps, parks, anesfs) was negligible in comparison to other agbgenic sources \
1
(landfills, pipelines and etc.) which are distrieditover the urbanized pixels.

|

}
extension, the 10 km wide band of 11 equidistant parallel paths is analyzed and an average pattHés calculated. |
Finally, the difference between the "polluted” pdiackward from the downwind location) and "cleaath (backward from

To minimize errors that may occur due to the lasd misclassification and to take into account ihftow spatial

I
1

|
the upwind location) provides an estimate of tHeaive pathL. Fig.6 presents an example of linear backward pathdior t |

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

\ \
In order to illustrate the interpretation of expeental data and describe the main error sourcésaifresults, we consider. !

two days of field measurements. The first one, Iriseems to be the most successful in terms sdrehtional conditions, ' |

functioning of the equipment, data quality and ityaof the interpretation. It is characterised hghbde weather conditions \\‘ | ‘
with a moderate south-southwest wind, similarlyniifeed by different wind data sources — from theface (seé\ppendix ' |

!

flow of air mass on that day, with almost perfemtdtion of both FTS, upwind and downwind almostame line (see .

-

be inside the polluted area. This happened dukespecific weather conditions that contributeht accumulation of air {YAaneHo: 5

13

|
}

W

YpnaneHo: In Fig. 6 these land
use classes are shown by the
different colours: blue for the
water bodies, grey for the
residential buildings/industrial
areas, green for the parks and
forests. Effective path length is
calculated as a sum of elementary
paths through the urbanized grid
pixels which contain residential
buildings, industrial areas, and
roads/highways. Pixels containing
water bodies, swamps, and parks
are excluded from the variable path
calculations. Similar approach wa
implemented by Hase et al. (2015
The total urbanized area of the
St.Petersburg agglomeration
according to the developed land
use classification occupies the arpa
of 984 knt while the official area
of the entire St.Petersburg is of
1439 knt. The target gases can
orginate from different emission
source categories, i.e. Geould
partly come from the waterways
(sewers and water canals),
wetlands and natural gas
distribution systems rather than
mobile and point combustion
sources which are relevant for CO
CO, and NQ. The EMME-2019
was carried out during March-
April when the water bodies and
earth surface were fully or partly
covered by ice and snow, and so
were still frozen. Therefore we
suggest that CiHemission from the
excluded pixels (water bodies,
swamps, parks, and forests) was
negligible in comparison to other
anthropogenic sourses (landfills,
pipelines and etc.) which are
distributed over the urbanized
pixels.

N2R7)
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R \{ YaaneHo: see Table 3
downwind one was installed very close to the pljeteAnother example is April 25, when both FTSations appeared to\\\‘ {ynane"o:
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pollutants in the boundary layer: calm night befanel light winds of 1 min the day time (se@ppendixA TableA2 and
A3). Moreover, the wind direction on April 25 at therface (south-southwest, TaBl@) is very different from that in the

middle of the boundary layer (east and east-nosthd@ableA3).

According to the analysis of the air samples ctdliddn air bags, the surface air on April 25 wasesrely polluted.
The downwind NG concentration was found to be 138 m®, while it was varying within the range of 12-#d m* during
the other days of field observations. Another iatian of heavy anthropogenic pollution comes fréve data of our mobile
DOAS measurements: the maximum of NIOC registered along the circular route wagl9® molecules cii on April 25,
while it was in the range of 15-8%" molecules cf 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 6Qig m* (http://www.infoeco.ru/, last access 4 March 2028igh pollution event was registered also by the
CIMEL sun photometer installed at St. PetersbuaeSUniversity (point Al, Fig. 2) within the AERONEnNternational
programme (Volkova et al., 2018): the daily averthgalue of aerosol optical thickness (AOT) at 50 was found to be
0.40 on April 25 which is considerably higher thmlong term average value (0.12 for the perio@@13-2019); similar
increase of AOT was registered by the satellitesmemments of the MODIS satellite instrument overP&tersburg on that

day.

The TC data of COmeasurements on April 4 and April 25, with a 15¥minning averages, are presented in Fig. -~

Compared to April 4, the TC of G@n April 25 demonstrates higher levels and vaatboth at upwind and downwind
locations. Although the downwind TC is generallyidve the upwind level, as expected, the upwind T&tstto exceed
downwind level at the end of FTS observations omilAp5. Accordingly, while the "downwind-upwind" fiérence is
relatively stable within the range of 218" molecules cii on April 4, it reaches 100" molecules ci at 12:00 on

special run of HYSPLIT dispersion model was perfednwith an output of COTC within a boundary layer every 15
were assumed to be located similar to the M@ission sources but scaled to match the leveluofFTS measurements.
These calculations qualitatively reproduce the timees of the COmeasurements and the different character of thatee
of field experiments on April 4 and April 25. Monegr, we can suggest that the origin of high,O@ values observed at
the upwind FTS location on April 25 was the therpaiver station located about 5 km towards nortmftbe upwind point
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The time series of Xgas for GOCO and CH obtained from the data of FTS measurements on Amnd April 25

are shown in Fitﬁ Since the Xgas variability at clean location (innw is usually much smaller as compared to a pmilu ) { VpaneHo: 10

_ { YaaneHo: 11

difference between TC for each of three gases meddoy upwind and downwind FTS on AprﬂZl “and AR, the

extrapolated data are specially marked. Biglso shows the wind speed and wind direction fier tme period of FTS { YnaneHo: 11

observations by the “LOCAL” weather station (seetisa 4.3).

5 Results and discussion
5.1 Overview of obtained results

The campaign consisted of 11 days of field measenésn On 30 April the clouds (altocumulus translus)) started to

develop quickly during the field experlment (sﬂqmendle TableAl and FigAl). On 18 April the ulend FTS location - {y“a"e"o: 4

{ YnaneHo: 5

from final analysis, and the evaluation of the &arfjuxes F) of the investigated gases was limited to remajrirdays of
campaign. For these 9 days the cross-correlati®earéon’s correlation coefficient betweendrc values obtained for the
pairs CO/CO, and CH,/CO, were calculatedrcoco, = (0.88 £ 0.02)1cpacor = (0.82 + 0.03). The high correlation is the
evidence of the fact that the measurements in nassts were conducted inside the plume coming frozgianal/mesoscale

relatively compact powerful source of emission. te attribute this source to the centre of St.iBeteg.

To further consolidate our flux estimates, someitaatwl restrictions were imposed on the experirabdata, which
resulted in keeping only 4 days out of 9: March ®arch 27, April 3 and April 4. The first requirentevas the wind field
stability. The analysis of the wind field stabiliyuring each day was carried out using the GDAS HNEPLIT
meteorological data, as well as local meteoroldgibaervations. The second criterion was the homeigye of the megacity
pollution plume. It was estimated on the basis i &nalysis of the daily variability of enhancemeatios EnhR =
Arc gasBrc 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 sediffielent scenarios of thé calculations in which different sources
of meteorological information (LOCAL, GDAS, and HPSIT) and different methods of the air parcel pe#iiculations
were used. The comparison of the obtained resalsssmown that the minimum variability &f is observed when the
HYSPLIT meteorological data are combined with tlagiable effective path (see section 4.5). When selecting the results

for final analysis, we suggest that the applicatbthe criterion of minimal variability is a goadhoice because in this case
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the corresponding estimates of area flux are melielde. This statement can be confirmed in paldichy comparison of

the CQ fluxes obtained for the 9-day and 4-day sets @4ablcolumns 2 and 3). For the 4-day set, the biitiais
445  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 Her dombination of HYSPLIT meteorological data witte variable

{YAaJIeHO: in the B the

fluxes for CQ, CH,;, CO, and NQobtained using constant path length approach.

450 If we compare the flux values obtained for the 4-dad 9-day sets, we see that the fluxes foy &® the same, but

the fluxes for CH and CO are different (Tahje columns 2 and 3). The fluxes estimated for ttecsed 4 days appeared to- - { yaaneno: 4

be 1.3 times higher than corresponding values oétafor all 9 days of field observations. The utaiety of the obtained
flux values for the 4-day subset decreased fos &@ CH. We stress that during these selected 4 daysniptlre specific
meteorological conditions corresponded in the best to the assumptions of the box model, but &ieoldcations of the

455  observational points were nearly perfect.

The summary of the EMME-2019 results and the comparwith the flux estimates for St. Petersburgebasn in

situ measurements, as well as independent literatata, are presented in Tafiléor CQ,, CH,, CO and NQ (the latter -~ { Yaaneno: 4
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 analys$iould be presented. The

460  randomuncertainty of meaf values of C@ CH,, CO, and NQindicated in Tablg was calculated as STD of daily means- - { Ymaneno: 4

of area fluxes. This uncertaintycludes two components. The first component isridiral flux variability and the second
component comprises thendommeasurement errors and the errors introduced bpaippations and simplifications of the
model approach which was used. It should be spgcahphasised that these two components cannodéetified
separately. Therefore, below we will use the tefwasiability” or “uncertainty” keeping in mind thahese terms denote
465  natural variations, measurement errors and modeisstogether. The relativendomuncertainty ofF for one specific day

of measurements (daily uncertainty) can be estidhasing the following expression:

OF= OV+ L+ ddhc )

wheredV is the relative variation of the wind speed ovetay estimated using HYSPLIT meteorological daik is the
relative uncertainty of the air parcel path lengthdddrcis the relative daily variation afyc. ThedF values calculated in
470  this waycan be considered as an upper limit of Ehencertainty. The average valuesdbf 6V and d4c estimated for 9(4)

days of the city campaign are as followk: = 23(24)%,0V = 23(13)%, 4c(CO,) = 33(28)%,4rc(CH4) = 50(22)% and
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480

485

490

495

500

4rc(CO) = 42(28)%. Finally, the average values oftiretadaily uncertainty of area fluxes are equabfgo, = 79(65)%,

OFcha = 96(59)% andFco = 88(65)%. As an example, daily mean values of @@a flux obtained during the city campaign

mean uncertainties for 9(4)-day sets.

<

To evaluate systematic error of the area floisf) we should first estimate the systematic eridrgs, 0Vg,s and

0A4TCgs of corresponding parametelrs V and ATC in Eq.2. In contrast tolgs and Vg, the contribution of systematic

=

component 0bATCg, 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 alasiaght line but
obviously this is not true. For the whole ensentdflélYSPLIT trajectories simulated for all days betcity campaign we
calculated the maximum relative difference betwela true lengths of HYSPLIT trajectories and oumight line
approximations ot.. This value equals to ~4% which is consideredragsiimation of the relative systematic erfbgs.
According to the information on wind speed (see é&mgix A, Table A3) observed during the field cangpaithe mean

relative difference between HYSPLIT and GDAS datavind speed is of 14+22%. Hence, the estimatfdhesystematic ,/
/

of the joint analysis of the CHocal concentrations monitored in the ambientdaiing March-April 2013 and April 2019 at
the SPbU atmospheric monitoring station (point Allakarova et al., 2018) and Voeikovo station (59N530.70°E, 72 m“w\
above sea level) of the Voeikov Main Geophysicab@atory (MGO) (Zinchenko, 2002). The Chieasurements are
carried out by MGO in accordance with WMO recommagimhs for GAW stations (WMO, 2009; WMO, 2014). Thigh |
quality of the data obtained by MGO is confirmedthg results of WMO/IAEA Round Robin Comparison Exment |
2014-2015 (https://lwww.esrl.noaa.gov/gmd/ccgg/wriwamorr_results.php, last access 3 March, 2020). Ta¢a of \
Voeikovo station together with 17 other Europeastishs were used to estimate European methane iensisg the |
framework of the InGOS project (Bergamaschi et2018). The measurements of these stations have figerously
quality controlled (Lopez et al., 2015; Schmidt at, 2014). The Voeikovo measurements are calidragainst 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 SPhlipewent against the working standard prepared bydMIG

Determination of the CiHfluxes 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 255-2862 air mass on the
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way from one station to another passes througtcémere of St. Petersburg. It should be emphasisatianly 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. Petersburglemeration on the
basis of a simple box model similar to that usedhia present work. It was assumed that all contatidins emitted by
St. Petersburg into the atmosphere stay withirbthendary layer. The calculation of the variablesefive pathL between
these two monitoring stations gives (21 + 7) kmeTHYSPLIT backward trajectory outputs were usedaaource of
meteorological data (wind field, boundary layerdiidata). Finally, th& values forCO, andCO were estimated using the
obtained average CGHlux (120480 t krif yrY) and averag&nhR values derived from the in situ measurements @Gty
CH,, andCO concentrations at SPbU atmospheric monitoringostgpoint A1) in 2013-2019 (Tablg, the third column). _ -
The flux values foilCO, andCO evaluated in this way are 2-3 times lower thanateesponding 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 observatidnsl. second, thjglifference can be partially explained by the pneseon _ -

the territory of St. Petersburg of a significantminer of elevated stationary sources of ,G@d CO,— industrial and

~

combustion and oxidation of various types of fofisélls. The effect of elevated sources on gas curatéons measured at
the surface layer is often minimal, but this impeah be considerable for total/tropospheric colurnd 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 elevatertesuthe 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. rékelts of
comparison of the gas concentrations in air sampddiected at the surface and elevated levels oA@4 2019 and on
25 April 2019 at the locations of FTS measuremémssde the city plume are presented in Tgblén most cases the -
concentrations of considered gases at the elevated are lower if compared to the surface levéiere 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 smalplyy for CH and 1 ppmv for C®. So, one can come to the

conclusion that these two kite launches revealeelexated pollution plumes.

5.3 Comparison with inventories

Official reports on the environmental conditions $tf Petersburg (Serebritsky, 2018, 2019) contafiarination on the

annual emissions ofO,, CH,, CO and NQ for the entire territory of the metropolis. Forngearison with our flux

agreement of the results of the EMME-2019 campaiih the official emission inventory was obtainest NO, and CO.
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For NQ,, the results of the field campaign and the offieiaission inventory demonstrated close valuest 6672 yr* and

- { YnaneHo: 47

~ 7| YnaneHo: 280

~ 7| YpaneHo: also in good
agreement with

corresponding values obtained during field obséwmat in March-April 2019. Hiller et al. (2014a) shed that the . {YnaneHO: 8-10

application of the boundary layer budget approacthé form of a box model could give the Catea fluxes of about 1.5-2
times higher in comparison with corresponding valaestimated by eddy covariance technique and #rdes higher thak

derived from the emission inventory data.

The results of independent studies of anthropogeniéssions reported in the scientific literaturewhthat the
estimates of the CQCH;,, CO, and NQfluxes can vary in a very wide range depending&ason, meteorological situation,
location of observation points, measurement teakmiand used approach for estimation of emissi@ugtian et al., 2016;
Hiller et al., 2014a; and also see the referencdigated in Tablel). The CQ flux for the St. Petersburg agglomeration-

campaigns one should pay attention to the sea$eatires of emissions. For example, the Berlin aigmptook place in
early summer when space heating was off. The EMME92campaign in St. Petersburg was carried out anchApril.
The space heating in St. Petersburg is mainly ésgdras the system of district heating which isimg in the winter mode
during this period. The district heating in St.é?eburg is usually turned off in the beginning ciyMFor CH, the emission
intensity is about 2-3 times higher than the resfdt London. The CO fluxes for megacities, acaggdio published data,
can demonstrate a wide range of values, for exanvalging from 106 t krid 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 thgpallution source is the emission raE®gas1/gask
ERyas1/gasz Fgas1 Mgas(Fgas2 Mgas, (3)
whereF g is the gas fluxMg,s is the molecular weight of gas. For gases, sudB@s CH,, and CO, whose lifetime in the
troposphere is significantly longer than the daratof field measurements (several hours), the iotig equality is valid:

: { YnaneHo: 4

o e

_ { YaaneHo: 4

_ { YnaneHo: 4

ER = EnhR. TheER values obtained from the results of the EMME-2@atnhpaign and in situ measurements at the SPbU

atmospheric monitoring station (point A1) in 20189, as well a&R calculated for the official emission inventory ahé

EMME-2019 campaign and of the in situ monitoringGHi, at the observational stations located near Ser§tairg have
similar values, which are in good agreement with itiformation orER for the world’s largest cities reported in litarsd.

For the official emission inventory, tiR 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 tiedacontributions of CQ CH, and CO to the total emissions of the

St. Petersburg agglomeration are very similar éoctbrresponding values for the world megacities.

5.4 |dentification of problems

When studying the application of the remote sensiafuments to the problem of the air pollutiontezology, Beran and
Hall (1974) noted:

“Every urban region is a unique entity and the ecirtocation and sensor distribution for one cigyrbe

totally unacceptable for another. Certain featares however, common to all and can be used torgene

a hypothetical city.”
Such hypothetical city usually contains industriegion and line sources of emission in the fornhighways. Beran and
Hall (1974) also made the following important reknar

“Terrain features are another important influenneutban meteorology, many times controlling thealoc

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 lineduaes local land and sea breeze circulation, a@telyn

cleansing a region and concentrating pollutiorhatsea breeze front.”
All these mentioned terrain features are presernhenerritory of the St. Petersburg agglomerat®m Petersburg is located
at the estuary of the Neva River which flows in @f of Finland. The territory of St. Petersbumropies northern, eastern
and southern coastlines of the Gulf of Finland (B)g About 40 km to the north-east from the cewnfr&t. Petersburg, the
southern coastline of the Ladoga Lake is locatdw: Tadoga Lake is the largest lake in Europe. ke facts define the
weather and climate in St. Petersburg. The comigierin of St. Petersburg agglomeration requirexigp attention due to

its influence on the air pollution meteorology.

The number of sunny days in St. Petersburg is amgiel We tried to use every clear-sky day. Butvileather in
St. Petersburg is unstable and in several casedotieeast for clear-sky was wrong. When it happetieel field
measurements which were already prepared forwtg cancelled. On the other hand, there were-sleaperiods which
were not forecasted. In some of such cases we redriagjuickly organise and perform the field oba@ons. As a result of

unstable weather, the experiment appeared to edimsuming and interfering with other ongoing\atiés.

The measurement locations for two EM27/SUN instnitsi@vere appointed about 12 hours prior to the afaield
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 implementpbdect setup of the experiment when both measurefoeations of

EM27/SUN were strictly on the straight line parhttethe wind direction. The problem arises frora #parsely distributed
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sites suitable for installing the equipment and imglobservations. Also, we were limited in timecgrthe travel time to the
initial destination points was about 1 h and m@kanging of position is also time consuming proagsih includes the
equipment loading, unloading and the travel tinselft The air sampling at different elevations bgams of kite launching

technique was possible only twice when the windedpgas suitable and there was enough free spatufarhing.

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

6 Summary and outlook

We presented the description and the first residilthe Emission Monitoring Mobile Experiment (EMMID19) which was
carried out in March-April 2019 in St. PetersbuRyissia. The main goal of this activity was the eatbn of emissions of
CO,, CH;,;, CO and NQ for the megacity with the population of 5 milliorThe 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@&ermany). The principal feature of EMME is its igtated character:
several different instruments are used, and besidesplanning of the field experiment and datacpssing are performed
with the help of numerical modelling of the trangpaf the megacity pollution plume. The conceptfIME is based on
remote measurements of the total column amoun@af CH, and CO from two mobile platforms located insidd antside
the city plume combined with the mobile circularaserements of tropospheric column amount of, i#@m the third non-

stop moving platform, the latter measurements aeel fior the real-time control of the megacity pluerelution.

,The results demonstrate that a combination of d@ysynchronous upwind and downwind FTIR observattontwo . -
well-calibrated ground-based EM27/SUN FTIR specktars allow the reliable detection of XgOXCH; and XCO
enhancements due to urban emissions in the arearddtudy. The origin and temporal evolution ofséaeenhancements
were confirmed by simultaneous mobile DOAS measergm of tropospheric NQaround the city, the upwind and
downwind in situ air sampling (with further analysif CQ, CH,, CO and NQ concentrations), and by the simulations of

urban pollution transport with the help of the HY.$Pdispersion model calculations.

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

CH,) and reactive (CO, NQ)gases by the megacity of St. Petersburg. Regultiues reveal considerably higher emissions
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of CH, (135+ 68 t knf yr') and CQ (89+28 kt kn? yr?) if compared to the existing inventories, whilg estimates of the
CO emission (251+104 t Kfyr'Y) and NQ emission (66+28 t kiyr™) are in agreement with the inventories.

625 The terrain of the St. Petersburg agglomeratioroisplex. It comprises the Neva river estuary arddbastline of
the Gulf of Finland which influence the urban metéogy. Besides, multiple emission sources of défe types and origin
are inhomogeneously distributed over the main aitgd the suburbs. In the present study we used plesibox model
approach for the derivation of the area fluxes 65,GCH,, CO, and NG Obviously, the application of more sophisticated
models in combination with the detailed information the emission inventory for the territory of Betersburg seems

630  promising for the continuation of the present study
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CO, |251:104/333+103 9050 | A10(Serebritsky, 2018, 2019),106 (London, O'Shea, 201#) __ - - Yaanewo: 280 )
tkm2 yrt 390 (Makarova, 2011), 1520 (Mexico City,
90 (suburbs, Makarova, 2018) Stremme, 2013)
NOy, 66 + 28 - - 69 (Serebritsky, 2018, 2019)| 63-252 (London, Lee, 2015%)
tkm?yrt 13- 300 (Norfolk, Marr,
2013)
915
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measurements. The values previously reported in &rature are also presented. In columns 2, 3, and the

values of the correlation coefficient) for corresponding datasets are given in parenthes.

Emission ratio

St. Petersburg

Literature sources

EMME In situ Official emission
(9 days) (4 days) measurements inventory
1 2 3 4 5 6
COICQ;, 5.9 6.2 6.0+£24 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)
CH,/CO,, 6.8 5.8 78+26 2.2 (Serebritsky, 3.9-6.9 (London,
ppbv/ppmv (r=0.82+0.03) | (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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925

April 2019 and 25 April 2019 at the locations of F& measurements inside the city plume.

24 April 2019 (location B2)

25 April 2019 (locati@xb)

Gas
Surface level Kite (~100 m) Surface level Kite (~+%D
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] 4225 417.1 444.0 4450
CO [ppbv] 191.1 185.8 - -
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930

#3: DOAS -

#1: FTIR, upwind

o)

The city
ringroad

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

935  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. &ogram png-images: https://www.cleanpng.com/, lasaccess 6 November
2019.
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Figure 4: The MODIS satellite

images of cloud cover in the
vicinity of St. Petersburg taken
on the days of field campaign.
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YpaneHo: The forecast of the
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planning the field campaign. The
. HYSPLIT model output for each
! of the campaign days, 10:00
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980

FTIR observations. The major land use classes aréa@wn 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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/| days of FTIR observations. The

major land use classes are showr
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/

water bodies, grey for the
residential buildings/industrial
areas, green for the parks and
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Corresponding wind directions
were taken from the
"HYSPLIT" data source (see

\ official administrative boundary
of the St. Petersburg
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a)

9.00 - April 4, 2019 April 25, 2019
: — FTS,U — FTs. U
— FTS5,D — FT8,D
8.98 — == HYSPLIT, U == HYSPLIT, U
== HYSPLIT, D —0= HYSPLIT, D
& 896 —0- HYSPLIT, U (no TPS)
£ - HYSPLIT, D {no TPS)
S5 8.94
g 892
(=]
-
8,90 -
(el
.:[ O g S e :|"'f.'.- LA DD DO -EPIT
B.86 T T T 1 8.86 T T T 1
11:00 12:00 13:00 14:00 15:00 11:00 12:00 13:00 14:00 15:00
local time [h] local time [h]

_ { YnaneHo: 9

days, April 4 and April 25, 2019. The measurementare compared with the results of the HYSPLIT simuléions at both locations,

990 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 1Q; Daily mean values of the CQ area flux F obtained during the city campaign. Error bars showthe uncertainties of F -~

values estimated for the 9-day and 4-day data sefslue and red respectively).
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1025

1030

1035

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 speocgétens, FTIR
spectrometer identifier, number of bags of air sasflight of a kite and air sampling altitude.€eTlast column of Table Al
includes information on the experiment setup (u@-downwind or cross sectional setup) and FTIR spewtter operator’s
notes about meteorological phenomena, changeoud adover, and local air pollution events obsersiadng FTIR field

measurements.

In Table A2 we collect the main characteristicsweather 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, 30.28THe daytime surface air temperature was varyirgnfr-0 °C on
March 27 to +21 °C on April 25; relative humidityvarying from 84% on March 21 to 21% in April 6. i&&ally, surface
wind speed throughout the campaign was moderédteeinange of 2-3 m s-1, except on April 24 andv¥en 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 dumogt days of the campaign; however, other win@atiions were
registered, too (see Table A2). An average windaisulated for the time period of FTIR observatioResulting wind

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

The satellite images of cloud cover detected byMI@DIS satellite instrument in the vicinity of Retersburg are
presented in Fig. A1. They confirm daytime cleay sknditions for the duration of the campaign, @tdée day of April

30, when the altocumulus translucidus clouds stadelevelop.
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Table A1l. EMME-2019 observation details: the fieldexperiment setup (up- and downwind “u&d” or cross ®ctional
“cs”"), the FTS location (Loc), the FTS identifier £TS#), the number of bags of air samples (AS), incition of
the kite launch and the corresponding air samplingaltitude.

pS

DS

1040
Date Outside the city plume | Inside the city plume DOAS | Comment
of 2019 mobile
Loc | FTS#| AS | Kite | Loc | FTS#| AS | Kite

21.03 | Al [ #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 — grou
of clouds

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

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

04.04 | A5 | #84 no | B3 |#80 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 gras
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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Table A2. Basic meteorological data for the daysfahe 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 dtifie
1045 observational sites in the city of St. Petersburchtp://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) 125 24 SW 3
6 April (Sa) 125 21 SE 2
16 April (Su) 12.0 39 NE 2
18 April (Tu) 125 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

1050 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 grided assimilated data (GDAS) and backward trajectoy
calculations (HYSPLIT).

Date Wind speed, m§ 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

1055
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1060  Figure Al: The MODIS satellite images of cloud cowen the vicinity of St. Petersburg taken on the dgs of field campaign.
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Appendix B: Area fluxes for simplified box model seup

Area fluxes for C@, CH,;, CO and NQ estimated using the simplified box model setuphwitonstant path length
1065  (Lj(t)=L=const27 km for each day of field observations) are giirefable B1.

Table B1. Area fluxes for CQ (kt km2yr™), CH, (tkm2yr™), CO (tkm?yr?) and NO, (t km™yr™?) obtained using
constant path length approach.

Area flux EMME In situ measurements
(9 days) | (4 days)
1 2 3 4
96+25 | 9917 32+ 27
CO,,
kt km? yrt
CH,, 151 £82| 213 +57 95 + 64
tkm?yrt
CO, 276 + 117 385+ 97 71+40
tkm?yrt
NOy, 74 + 30 - -
tkm?yrt

1070
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Appendix C: Comments on transport of the pollutantsfrom elevated sources

We illustrate transport of the pollutants from elad 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 Titot presents a 34-hour trajectory of the masghted CQ plume
position (the centroid of the plume) on the geobiegd map (top panel) and using the altitude s@adtom panel). One can
see that the plume centroid starts its movememt tite chimney location at ~180 m altitude (12:0pfil 15) and raises
up to ~500 m in one hour; then it does not falblethe level of ~350 m during its "flight" lengtli more than 300 km. The
detailed analysis of respective vertical profil€sC®, concentration shows its maximum at ~500 m, bei2gtilnes higher
than that on the surface at start and 3.6 timelehithan that on the surface at the end of the gltrajectory. Thus, the
probability to register high concentrations cor@gting to the centroid of the plume by surface-Hasteservations can be
estimated as very low. Moreover, polluted air m@es 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 chimnegrcbe rather high; (2) the
temperature of a plume released from the chimneaysislly 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 coreidas a reliable confirmation of the absence ofatésl plumes. The
presence of the elevated plumes of CO and &@ld be also confirmed by the following eviden€he comparison of the
values of area fluxed=( see Table 1) estimated using in-situ measurenteaksmn #4) and FTIR observations (column #2
and #3) shows that for GHivhich sources are mainly located on the grounthsarwe obtain significantly lower difference
in corresponding- values than for CO an GO

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

Source » at G008 N 3048 E

Matars AGL

Figure C1: Evolution of the mass-weighted centroighosition of the CO2 plume taken as an example (séxt).
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Crp. 8: [1] YRnaneHo Unknown Author 18.09.2020 17:11:00

3.2 Side-by-side calibration of FTIR spectrometershie target quantity of our observations is the small
difference between two large values that are meased by different instruments of the same type. Thefore,
a careful cross-calibration of the instruments is bprimary importance for the considered experiment.Side-
by-side calibrations of FTS#80 and FTS#84 were cagd out during four days: 12 April, 26 April, 15 May,
and 16 May, 2019. The instruments were installed @ahe observational site of St. Petersburg State Uversity
in Peterhof and operated simultaneously for the tire period of clear sky weather which lasted from hélan
hour to several hours. The total number of spectracquired during cross-calibrations was 604. They we
collected during about 10 h of simultaneous measumeents. The scatter plots showing cross-comparisorf the
data are given in Fig. 6. For all considered gasd€02, CH4, CO), the results for average mole fraobns
(Xgas) delivered by two FTS are in a very good agesnent. The determination coefficients for CO2, CH&nd
CO are 0.9999(99), 0.9999(99), and 0.9999(89) respely. The RMS differences between time series of
simultaneous measurements by FTS#80 and FTS#84 aegqual to 0.10 ppm (0.025%) forCO2, 0.59 ppb
(0.032%) for CH4, and 0.38 ppb (0.38 %) for CO.Thaesults of the side-by-side measurements of XCO2,
XCH4, and XCO by FTS#80 and FTS#84 on 12 April 201%t the St. Petersburg observational site are
presented in Fig. 7. The individual results and 18nin running average data are shown. We used the seby-
side measurements for estimating the optimal averagg period for the Xgas data. Averaging is the necsary
prerequisite for using these data for the evaluatio of emission and for comparison with the results fo
modelling. It should be emphasized that the data sapling for other input parameters is varying
considerably. In order that all datasets are constent, the optimal sampling intervals were determind. For
the FTIR measurements, the averaging interval hasden selected in such a way that short term variaties of
measured quantities can be detected. As an exampleg point at three local maxima of XCH4 and XCO
during the time period of 13:00-15:00. One can seat these maxima with the “half width” of about 15
20 min and with the amplitudes of ~0.5 ppbv and 00.1 ppbv for XCH4 and XCO respectively are nicely
covered as well as the increase of the greenhousesgs around noon, so the chosen value of averagintgrval
of 15 min seems reasonable.

Ctp. 8: [2] YaaneHo mv 24.09.2020 15:10:00

For the retrievals of the total column o6,0C0,, CO, KO, and CH the following spectral regions are being
processed: 7765 — 8005 Crfthe main interfering gases are® HF, CQ), 6173 — 6390 ci (the main interfering
gases are 0, HDO, CH), 4210 — 4320 cil(the main interfering gases areg® HDO, CH), 8353 — 8463 ci,
and 5897 — 6145 ci{the main interfering gases are® HDO, CQ), respectively (Frey et al., 2019; Hase et al.,
2016). The EM27/SUN spectrometer has the low speasolution of 0.5 cththerefore the TCs are derived from
the FTIR spectra by scaling of a priori gas prafi{Erey et al., 2019).

Ctp. 8: [3] YaaneHo Unknown Author 21.09.2020 12:19:00

As a result, the time series of Xgas and total molTC) were obtained for GOCO and CHfor each day of

measurements at each observational location.

Ctp. 8: [4] YaaneHoO mv 24.09.2020 15:05:00

where X5 - column-averaged dry-air mole fraction of theg&rgas (unit: dimensionless quantity), JJG- total
column of the target gas (unit: molec’mTCo, - total column of @ (unit: molec. rf), TCury air — dry air total
column (unit: molec. /). This allow reducing the effect of various possisystematic errors (Wunch et al., 2011).
To provide the compatibility of EM27/SUN measurenseto WMO scale and for consistency reasons, thieeval
software used for EM27/SUN spectra processing @dsforms a post-processing (Frey et al., 2015)a Assult, the
time series of total column (TCgas) and Xgas vedtained for C@ CO and CHfor each day of measurements at

each observational location.



Ctp. 8: [5] YaaneHo mv 24.09.2020 14:54:00

Basically, DOAS algorithm derives the N@tmospheric column by fitting a reference Nébsorption cross-
section to the measured zenith scattered radidingeeffective or slant column density (SCD) of N®retrieved in
the 425-485 nm fitting window. SCD is convertedrthe vertical column density (VCD) by means of sdied air
mass factor, AMF (VCD=SCD/AMF), pre-calculated wahradiative transfer model (RTM). The spatioterapor
variations of stratospheric NCare negligible compared to these in a polluteghdsphere Consequently, the
variations of NQ vertical column observed in the data of our moM@AS measurements are related to,NO

pollution in the boundary layer (below ~1.5 km).

Crp. 10: [6] YpaneHo mv 24.09.2020 14:38:00
i denotes the day of a single field experiment mflame of the observational campaign. It shoulémphasized

that we used the steady-state approximation forimsdblved processes within the duration of a sinfiedd

experiment, sakc (unit: molec. rif) is the mean TC difference between downwind(Bad upwind ( TG

Crp. 10: [7] YpaneHo mv 24.09.2020 14:38:00
) observationghc=TCy- TC,, V (unit: m sed) is the mean wind speed, andunit: m) is the mean length of a path

of an air parcel which goes through the urbanttawriof St. Petersburg agglomeration. Theoefficient converts

the value of area flux from molec fsec! unit to t km? yr* unit:

- M.l 3153610°
NA

: ®3)
wheremy, is the molecular mass of the target gas (unimieg'), Na — Avogadro constant (unit: mdl 3153610°

- coefficient that converts the value of area fitom kg m? sec¢* unit to t km? yr unit.

The data for wind speed and direction were takemfdifferent sources of meteorological informat{sae section

4.3), and these sources are identifieflia€q. 2

Crp. 33: [8] YaaneHo VSK 24.09.2020 17:58:00
Table 1. EMME-2019 observation details: the field xperiment setup (up- and downwind “u&d” or cross
sectional “cs”), the FTS location (Loc), the FTS idntifier (FTS#), the number of bags of air samples

(AS), indication of the kite launch and the correspnding air sampling altitude.

Date Outside the city plume | Inside the city plume DOAS | Comment
of 2019 mobile
Loc | FTS#| AS | Kite | Loc | FTS#| AS | Kite
21.03 | Al | #80 |2 no | B7 |#84 |2 |vyes 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 locations

04.04 |A5 |#84 |2 no | B3 |#80 |2 no yes U&d setup, clear sky for both locations

06.04 |B7 |#84 |2 no | A2 |#80 |2 no no U&d setup, clear sky and burning grass
for both locations




16.04 | A2 | #84 |2 no | A5+ | #80 |2 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 location
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

Pa3spbiB cTpaHuLbl

Table 2. Basic meteorological data for the days dlie field campaign: surface air temperature (T), réative

humidity (RH), wind speed (WS) and wind direction VD) at local noon. The meteorological data

refers to one of the observational sites in the gitof St. Petersburg

(http://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 SwW 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

PaspbiB cTpaHuLbl

Table 3. The wind speed and the wind direction fothe days of the field campaign, as retrieved from

different data sources: in situ observations (LOCAL, globally gridded assimilated data (GDAS)

and backward trajectory calculations (HYSPLIT).

Date Wind speed, m's 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

Pa3pbiB cTpaHuubl
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