Overview: On the transport and transformation of pollutants
in the outflow of major population centres - observational
data from the EMeRGe European intensive operational
period in summer 2017
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tropospheric chemistry are challengifdne present work provides an overview of the highliglits major new

contribution to the understanding of this issue based on the data and analysisEMeR&e Effect of

Megacities on the transport and transformation of pollutants oRdl@nalto Global scags) is-an-international
project EMeRGefocussfeecusing on atmospheric chemistrydynamics and transport of local anelgional

pollution originatingin megacities-andthermajorpoptation-centresNIPCs.)- Airborne measurementtaking

advantage of the long range capabilities of He-O-research-platformHigh atitudeAltitude and long-ong
range research aircraftlALO, www.halo-spp.d¢, are a central part of thesearctproject. The synergisticuse

and consistent interpretation of observational data sets of different spatial and temporal resolution (e.g. from

groundbased networks, airborne campaigns, and satellite measurensepirted bymodelling within

EMeRGe providesa unigue insight to teghe current understanding of MPC pollution outflows.

In order to provide an adequate set of measurements at different spatial scales, two field experiments were

positioned in time and space to contrast situations when the photochemical transformation ofpiengasy
from MPCs is large. These experimentsrgvconducted in summer 20&Ver Europe anth theinter-monsoon
period over Asiain spring 2018 The intensive observational periodfOP) involved HALO airborne
measurements of ozone and its precursors, volatile organic compounds, particies and related species
well ascoordinatedyroundbased ancillary observations at different sifeexfluorocarbon (PFQfacer releases

and model forecasts supported the flight planpémgithe identification of pollution plumesnd the analysis of

chemicaltransformations during transport

This paper describes the experimental deploymemtd scientific question®f the IOP in Europe-whieh

hours The MPC targets LondorGfeat Britair), Benelux/Ruhrarea(Belgium, The Neherlands,Luxemlourg
and Germany Paris (France), Rome and Ralley (Italy), Madrid and Barcelona (Spain) were investigated
during 7 HALO research flights with aircraft base in Germany for a total of 53 flight hofirsin-flight

comparison of HALO with the collaborating U&irborne platform FAAM took place to assure accuracy and
comparability of the instrumentation droard.
Overall EMeRGe unites measuremeBenerally—significant—enhancemenf neartrace—gasesand far-

fieldaerosolparticlesareattributed-toemissonsg and hence deals with coreglair massesriginating-in-MPCs
at-distance®f local and distant sourceRegional transpostndredsof several European MPC outflows was

successfully identified and measure@hemical processing of the MPC emissiovas inferreckilometresfrom

airborneobservations of primary and secondary pollutarid the ratios between species havimg-sources

Fhe proximity-ef-different chemical lifetime. Photochemical processing of aerosol and secondary formation or

organic acids was evident during the transport of MEECseverEuropdaveours-the-mixing-oplumes Urban

Simiarly—urbanplumesmix efficiently with natural sources asinerabesertdust and withbiomass burning
emissionsrom vegetationand forestfires. This confirms the importance of wildland fire emissions in Europe

and indicates an importaiiut discontinuog contributionto the Europeanemission budget that might be of

relevance in the design of efficient mitigatistnategies

outflews-The present worlprovides an overview of the most salient resaltsi-scientifie—guestionm the
2
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European context, these beiagdressedn more detailwithin additional dedicatedEMeRGe studies.The

deployment and results obtained in Asia will be the subject of separate pubfication

1 Introduction

In recent decades, the number and size of major population centres (MPCs) have increased dramatically. The
term MPCdescribes single metropolitan area convergingurban conurbations with a population exceeding 10
million inhabitants. In 1950, New York and Tokyo were the only two megacities in the world (Gardi, 2017)
whereasfor 2018 the United Nations reported 33 megacitied 48 urban agglomerations of 5 to 10 million
inhabitants (UN, 2019)0ne cause ofherecent growttof the number oMPCsis the rapid industrialisation of
some parts of the world, in particular East Asia

The economic consequences of urbanisation, tagasgrowth of MPCs, and, in particular, the environmental
and economical sustainability of megacities, have ladenus of recent discussiggeSPAS, 2018; Melchiorri et

al., 2018; Hoole et al., 2019; Odendahl et al., 20ITBe MPC has occasionally begmesented as a favourable
urban model becausethe concentration of resources and services and the development of motieeeffec
mitigation strategies makie potentiallyless harmful for the environment than otimeore dispersed population
distributions(Grimm, 2008; Dodman, 2009\ everthelesHowever theagglomeration of emissions frofossil

fuel combustiopewer+eguiredor transport, industrial and domestic purpesesich-is-mosthy-generated-from
fossil-fuel-combustionmakesMPCs a growing andlobally significant emission source of trace gases and

aerosol parties for the troposphererhe current knowledge olocal and regional impacts of MPg@bllution

outflows is still limited. Decoupling the pollutant input upwindofn the MPC emissions remains esserttal

establish accuraturcereceptor relationships and effective control and mitigation policies.
The EMeRGe (Effect of Megacities on the transport and transformation of pollutants on the Regional to Global

scales) projechas as an overarching objective the improvement of the current understanding of photochemical

and heterogeneous processing of MPC pluaiesqg expected transport pathwagdleRGebegan in 2016n

the framework of the Priority Program of the German Research Foundation (DFG: Deutsche

Forschungsgemeinschaft, www.happ.de) to exploit the High Altitude and Long range research aircraft

(HALOQ) for atmospheric science

EMeRGe has afocus on airbora measurements and fostered cooperation with an international research
partnership (hereinafter referred to as EMeRGe internatidoafacilitate the delivery and comprehensive

analysisof a unique set of data fromircraft, ground and satellitedbasedsensors The institutions currently
involved in EMeRGe and EMeRGe international are listed in the supplementary informatiof é5eE ).

Europe and Asia are regiown$ the worldwith a differing heritage opollution control strategies and notable

differences in the number, size and proximity of MPCs as well as in the nature of emissiahss reason, two

field experiments were designed in EMeRGe to investigate the transport and transformation prdcesses o

ollution plumes originatinfrom European and Asian MPCEhe first intensive observational period (IOP) was

carried out in Europe from 10 to 28 July 2017 with special focus on the study of active plume processing close to
emission sources. The secor@dP aimed at the investigation lwihg-range transport (LRT) of MPC outflows

from the Asian continent to the Pacific during the spring intensoon period and took place with HALO base
in Taiwan from 10 March to 9 April 2018.
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The presenérticle describes the experimental design and specific objectives of the IOP of EMeRGe in Europe.

It highlights key research questions asawime of thescientific results, whiclare further explored irdedicated

publications

2 Background
High levels of urbanisation are associated with severe air pollution ewdmntt lead toadverse effeston

human health (Lelieveld et al., 2015, 202Bjequent-exposure—to—poor—air—guality—affectstherespiratory,

a ociateG—WHA aRcer—ahaprematdre—-oaeatn

of pollution originatingfrom MPCs and the development of adequate control stratagéagceiving growing

attention as the public concern about air quality and the interaction of pollution and climate on a warming planet
increasege.g., Jacob and Winner, 2009). In that respect, the MPC emissions of environmental interest are
aerosol particleswhich containsulphate (S¢¥) and nitrate (NQ), particulate organic matter (POM), black

carbon (BC), and ammonium (B, carbon monoxide (CGand longlived greenhouse gases (GH&)ch as

carbon dioxide (Cg and methane (CHl_Thenet radiative effect of the aerosol particles largely depends on the

size and chemical compositiavhich determine their scattering and absorption capabilities (e.g., Haywood and
Boucher, 2000)As cloud condensation nuclei (CCijeyhave an additional effect dhe optical properties and

lifetime of clouds(e.g.Andreae and Rosenfeld, 2008; Campos Braga €2@l7 Rosenfeld et al., 2008Short
lived constituents of smoguch asitrogen oxidegNO,, i.e., NO and Ng), volatile organic compounds (VOC),

andsulphur dioxide $0,),. react toproduceozone QOs)preduc®; and secondary aerosol particles and absee
a climatic effec(UNEP, 2011; Mar, 2021)

Primary MPC emissionare transported and transformed into secondamilutantssuch as @ or secondary

organicaerosols ¢rganicand inorgani8SA) andleadto smog episodes downwind of the souredelling

studies using artificial aerosol tracensd estimations of deposition potentials, indicate that about 508 Gf
emittedpar ti cl es wi rti—m (Pdisalepesitnere thanP000Skm from thi source (Kunkel et al.,
2012). Chemical and physical processing of MPC emitted pollutants can in turn be affected by mixing with
natural, biogenic and other anthropogenic emissions from regional sources-oaiigagransported from other
areagLawrenceet al., 2007Monks et al., 2009Lawrence and Lelieveld, 2018nd references thergin
The specific impact of the plumes from MPCs, therefore, depends not only on the type of emission sources (e.qg.
industry,transportatiotraffic, domestic heating, and generatioretsctricity) but also on the variability of trace
constituent emissions, the local meteorology and topograpteimpactof-MPCpollution-on-the-atmespheric

4
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181 | leadsto significant latitudinal diffeences in regional to hemispheric dispersion characteristics (Lawrence et al.,
182 | 2007 and references therein; Cassiani eRéll3) b | :
183 :
184 | exceeding-ten-day3ransport and transformation of MPC outflows are affected by the general weather patterns
185 such adrontal passages and the frequency and duration of stagnation episodes, wiigroaamtfor pollutant

186 | ventilation.In:

187 | lessinfluenced-bylocal-emission-sources-thanthelast decadesmproved monitoringrixing-efanthropegenic
188 | andmodelling capabilitiesatural-emissionsutside-thaiPC(Butler-et-al;—2012).

189 | ln-summary-the-overallassessmanta growingnumber of measurements campaitase provided essential
190 | information about theprediction—of-theimpact of MPC pollution emitted—by-MPG-on the atmospheric
191 | composition (see review by Zhu et al., 2012). However, capturing the combined influence of
192 | emissiondrepesphericchemistryare-challengingMedium-and dynamics for specific locations is still a big
193 | challenge. In particular, inconsistencieslémgterm-—effects—of anthropogenic-emissions—and-their-interaction
194 | with-natural-andipgenic-emissions-inthlecal and regionalPC inventoriege.g. surreundingBenier van der
195 | Gonetal.; 2011, Mayer et al., 2000; Butler and Lawrence, 2866)limitations in the prediction capabilities of
196 | pollution transport patterresnd cumulative pollution events in downwind regiosfsSMPCs ¢Zhang et al., 2007;
197 | Kunkel et al., 2012)require ongimg attention. Furthermoredividual- MPCs—are—poory—understood—and

198 | imprecisely-guantifiedin-addition controlling policies, changes in land cover and clinwtetinue to evolve
199 | and is expected taight substantially modify the relation between anthropogemiissions and both natural

200 aerosol and trace gases, as predicted byRBuger et al., (2012), and recently reported for East Asia (Fu et al.,
201 | 2016; Silver et al., 2018 and references herein; Leung &
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In Europe, lhelevel of urbanisatioierthcoming-papers.

2 EMeRGe-in-Europe

Fhe-level-of-urbanisation-in-Europe presently~ 74% and is expected to further increase by 1g¥4o the

middle of this century (UN, 2019). Largerbanconurbations are-more abundanin Europ n
phenemendhan megacitiepf which there are a fewAccording to the European Environment Agency (EEA),

the emission of air pollutants and precursors has decreased across Europe from the year 2000 to the present,
partly as a result of the EU air quality legislati@missions of CO, BC, NOand noamethame VOCs havdeen

reducedby around 30% anthoseof sulphur oxide (SQprimarily SG) up to 77% Neverthelessthe daily and

annual Q and PM limitconcentrationgor protection of human health are often exceeded in several areas of the
continent (EEA, 209). Significant differences in pollution and photochemical episodes between Northern and
Central Europe and the Mediterranean region are regularly observed, in particular due to the differences in solar
actinicradiation (Kanakidou et al., 2011).
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EuroperEurepe air quality is frequently influenced by LRT of North American pollution as captured by
airborne measurements and investigated in several model stediesStohl et al., 2003; Huntrieser and
Schlager, 2004; Huntrieser et al., 2008)me evidence dfRT of Asian pollution to the Mediterranean has also
been documented (Lawrence and Lelieveld, 2010; Lelieveld et al., ZDB@xhemicalsignatures of LRTof
pollutans vary depending on pollutant lifetime and mixirfgpmerecent modding studiesinfer that the impact

of nonEuropean pollution on the European surfaga@hual averages larger than previously expectétbnson

et al., 2018)

In recent years, large European projects such as MEGAPOLI (http://megapoli.dmi.dk) and CityZeditfMega
Zoom for the Environment; http://www.cityzesproject.eu), provided comprehensive theoretical and
experimental data about MPCs in Europee MEGAPOLI field campaigrwas conducted in Paris in summer
2009 and winter 2010 (Beekmann et al., 2015) and investigated source apportionmghiotathemical
processing of emitted gaseous and particulate substances using severabgsmehdtations and measurement
vehicles (Crippa et al., 2013; Freutel et al., 2013; von der Wdtdémmiller et al., 2014). Beekmann et al.,
(2015) estimated thienpact of the urban emissions from the Paris megacity to be relatively low in comparison to
other external industrial sources of pollution. Aircraft measurements were restricted to tfieldeartflow (up

to 200 km) in the boundary layer below 700 m @ilands et al., 2011; Freney et al., 2014)comparison,
EMeRGe focuses on thienpact of different MPCs inCentrainiddle and Southern Europeand investigates

atmospheric pollution plumess/er much largegeographical exteldtitudinal-and-longitudinadcales
CityZen (20082017 studied air pollution in and around selected megacities and emission hotspots by-using in

situ and satellite observations (Hilboll et al., 2013; Vrekoussis et al., 2013) as well as a series of different scale
models (Colette et al., 2011; Im et al., 2D1Zhe project focused on selected MPCs such as the Eastern
Mediterranean, the Po Valley, the igkux region, and the Pearl River Delta for intensive case studies but, in
contrast to EMeRGe, did not conduct measuremerttsegthotochemical evolution in ¢houtflow of the studied
regions.

The abovestudies focused on trace gases linked to air quality and prbvidigtively sparse information on
GHGs. Longlived greenhouse gases such as, @hrtd CQ emitted from individual European urban areas have
been investigated in airborne and grodnaed studies, e.g. for London (O'Shea et al., 2014; Helfter et al., 2016;
Pitt et al., 2019), Paris (Bréon et al., 2015; Lian et al., 2019), Cracow (Kuc etG8;, Zénnoch et al., 2019),

Berlin (Klausner et al., 2020) and Rome (Gioli et al., 2014). Collectively, they report on inconsistencies between

the current emission inventories and measuremeiitsis indicates theneed for further experimental

investigationof the GHG budget in Europe.

Overall, he proximity ofmostEuropean MPCsesults inthe mixing of differentpollution plumes duringheir
transport This hampers the identification of the air mass oridiine impact of biomass burningBB) and

mineral duseventshave-moreeveravariety-ofimpacton the total European burden of atmospheric aerosol and
trace gases, moreoveryariable Particularly in Southern Europe, BB and mineral dust pluresrfrequenly

and can significantly affect the chemical processing/®fC pollution plumes. BB events from agriculéuor

wildland fireshavea strong seasonal pattexnd related impacia Europe (Barnaba et al., 201Wildfires emit

7
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similar to MPC large amounts of pollutants.g.PM, NQ,, CO, VOC and PAH (Andreae, 2019he number

and severity of wildfires are expected to increasEurope under warmer and drier conditionsa&e-effect of

climate change (Forzieri et al., 2017; Guerreiro et al., 2018; Turco et al., Pkt dust episodes of different

intensity originating in North Africa frequently affect air mass compositind atmospheric stratification over

the Mediterraneanparticularly in spring andsummer é.g.Barnaba and Gobbi, 2004Kalivitis et al., 2007;

Gkikas et al., 2013Fey et al 2013; Pikridas et al.; 2018-in-spring-andn-summer{Barnaba-and-Gobbi,-2004;

Gkikas-et-al,;2013; Pey etal.. 2013).

32.2 Specific scientific questionsgind characteristics of theelevantte EMeRGe |OP in Europe

3.1 Specificscientific questions

EMeRGe in Europe focuses on thpgémary scientific goalsaddressinga series of related specific questions:

Identification of emission signatures in MPC plumes over Europe

Are thereindividual MPC emission signatures ideralfiein pollution plumes measured over Europe?

Is it possible to unambiguously identify MPC plumes after transport times of hours or days by tagging the air
masses in the source regions with passive tracers released at the aundaosing airborne sensors
downwind?

Can the effect of plumes from different emission sources (e.g., anthropogenic, BB, and/or a mixture of them)
on the oxidation potential of the atmosphere be inferred @loamgesn the NO/NQ and NO/VOC ratios in
airborne measurements?

Can airborne measurements detect signatures of urban and other emission cb@eksin Europe
adequately

How abundant are organic acids in European MPC plumes relative to inorganic acidsaback their main
sources?

Are satellite measurementsadrosol and trace gases capable of supporting the identification of MPC plumes
and dominant transport paths?

Investigationand assessmeaf chemicalprocessing in MPC pollution outflows

Is the photochemical activity of MPC plumesadily related tochangs in concentrations of radicals and
their precursorsneasured by the HALO sens@rs

Is the photochemical ageing of MPC plumegll describedby the chemical clocks inferred from the
airborne measurements oéite gases and aerosol partieles

Can the @production efficiency and N@-and VOGsensitive regimes in MPC plumes be determined? How
do these changsith respecto the plume age and mixing with background air?

Can theimportance of theole of formaldehyde (HCHO) as an intermediate product in theatigid of
VOCs, and glyoxal (¢H,0,) and methylglyoxal (¢H40,) in secondary aerosol formation be inferred from
their airborne measurement in MPC pollution plumes?

Which processes control the heterogeneous formation of HONO in polluted air masses of dif® @ dine

BL and lower troposphere over Europe?

Assessment of the relative importance of MPCs as sources of pollution over Europe

How importart areBB and dusemissiongo MPC plumephotochemistrpver Europe in the summgao17?
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1 How do the regional CHurban emission distributions in Europe compare with previous observations in the

same areas”?

1 Is it possible to assess the relative role of primary and secondary pollutants in the proximity and in the

outflow of MPCs?

1 Are stateof-the-art chemical modelsapable of adequately simulating transport and transformation of

European MPC outflows?

2.3.2 Selection of MPC targets and measurement strategy

Thedominantsource ofNO, andCO in theplanetaryboundary laye(PBL) in Europe is anthropogenic activity,

primarily fossil fuel combustion anéB.biomass-burningCloud free monthly averageoposphericcomposites

of NO, columns retrieved frolBOME2-B and OMI instruments echoard the MetOfB and Aura satellites were
used to identify the major MPCs in Euroghering July in the EMeRGe studyDue to its short lifetime, NQs a

good indicator othe origin ofemission sourced he tropospheric N@ columns retrievedn July 2016during

the campaign preparati@nowed ahanced N@concentrations over theegacitied ondon, Moscow and Paris

megaeities overlarge urban agglomerationsuch aghe Benelux/Ruhr metropolitan area in Central Europe and

the Po Valleyin Northern Italy and overthe conurbations in Southern Europe suchRasne, Naples, Madrid

and BarcelonaThe satdite observations during the EMeRGe IOP in 2017 confirmed Nf®® hot spots

identified (Fig. 1). Fhe-dffe

7, as
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Figure 1: Satellitetropospheric N@columns retrieved from GOMER (left panel, overpass at 9:30 h local time),

and OMI (right panel, overpass at 12:45 h local time) instrument-fbrly-2016,a-yearbefore-the- EMeRGe-1OP in
Edrope-(top)—and-iHhe IOP period in July 201-{bettem).
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CO was used in dispersion calculatidosdentify anthropogenic pollution from combustioBO is a suitable

tracer for transport pathways due torgativelylong atmospheric lifetime whicis primarily determinetbssby

the reaction with the OH radical andaries betweem few weeks and a few monthBo addresshe EMeRGe

scientific objectivesthe day-to-day flight planning focused on the identificationtbé& location of the plumes

from the targeted MP@utflowsduring potential flightsFor thisthefollowing forecast tools were exploited:

i) ECMWF (European Centre for MediuRange Weather Forecasts, https://www.ecmwf.int/) and NCEP
(National Center for Environmental Prediction, https://www.ncep.noag.g@eather forecasts,

i) NOAA (National Oceanic and Atmospheric Association) HYSPLIT (Hybrid Single Particle Lagrangian
Integrated Trajectoriedittps://www.arl.noaa.gofaksplit) model for forward dispersion calculations using
CO as a tracer of pollution. €ke forecasts, carrieout by DLR (Deutsches Zentrum fur Lufund
Raumfahrt), assume MPCs to be continuous emission soamdeprovide snap shots as well as horizontal
and vertical cross sections of the selected outflows at certain times.

iii) Tailor-made CQand stratospheric ozone tracer simulations provided by CAMS (Copernicus Atmosphere
Monitoring Service, http://atmosphere.copernicus.eu) through its field campaign support (see also
Flemming et al., 2019).

A list of model simulations and satellite obsereat used for flight planning is given in Tabla ard 1b. These

are described inmore detail in the supplement (se€)SThe dedicated mission support tool (MSS, Mission

Support System; Rautenhaus et al., 2@it8yided additional assistantethe flight planning.

Table 1a Model simulations used for flight planning during EMeRGe in Europe

Name Type Resolution Institution
of model output

CAMS-global 0.4°x 0.4°;

(CIFSTMb5) CcT™ 60 vertical levels ECMWF
CAMS-regional Median of 7 0.1°x0.1°; surface, 50,
ensembleg regional CTMs 250, 500, 1000, 2000, ECMWF
3000, 5000 km
o o Nl Norwegian
EMEP regional CTM 0.25 E.XO'125 N; Meteorological
20 vertical levels .
Institute
HYSPLIT Lagrangian 0.1°x0.1% NOAA/DLR
trajectory model 20 vertical levels
Lagrangian 1min /10 days back
FLEXPART trajectory model ECMWFERAS; NILU

0.25° horizontal

Table 1h Satellite observations used during EMeRGe in Europe

Sen50|Sate||itEquat_0r Footprinlnstit

name crossing

GOMR Met Bp 10: 30 LT 4x8&rh | UP - Ur
Br emer
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| UP -Ur

oMl EO®ur a 13:30 LT 1%24 %km
Br e mer

SEVI RIMSG Geostati 3x3 km | CARE

377

378  The flight track andpatternsavailable to HALOwere constrained bya) flight restrictionsfrom the air traffic
379 authoritiesand speciamilitary used airspaces (SUAAnd b)the unstable meteorological conditions dominating
380 | in Central Europe during the measurement period$eee3.4). -

381  Flight tracks to investigate the plumes frohetMPC targetsl.ondon (Great Britain), BeneluXRuhr area
382  (Benelux countries and Germaryereinafterreferred to aBNL/Ruhr), Paris(Francg, Rome and Po Valley
383 (ltaly), and Madrid and BarcelondSpair) were selected. It was possible to fly these fligaicks under
384  favourable conditionstypically more than onceduring the EMeRGe IOPimproving somewhatthe
385  representativeness of the measurements.

386 The HYSPLIT dispersion forecasindicated thatthe MPC pollution plumestargeted by EMeRGeesided
387  predominantlybelow 3000 m. Consequentlythe flights over Europe made use of the HAldhg-endurance
388 | capabilities tdfly in the PBL and incorporated vertical shuttl8suttles are definedereas aTheflightpattern

389 | involve-thedescent or climipatternbetweenholding altitudes,—coupled-withlong-flighttracks-at-a-given-flight
390 | altitude. Typically, threeflight levels(FL), upwind or downwind of the target MPGsereate part of the shuttle

391 Someof the MPC outflows were tagged byoordinatedelease of aerfluorocarbon®PFQ tracer at the ground
392 | (seeS5H).. Details about flightracksand flightregionsareprovided inSect 3.6.Sect.2.4:2)

393 | 3.3 EMeRGe instrumentation

394
395
396

397

398
399
400
401
402

403

404 A key elemenbf the EMeRGedata arethe airborne measurememtsmdeon-board HALO, a Gulfstream G550
405 business jet modifiecand specifically equippedor scientific research(see www.halo.dlr.de). The HALO
406 payload for EMeRGeomprisesa set of statef-the-art instrumentation for the measurement of trace gases and
407  aerosolparticles. Table2 summarisesargetspecies and parameters measured by the instruments installed on
408 board HALO, which arecomplemergd by the HALO ancillary measuremen{8AHAMAS, see S4 in the
409 | supplementduringthe EMeRGe campaign in EuropBhe pollutant measurements made aboard HALO were

11



410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

429
430

enhanced with tracer experiments using perfluorocarbon compounds (PFCs). Details are provided in the

supplement (see S5).

During the EMeRGe IOP in Eupe the EMeRGe international cooperation provided additional coordinated

aircraft, satellite and grounebased observations and modelling studies during the preparation and execution

phases of the EMeRGe IOP in Europe, as described in the supplemené)sée Sssure the accuracy and

comparability of the instrumentation dnoard one research flight on 13 July 2017 was dedicated to common and

simultaneous measurements of HALO atfd Facility for Airborne Atmospheric Measurements (FAAM,

www.faam.ac.uk) from the UK Natural Environment Research Coumcil secalled blind intercomparison

exercise (see S7 in supplement).

Table 2 HALO instrumental payload for EMeRGEeRCA: Peroxy Radical Chemical Amplification; CRDS: CaRing
Down Spectroscopy; HVS: High Volume Sampler; -GEGRMS: Gas Chromatography Combustion Isotope Ratio Mass
Spectrometry; PTRMS: ProtonTransferReaction Mass SpectrometeCl-ITMS: Chemical lonisation lon Trap Mass

Spectrometry; GEMS: Gas chromatographyas s

spectrometry

anal ys iBE(CH)PIgodpic Per oxy a

signature of methane; PFC: Perfluorinated carbon chemicals; DOAS: Differential Optical Absorption SpectfrB®y;
Adsorption Tube and Bag air Sampler; -T&C-MS: Thermal Desorptio Gas Chromagraphy and Mass Spectrometiyg-~
AMS: Time of Flight Aerosol Mass Spectrometry; SP2: Single Parti8ot PhotomeerPhetometry CCNC: Cloud
CondensationNucle CouneNucleus—Counting MI: Multi Impactor for aerosol offine analysis; CPC: Condensation
Particle CounerGeunting DMA: Differential Mobility AnalyserAralysis OPC: Optical Particl€ounerCeunting PSAP:
Particle Soot Absorptiof?hotometPhotometry See details and HALO ancillary measurements in the suppleifieat.

instrument details are given in the quoted literature.
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Trace gas-in situ measur ements

Species/parameters Acronvm Institution Technique/Instrument Reference
RO, =HO; + YRO, PeRCEAS Univ. Bremen PeRCA + CRDS f‘gf’ége etal,
: ‘ ot P - Wintel et al..
VOC/C isotope ratios MIRAH Univ. Wuppertal HVS/GC-C-IRMS 2013
ovoC HKMS KIT Karlsruhe PTR-MS E‘S‘S’ and Zahn,
. UV-Photometry/ Zahn et al..
03 FAIRO KIT Karlsruhe Chemiluminescence 2012
UV-Photometry/ verbi
0,.CO AMTEX DLR-IPA ) o Gerbig et al.
VUV-Fluorimetry 1996
Chemiluminiscence/ ierei
NO. NO, AENEAS DLR-IPA : %IEI?IS etal..
’ Gold converter 2004
$0,.HCOOH CLITMS DLR-IPA CI-ITMS Speidel etal.
a) CO; and CH, a) CRDS Chenetal.,
2010
b)PAN CATS DLR-IPA b) GC-MS Volz-Thomas
etal. 2001
¢) 6C(CHY) ¢) GCIRMS Fisher et al..
2006
PFC tracer PERTRAS DLR-IPA AT-BS/TD-GC-MS Egillft al..
Trace gas- remote sensing measurements
Species/parameters Acronym Institution Technique/Instrument Reference

NO,. HONO, B0,
CH-0. CH, 05 CiHLO;,
§0,. 10

mini-DOAS

Univ. Heidelberg

DOAS /UV-nIR: 2D
optical spectrometer

Hineke et al..
2017

NO,., CHLO, G0,

DOAS / 3x2D-imaging

General et al.,

T v . .

H,0, SO,, BrO, O3 HAIDI Univ. Heidelberg spectrometers 2014

Aerosol measurements

Species/parameters Acronym Institution Technique/Instrument Reference

: . MPIC Mamz & Schulz et al..

Particle composition C-ToF-AMS Univ. Mainz ToF-AMS 2018

Holanda et al..
ier i SP2 2020

BC. CCN. IMICTOSCOpIC CCN-Rack MPIC Mainz .

properties CCNC, MI Wendisch et al..
2016

Particle size Andreae et al

distribution/number AMETYST DLR-IPA CPC.OPC.PSAP.DMA | 018 "

concentration -

Other parameters

Species/parameters Acronym Institution Technique/Instrument Reference

Spectral actinic flux density Bohn and

(up/down) Photolysis HALO-SR FZ Jiilich CCD spectro- radiometry -

. Lohse, 2017
frequencies
Basic awrcraft data BAHAMAS DLR -FX various Mallaun etal.,

2015

431
432
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433

434

435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

453

454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
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471
472
473
474
475
476
477
478
479

480

481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

501

502
503
504
505
506
507
508

In this subsection, a brief overview of the general meteorological situation over Europe is given. A summary of

the meteorological conditions during individual flights is provided lat&eot. 3.6.

ir- Northeast
the
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510
511
512
513
514
515

516

517
518
519

520

521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541

The month of Julywas selectedor the EMeRGe investigatiohecause the summer period Europeusually

offers frequent events of high temperature high insolation which result inactive photochemical processing
of theair masses.

Themonthly average weather conditions of July 2017 were evaluated by comparimgag8opotential height,
temperature, wind angrecipitable waterwith a 3Qyear (19812010) rderence climatology using NCEP
reanalysis data (Kalnay et al996).As shown in Fig 2, stagnation eventd)igh temperatures and insolation
dominatedSouthern Europsimilar tothe average of the 3gear climatology At the ground, the summer 2017
was characterisely a number ofheatwaveswhich contributed to the propagation of frequéiné events
especiallyon the IberianPeninsula(EEA, 2018) SeveralEMeRGeflights were affected by such fires in the

southern Mediterranean area as summarized later in SedtuBtidermore, in Sect.4.4 more details are given on

how the emissions from these fires frequently interacted with anthropogenic and other natural emissions.

contrastduring theEMeRGeperiod Northern Europe was influenced dgronounced negativen-upperlevel

negativepressureand temperaturanomaly-was-lecated-overNerthern-Eudrophe polar front wapositioned
further southwardghan usualy andaccompanieg-usualwith anomalously highupperlevel wind speeds over

Central EuropeThese conditiondavoured thepassage ofipperlevel troughsassociatedwvith mid-latitude
cyclones and enhanced precipitatiomer Central Europe. A culff low located over Great Britain during

approximately the last ten days of the campagghto a pronounced deviationadfieced the average weather

conditionsin July. Thunderstorms frequentlgtevelopednear the Alps oveSouthernGermany and Northern

Italy._Due to the various meteorological conditions in Central and Southern Europe, the photochemical

processing of the investigated polluted air masses proceeded hiffehermtly as described in more detail in
Sect. 4.5.
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542
543 Figure 2: Mean anomalies of the 500 hPa geopotential height (top left panel), temperature (top right), zonal wind (bottom

544  left) andtotal column precipitable watgbottom right) for July 2017 with respect ad981-2010 July climatologybased on
545 NCEP reanalysis data (Kalnay et al. 1998)tal column pecipitable water is the amount of water potentially available in the
546 atmosphere for precipitation from the surface to the upper edge of the tropodpBé&ie reanalysisdata and image
547  provided by the NOAA/ESRL Physical Sciences Laboratory, Boulder Colghdio/psl.noaa.goy/

548 | 3.52 Aerosoloptical depth

549  The aerosol load in the target regions during the EMeRGe I0OP in July 20idvweasgatedMonthly averages
550 | of aerosol optical depths (AODs) measured in July 20177a% AERONET sunsky—photometersites

551 | (AERONET, 2020 covering the)-in-al-sixEMeRGe target regionsee-S7-in-the-supplememere compared
552 | to therelevant climatology (i.ethe 1910-year FAOD-July AOD me aavaragebetween20012009 and 2019.

553 | These AERONETFFhroughout-thisstudy only versionl@vel 2.0A0D climatologicaldatawere—considered
554 | (Giles et al., 2018
555

556 | in thesupplementFigure3, referring to 500 nm wavelengtiihe resultsshow thatdisplaysthe derived-AODs
557 | FThe-AODs-measureith July 2017the aerosol load was generally lower than the relevant climatological value in

al{«< B R or-othe A aleanath 00Nl 8 o
Hata1+o0+—0 ctV O SaAv, o

ata—pointsand-6 datpointd arevisualizedhown

558 | each target region. FordlBNL/Ruhr area Brussels, Cabauw, Lille, JulighRome Rome La SapienzeRome
559 | Tor Vergata, close-toParis (Palaiseau Paris), and the Po Valleyl§pra, Modena, Sirmiong the relative

560 | deviations of the AODs from the mean valaes similarandof the order 0f30%. InRome and the Po Valley

561 the July2017 AOD is outsidethe range of the climatological mean astdndard deviations. For Eastern Spain

562 | (Barcelona, Burjassot, Monsec, Palmandn Southern Great BritaifBayfordbury, Chilbolton), the aerosol

563 | load is closer tdhe relevant climatologgre—v
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Figure 3: Monthly mean AOD values at 500 nm for July (years 22019)in each ofthe EMeRGe target regiongblack

squares and standard deviations). These were obtained as mean of the multiple site monthkeleetussitem colour,

see legens). Note that 6r those AERONET instruments not having the 500 nm filter, the AOD values are interpolated using

the Angstrom coefficient between the two closer wavelendths. values of the climatologicadnd July2017 AQOD are

also reported in the plot insets.
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568 | -
569 | 3.63 Flight regionsreutes and HALO flight tracks
570 | The EMeRGe IOP in Europe comprised seven HALO flightsr 11 July 2017 to-28 July 201for a total of 53
571 | flight hours.All HALO flights started from the DLR baseberpfaffenhoferfOP), locatedSouthwestof Munich
572 in Germany. The flights are namedBEt)-FN, where E stands for EMeRGe, EU for Europe Bhdarethe two
573 | digits of the flight numberAs-mentionedn-Seet2:3-alt HALO-flights-started-frorOPin-Germany-The flight
574  tracks areshownin Fig. 4 andTable3 summarises the corresponding flight times and targets.
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578  Figure 4: HALO flight tracks during the EMeRGe campaign in Europe on 11, 13, 17, 20, 24, 26 and 28 July-E01D3E
579 to E-EEU-09, respectively, colour coded). The specific flight times are presented in JadEC target areas are colour
580 coded by shadingenglishChannel (purple) North Sea (red) BenéRuhr (orange), Paris (black), Po Valley (cyan), Central
581 Italy (blue), East Mediterranean (greerigiinctive locations/regions are marked with redsstist: Madrid, B: Barcelona, P:
582 Paris, L: London; BNL: Beelux; Ru: Ruhr area; PV: Po Valley, R: Ron¥éhe coordinates of the MPC areas can be found in
583 the supplementS8). The position of the HALO base at DLR in Oberpfaffenhofen (OP) is also indicatagiddypw star for
584  reference.

585  Overall,60% of theHALO measurements during EMeRGe in Europe were performed (836@m to probe
586 fresh and transported outflows of selected MPCs (seesFag the distribution of HALO flight altitudes during
587 | the EMeRGe IOP).
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592

593
594

595

596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

Flight Day/ Start/ End FR MPC emission and Other features
number Month time (UTC) transport targets
Rome, Po Valley: Mineral dust from Northern
E-EU-03  11/07  10:00/16:30 1  convection over Alpsand  Africa; Fires in Southem ltaly.
Apennines Flights Sky Arrow over Rome
. . Central Europe; HALO-FAAM blind comparison
E-EU-04 13/07 10:40/15:00 2 Intercontinental transport  Canada fires
London, BNL/Ruhr, :
E-EU-05 17/07 10:30/18:30 2  English Channel and DRy ante over Londen
Central Europe
Rome, Po Valley; Mineral dust from Northern
E-EU-06  20/07 9:00/17:30 1 Convection over Alps and  Africa; Fires in Southem lItaly
Apennines and Croatia
Po Valley, South France, Dust transport from Northern
E-EU-07 24/07 9:45/18:15 3 Barcelona; West Africa, fires in Southern
Mediterranean Europe
London, BNL/Ruhr, Paris;
L i " PFC tracer releases London
E-EU-08 26/07  7:451520 2  English Channel and Wuppertal ’
Central Europe
Po Valley, South France, : .
E.EU0S 2807 10:00/18:30 3 Madrid, Barcelona: West Fires in Southem France and

Mediterranean

Portugal

>

i itiond.aking themeasurement-objectivestflight constraints and the

MPCs

prevailing meteorologicaleather conditions into account,htee flight regionseutes were selected forthe

identification and measurement of outflows of target ME@sngthe EMeRGe |IOP:

a) Flight regiorreute1: Southern Europeltaly

b) Flight regiorreute2: London and Central Europe
C) Flight regiorredte 3: Southwestern Europe

a) Flight regionreute 1: Southern Europe Italy

The flightregiorreutel was selected for the HALO flightsBJ-03 (S9, Fig. S9.1and EEU-06 (Fig. 6) on the
11 and 20 July 201 Tespectively

The synoptic situation in Europe during these days was characterisechigy+pressure system over the
Mediterranean region and a exff low over the British Islands associated with the rapid passageveiressure
systems over Great Britain and Sdaravia. As a result, Southwesflow with a trough approaching from the
West and a short wave passage dominafégse conditions were suitabiier the investigation of the MPC
targets in Italy (Po Valley and Roma)dof the transport of pollution oveéhe Alps and Apennines.

Along the flight route, cloudformation in the Po Valley andhundestorms in Southern Germany in the
afternoon after 15 UT@ere observed on both days

During these flightsBB emissions from forest and intentional firesSauthern Italy, particularly in the Naples
area and along the coast of Croatia were detected. In additientransport of mineral dust from Northern

Africa to the central Mediterranean and the ltalian west coast was observed
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617
618
619
620
621
622
623
624

The EEU-03 and EEU-06 flights were carried out ovepproximatelythe same geographical ardaitially

HALO flew over the Alpsthenalong the Po Valley to the Mediterranean coast of Italy. DurisiJED6 the

vertical and horizontal distribution of pollutanissinvestigated inmore detail by shuttles before entering the

Po Valley and flying at lower altitudesThe tracks followd the Tyrrhenian Sea heading to the South and
crossing the Italian Peninsula from West to East towards the Adriatic coast after a shuttle upwind of Rome.
Along the Adriatic coast, shuttles waradewhile flying to the North. Finally, the flights crossed over the Alps
back to OPThe EEU-06 flight track details aresummarisedn Fig. 6.
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625
626

627

628
629
630
631
632
633
634
635
636

Table 3: Characteristicef the HALO flights carried out in Europe during EMeRGe. FR: flighdion Note that EEU-01
and EEU-02 were technicdlights and are not considered in the present work.

Flight

Day/

Start/ End

MPC emission and

number Month time (UTC) = transport targets e
Rome, Po Valley; Mineral dust from Northern
E-EU-03  11/07  10:00/16:30 1  convection over Alps and  Africa; Fires in Southern Italy.
Apennines Flights Sky Arrow over Rome
) . Central Europe; HALO-FAAM blind comparison
E-EU-04 13/07 10:40/15:00 2 Intercontinental transport  Canada fires
London, BNL/Ruhr, :
E-EU-05 17/07 10:30/1830 2 English Channel and Dre tronts Dier London
Central Europe
Rome, Po Valley; Mineral dust from Northern
E-EU-06  20/07 9:00/17:30 1  Convection over Alps and  Africa; Fires in Southern Italy
Apennines and Croatia
Po Valley, South France, Dust transport from Northern
E-EU-07 24/07 9:45/18:15 3  Barcelona; West Africa, fires in Southern
Mediterranean Europe
London BNL/Ruhr, Paris;
E-EU-08 26007  7:4517:30 2  English Channel and o lracenreleases London.
Central Europe PP
Po Valley, South France, N
E-EU-09 28107 10:00/18:30 3 Madrid, Barcelona: West Fires in Southern France and

Mediterranean

Portugal

During EEU-03 the HALO airborne measurements were complemented byctwuits around Romby the

Sky Arrow aircraft and its payloagee S6 in the supplemen$tarting at 8 UTC and at 12 UT@spectively

The interpretation of these airboraed-greunebasedobservationgn combination withgroundbasedand insitu

datais discussed in Barnaba et al. (2021, in preparation).

Whole air samples for VOCs and their carbon isotope ratios were collected at the ground in evacuated canisters

to determinea representative VOC fingerprifdr Rome and Milan. To account for emission variationghan

ground during the day, air samples a/égken arond 9 to 10 and 14 h local time.
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643 | b) Flight regionreute 2: London and Central Europe

644
645
646
647
648
649

650 Flight region 2 was selected to studyhe London and BNL/Ruhr outflows with scientific focus on their

651 transport and interaction over Central Europe. As mention&gah 3.4, July 2017had anunsettledweatherin
652 the UK and Central Europe with heavy, persistent rain at times and onlharispells This madehe selection
653 | of optimal flight tracks for this investigationchallenging The preciseflight route 2 was tailored fothe

654 | meteorologicatonditiors prevailingduring the EEU-05, and EEU-08 flights, which took placen 17 July and
655 | 26 July 2017 respectively, to optimally cover different aspects of the target outflows.

656 | The flight EEU-05 (S9, Figure 9.3) took advantage of a shdrigh-pressure ridg¢hatformed behind a trough
657  over Scandinavia on 17 July 2017. The outflow of the MPC London was predicteavéd tothe English

658 Channel and the Northern coast of France. This area is regularly used by the UK and French air forces whose

659 activities in the SUAgonstrained the original flighaptions and thdlight trackwere optimisediuring the flight
660 route Over the area of interest, HALflew at different altitudeswithin the PBL. On the way back to Qfhe
661 outflow of Pariswas probedSouth of Orly. On thatday, the FAAM platform carried out two complementary
662 circuits around London at 8:00 and 13:30 UTC.

663 On 26 July 2017, the synoptic situation changed slightly as-aftldw moved eastwardsver Germanywhile
664  atrough approached from the Wdstthe periodafter the cubff low and before the passage of the warm front
665 over London the route ofE-EU-08 was chosen such thétte outflow of London close to the Eastastof
666  Englandand its mixing with the BNL/Ruhr outflowover the European continemtere probed(seeFig. 7).
667 | Cloudy conditions predominateédroughouttheday. This flight is studied in more detail Bect.4.3. 2.

668 Theidentification of the London outflowas confirmed byhe on-boardmeasurement of a PFC tracer released
669 in the centreof London for both flightsDuring EEU-08, a second tracer release was carriedroWuppertalin
670 the afternoorto identify the BNL/Ruhr outflow.In addition, information on the isotopic fingerprints in VOC
671 representative for London and Ruhr MPCwére obtained by collecting whole air samples at the tracer release
672 | sites before, during and after the releaselin the afternoorfsee Sectd.5).2-)-

673 | The EEU-04 flight track on 13uly 2017 is a particular case that also covered Central ELsep&8S9 in the
674  supplement The first part of the flight was dedicated ttee blind instrumental intercomparison between the
675 | HALO and FAAM platforms described i8724-3 (see Schumann, 2020). A weak higitessure ridge over
676 Germany dominated. Thmain objective for the rest of theflight was to probe intercontinental pollution

677  transportbetween 5000 and 7000 m altitudith signatures of fires originating in Canada.
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684
685
686 @gion 3: Southwestern Europe
687 | The objective of flight route 3vasto investigate the transport &outhern EuropeaMPC outflows into the
688 | Western Mediterraneaithis flight regiorreutewas selected for the-EU-07 and EEU-09 flights on the 24 and
689 | 28 July 2017respectively.

690 Themeteorological situation on 24uly 2017 over Europe was characterised byetmtwardslisplacement of a

691 cutoff low leaving the British Islands. This was associated wiouthwestflow during the passage of a trough
692  over Spain and Franc®ust transpdrfrom Northern Africa, thunderstorms in the Po Valley and fires in the
693  South Mediterranean coast of France and Corsica prevated=EU-07 flight trackcrossed the Po Valley and
694  focused on theneasurement of theredicted outflowof pollution from Southern France and Barcelongithe

695 MediterraneanThree shuttldlight patternsdownwind from Marseille, Barcelona and close to the western coast
696  of Sardiniawere carried oufseeS9 in the supplemeint

697 On 28 July 2017, a short wawmugh with a weak cold font passed over France. Thituationled to a

698  prevailingwesterlyflow and suitable conditions for the BJ-09 flight over Southern Europ&wo shuttleflight

699 patterrs were carried out downwind of Marseille and Barceldteatures of interesturing this flight were the
700 transport of the Madrid and Barcelona outflows in stratified layers into the Mediterranean and the transport of
701 | forest fire emissions originating in Southern France and Porfligalis described in more &l in Sect.4.3:2.

702  Further details oall theflight tracksandshuttlesare given in the supplemerg9).

703 |
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717 | 3.7 Model predicted pollution transport patterns

718 | CAMS global modeldata (see 3 for the model descriptionjrexere usedhereto identify and characterise
719 | promine EWHate—eharaeteHstlpollutron transport patterns durrng the EMeRGe IOP over Eurws
720
721
722
723
724
725
726 | Figures8 to; 10 and1lshow composite average mapstéfhCAMS-globalforecass at 12 UTGerecastfor the

727 | EMeRGe flights to the NorthF{ight regiorreute 2: E-EU-05 and EEU-08) and to the South of Europ€&light

728 | regionseutesl and 3:E-EU-03, EEU-06, E-EU-07, and EEU-09; see Fig4 and Table3 for description).A

729 | division into southwards and northwards flights is meaningful, as pollttémsportpatterns during individual
730 | flights in the two subgroups mainly resemble each otBemparison of thEhe-medel-was-initialised-at-00
731 | UTC forthe forecastat12:00 UTC.The CO city tracer simulations at 500 and 925 hRae Fig. 8)

732 | indicakesindicatethatthe largest part othe anthropogenic MPC emissions remained close to the surface within
733 | the PBL. The emissions from the MPCs in the North (e.g. London, Regishre—expected-to-bfeequently

734 | transported eastwards due to the domineestsouthweserly winds (Figure 8, top left) Emissions-ta-contrast,

735 | emissiendrom MPCs South of the polar froriuch as Madridrather remained in the proximity of the emission
736 | sourcespread-in-all-directiondue tovariable weakwinds (Figure 8, bottom left)Emissions fromin the highly

737 | polluted Po Valleythe-emissionsvereoftentransported to the Northeast and lifted over the high mountains of
738 | the Alps(Figure 8, bottom right)

739 | During flights towards the SouthjgheHigher temperatures and dry conditions in Southern Eushpérg-the

740 | EMeRGelOFavoured Q production and smog eventsFhis-was-the-case-fflightsto-the Soutlof Europeas
741 | indicated-by-the-simulations-at-925-hPa-(Bige 10, bottom lef8-andFig-—11). These meteotogical conditions

742  supported the propagation of multiple and mostly intentipnatarted fires in the Mediterranean area.
743 | Averagdigure-9-shows—averagdire radiative power observed by MODIS (MODerate resolution Imaging
744 | Spectroradiometer, http://modfise.umd.edu/) and assimilated within CAMffobal over Europe in July 2018
745 | included intn the supplement $10). Frretarget—area{rre hot spots are visiblaround theMediteranean(e-g-,
746 i
747  Further evaluation of the CAMS simulations shows that CO emitted bydiimemd the Mediterraneanainly
748 | remainedat-altitudeshdow approximately 700 hPa. In contrast, @3ultingfrom the LRT of North American

nd in Portugal.

749 fire emissionswas observediround 506700 hPa over Europe. The average fields show that CO from North
750 | American fires wagxpected to benore pronounced during flights tbet North §eeFig. 910), thanto the South
751 | (seeFig.1011) with a maximumin the average fields over Great Britain.

752 | The stratospheric £tracer indicates that stratospheric intrusiorsrthe-flight-domain-during-the-campaign
753 | concurred withthe-LRT of North American fire emissions initially lofted by warm conveyor belts or deep

754 | convection.

755 | Atlantic-Dry air masses rich i®; werethentransported downwards to comparably low altitudes. In the average
756 | fields of stratospheric Ofor flights towards the North (see Fi§, bottoml0—lewer right), a—panel—the

757  stratospheric intrusion over Europe stretches broadly from Southern Greece and Southern Italy to the Northeast.
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The latter is associated with the @it low which developed on 20 July 2017 over UK atmiminated the
weather conditions over Europe for apgmately one weedtarted-to-move-eastwards-on-26-July 2017
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Figure 8: Coloured shadings ofomposite averages of CAM@obal city tracer forecasts of CO
(ppbv) at925 hPa (left) and 500 hPa (right) at®2t00 UTC for days of flights to the NorftE-EU-
05, EEU-08, top) and South(E-EU-03, EEU-06, EEU-07, EEU-09, bottom) of Europe. Black
contours show correspdimg averages of geopotential height (km) from the ECMMtEgrated
Forecasting System (IFS)
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775 Figure-10: Coloured shadingsf composite averages of CAM$obal forecasts at 12:00 UTiOr
776 flights to the North(E-EU-05, EEU-08). BB CO tracer (ppbv) from Europs 925(top left), and
777 from North Americaat 500 hPgtop right;}-at-925-hPa0; (ppbv) at 925 hPa (bottom left), and
778 stratospheric ozone tracer (ppbv) at 500 hPa (bottom right). Black contours show averages of
779 geopotential height (km) from ECMWIFS. Notethe different scalesThe BB tracer from North
780 America(top right)is shown on a larger mapan the other CAMS forecasts in this image.
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786

787 Thechemicalcomposition-andhe BB tracer from North America (top right) is shown on a larger map
788 thanextent-efphotochemical-activity-ahe other CAMS forecasts in this image.

789 | 4 Transport and transformation of pollution plumes air-masses-probediuring the EMeRGe IOP in
790 | Europe

791 | The EMeRGe campaign in Europe focusedasmedifferentforthe identification and measurement of plumes

792 | of pollution from selected MPCs, i.e. their emissions, transport and transformBtteRGe achieved its
793 measurement objectives by exploiting the unique capabilities of the HALO research platform to probe these

794 | plumes over a relatively large geographicaverage and by the use of forecasting models and tdbks.

795 | analysis and publication of EMeRGe results is expected to prawide insights into the transport and

796 | transformation of pollution plumes over Europe during IOP in July 2017n that respect,@neral findings are

797 | summarisedn the following sections

798 | 4.10bservations

799 EMeRGe provides a unique set ofsitu and remote sensing airborne measurements of trace gases and aerosol

800 | particles alondifferentflight routes andegions in the lower troposphere over Europe. The interpretation of the
801 | HALO measuremestduring the EMeRGe IOP in Europe facilitated by the use of collocated grotmased

802 | and satellite measuremeniis.that respect, EMeRGe enhances previous pollution studies in Europe by adding an

803 | extensive experimental data set in the PBhe composition of the sampled air masses is Iighriable
804 | throughout
805 | large geographical areas of heterogeneous topography,tkmdifferent solar insolation conditionasnd the
806
807 | this variability, average, median and gquartiles values of selected species measured during the EMeRGe flights
808 | are included in the suppleme®il).-of differenttypes

lé flights,which cover

pieximity toef pollution sourcesTo illustrate
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1 Pollution hotspotswere identified by using the spatial distribution of trace gases and aerosol particles

observed over the flight track#\ detailed analysis of the complexity of the air masses measured and the

variations encountered in individual flights is beyond the scopepresent work and will be presented in
dedicated publicationszigure 11 showsas an example th€O, NO, O;, CH,COCH;, CH, and the organic
aerosol mass concentrations measured during the EMeRGe flights ireBD@dotal reactive nitrogen (NQ

and its most reactive fornd¢O and NQ, are key species in the identification of anthropogenic pollufisrcan
be seen in Figll, the highest NO concentrations were found in the vicinity and downwind of major pollution

sources like London, the BNL/Ruhr regiand the Po ValleyThe Alps and Apennines on the ltalian Peninsula

lead tothe transporbf the Po Valley outflow southwards along the Italian Adriatic coast which is the geographic

opening of thePo Valley (Finardi et al., 2014)High NO concentrations are indicative ofe c e nfteshbo r fi

anthropogenic emissions. ThiO, lifetime of a few days enables a more reliable identification of aged @dllut

air massedurther out from the source regiodgaximum NQ values as large as 12 pplwot shown)were
measired over Europe Elevated CO and ccompanied byow NO, as measured in the proximi

Barcelona, indicatehat there has been a significant amoohiprocessing of the pollution plumes sampled.

Emission hofspots can be hardly identified the spatial distribution of 9as expected from its ndimear

secondary formationMaximum Q; mixing ratioswere generally observed at distance downwinadf MPCs

Organic aerosol has strong anthropogenic sources such as combustion (traffic, fossil fuel conmissiial

activity, BB), and showed similar behaviour to CO and NO, in that larger mass concentrations were closer in

time and space to MPCs such as London, Po Valley, and BNL. The lifetime of aerosol particles in thanPBL is

the order ofa few days,which explains the high variability observed. Additionally, aerosol particle

concentrationpresented strong gradient above the PBL ($ég.12).

1__ Signatures of urban sources of leinged greenhouse gases like £Hnd CQ were identified in the

airborne_measurements close to the MPC regions in Eufdpe.identification of plumes of GHG and the

quantification of the MPC contributions to thegional GHG budget are challenging. Tlisaused byhe long

lifetime of these gses which vields a wethixed and large atmospheric backgrouAd.can be seen in Fidl,

the highest and most distinctive Chhixing ratios in the PBL werencountered in the Po Valley (up to 2.4
m), downwind of London and across the BNL/Ruhr region (up to 2 ppm). Slightér mixing ratios were

detected downwind of Barcelona (up to 1.94 ppifle CH, mixing ratios were higher than the global mean

ground level mixing ratio of around 1.85 ppm for July 204f7/large downwind distances from the MP&hions

the CH, emissions are diluted and/or mixed with pollution from surrounding sources. Although the contribution

of BB emissions to total global anthropogenic J$ion the order of a few percent (Saunois et al., 2019) mixing

ratios of CH comparableto those in urban plumes were occasionally measured in BB events that strongly

influenced the local GHG distribution, as duringEB-07 (not shown). For the assignment of the GHG

enhancements to their source region, supporting model simulations and cemtgigmmeasurements of

shorterlived species with smaller background concentrations and thus better-tsidpaakground ratios are

therefore needed (Klausner, 2020).
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1 Large amounts of HONO detected in the moderately polluted upper boundary layer (several 100 ppt) and in

the lower free troposphere (several 10 ppt) often exceeded mixing ratios expected from kngliasgas

reactions as indicated by comparisons with model simulations. Potential mechanisms for the heterogeneous

HONO formation are explored using theoretical studies in combination with thghgas, aerosol compaosition

and radiation observation¥hese masurementsndicate that additional HONG likely formed by a suitef

different heterogeneous procesaethe residual layer and lower free troposphere, in agreement with many near

surface observations in the polluted environment. This additional HO@®contribute significantlyto the

oxidation capacity of these polluted air masses.

1 Elevated concentrations of pollutants weypically observed below the top of the BL and occasionally

after being transported over long distandgartain maps showing the latitudinal and vertical distributions of

selected speciesupported the classification thfe air masss especially in the lower 2000 m of the troposphere.

Differences observed North and South of the Alpseagesvident in Fig 12, showing a reasonable agreemient

the geospatiatlistribution ofthe cloud condensation nucléCCN) and CO which has been documentsda

nearly linear relationship within the PBL B®ohlker et al(2016, 2018)CO is a good tracer for relativelyeih

combustion (e.g. Andrea®019). The CO emitted by opdBB exceeds concentrations from anthropogenic

sources. Thus, the good agreement for CCN and CO in the lower troposphere for the peak concentrations (color

coded in red irFig. 12) implies BB to bethe source 0CCN. Elevated CO observations not related to increases

in CCN indicate aerosol removal by cloud processing (e.qg. Fig. 12 above 4000 m between 41 and 44°N) .

The vertical and latitudinal distribution of tH@CN number concentrationNgcn) showed a strong vertical

gradient. GenerallyNccy Washighest in and above the PBL, up to ~2000 m a.s.l.Ndag depend strongly on

the particular air mass, its photochemical history and the source of pollution as shownli?bFlg Northern
Europe,(50 to 55 °N),Nccy up to 1200 crif were measureih the London outflow over the North Sea and over
the BNL/Ruhr regionBelow 46 °N,Nccy often exceedd 1500 cn? above the MPC in the Po Valley, Rome,
Marseille and Barcelona, the highest concentrations being observed in the Po Maliieteresting observation
was thedistinct layer ofBB smoke measured above the PBL betwe8602and 3500 maltitude, close to
Marseille and Barcelona (40 to 42 °Njhe highNccy due to BB are episodic in nature, whereas the CCN
emissions from anthropogenic activity are produced daily with probably a weekend modulagowertical

profile in Fig 12b is a composite of all data bakearly shows that altitudes below 2000 m have the highest

Ncene Theincreased valuesetween 2000 and 4000 aneassociated with air masseghich eithercomefrom Po

Valley air being lifted up the Alpge.g. Diemoz et al. 2019a, b), itom BB events upwnd flowing into the

Mediterranean.
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910

911

912
913
914
915

E-EU-08 <2000 m 2000-4000 m >4000 m
species| mean med 25th 75t mean med 25th 75t mean med 25th 75t Unit
O3 43 45 37 49 51 53 49 55 64 63 56 73 ppbV
CO 98 96 92 102 90 91 85 93 94 93 92 96 ppbV
NO 407 225 155 450 138 77 60 108 109 102 82 131 pptV
NOy 3734 3039 2075 4018 1991 1302 720 1777 4619 3765 2652 5761 pptv
HONO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. pptv
NO, n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. pptV
*HCHO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. na. na. pptv
RO, 20 21 10 29 31 28 21 37 19 13 0 35 pptv
SO, 193 99 68 169 55 54 43 64 55 52 38 68 pptv
Nen 4514 3186 2066 4551 1041 790 582 1245 2900 1635 728 3935 cm?®
Np>250nm| 119.2 1115 61.1 161.1 18.2 12.3 6.2 21.8 7.7 4.4 2.3 9.2 cm?®
BCm 0.14 0.12 0.07 0.18 0.02 0.01 0.01 0.03 0.01 0.00 0.00 0.01 pg m*
BCn 71 68 42 92 10 8 4 13 4 3 2 6 cm®
OA 1.80 1.88 1.21 2.37 0.58 0.51 0.34 0.71 0.49 0.50 0.36 0.63 ug m?
NO3 1.21 0.96 0.60 1.68 0.10 0.07 0.05 0.11 0.07 0.06 0.05 0.08 ug m?3
S0 0.85 0.73 0.56 0.97 0.20 0.18 0.13 0.23 0.09 0.09 0.07 0.11 g m3
NH,* 0.80 0.65 0.46 1.08 0.16 0.13 0.10 0.19 n.a. n.a. n.a. n.a. g m*
Cl’ 0.09 0.08 0.05 0.12 0.03 0.02 0.01 0.03 0.03 0.03 0.02 0.03 g m?
C3HsO [ 1517 1543 1347 1705 1384 1404 1312 1495 1602 1614 1534 1707 pptV
CH;CN 94 95 80 106 130 126 113 140 130 131 116 147 pptV
CsHg 80 68 56 89 61 57 50 65 69 65 56 71 pptv
CeHe 64 63 47 78 33 29 25 36 30 27 24 38 pptV
C7Hg 45 35 25 55 29 24 18 33 22 19 17 24 pptV
*HCHO | 1234 1165 937 1461 642 637 538 733 411 407 290 496 pptV
CoH02 | na. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. pptV
C3HO2 | na n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a pptV
E-EU-06 <2000 m 2000-4000 m >4000 m
species| mean med 25t 75t mean med 25t 75t mean med 25t 75t Unit
O3 69 71 58 77 52 51 50 52 58 56 53 64 ppbV
CcO 111 113 94 125 78 77 73 81 77 78 70 82 ppbV
NO 189 123 84 205 71 56 47 66 483 42 23 136 pptV
NOy 3321 2542 1701 4104 737 581 465 939 2006 366 283 490 pptV
HONO 15 13 0 27 3 0 0 9 0 0 0 0 pptV
NO, 454 378 238 531 169 174 115 199 191 172 43 303 pptV
*HCHO | 1408 1219 996 1731 709 690 627 748 588 597 580 599 pptV
RO, 49 52 36 63 41 44 30 53 31 38 16 44 pptv
SO, 673 514 289 877 136 131 113 152 120 85 73 100 pptvV
Nen 6136 2943 2052 4823 1493 1291 1147 1496 914 803 603 1185 cm?®
Np>2sonm | 174.2 150 85.8 224.3 49 48.5 41.1 54.9 22.2 16.3 7 30.7 cm?
BCm 0.30 0.28 0.14 0.40 0.09 0.07 0.05 0.10 0.04 0.02 0.01 0.04 ug m*
BCn 127 127 65 176 34 33 28 39 11 7 4 18 cm?
OA 3.12 3.25 2.02 3.92 1.07 1.00 0.73 1.32 0.45 0.34 0.28 0.51 ug m*
NOj3 0.69 0.15 0.09 0.62 0.07 0.06 0.05 0.08 0.07 0.05 0.04 0.08 ug m?
S0~ 1.64 1.49 0.98 1.93 0.59 0.61 0.55 0.68 0.27 0.20 0.11 0.44 Hg m*
NH,* 0.82 0.67 0.46 1.04 0.28 0.29 0.24 0.32 0.17 0.17 0.09 0.22 ug m3
Cl’ 0.04 0.04 0.02 0.05 0.02 0.02 0.01 0.02 0.03 0.03 0.03 0.03 Hg m?
C3HsO | 2444 2434 1935 2937 1645 1656 1514 1799 1476 1452 1316 1605 pptV
CH3CN 140 131 115 152 129 131 118 138 135 132 123 145 pptV
CsHg 98 78 59 112 62 57 50 64 73 67 55 83 pptV
CeHs 109 94 56 152 36 34 25 41 32 30 22 37 pptV
C,Hg 57 42 25 77 35 25 22 51 32 30 26 37 pptV
*HCHO | 1843 1651 1088 2374 891 875 748 993 641 616 491 782 pptV
C,H,0, 220 192 132 276 182 103 49 260 101 63 8 111 pptV
C3H,O, [ 1496 1275 1075 1577 1351 790 574 1622 817 571 296 756 pptV
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4.2 |dentification , classificationand characteristicsof pollution plumes

Anthropogenicand biogenic signaturesere identified in the pollution plumeby usingenhancements in the

concentration of selected species, such as CQ, &@ VOCsmeasured ofvoard HALO. Measuredlarge

pollution plume eventwere initially categorised into a) anthropogenic pollutid®), b) biomass burning (BB),

c) mixed and dpiogenicplumes by usingenhancements @H;CN, GHg and GHg over184 ppt, 49 ppt and 85

ppt thresholds, respectivelyhese thresholds take into consideratlmee times the instrumental noiseer the

limit of detection (LOD) orthe individual atmospheric backgroumdlues Anthropogenic pollutecir masses

were _e.g. identified by the enhancementsCgfls and absence o€H;CN in contrast with theunpolluted

background aiin the absence of both chemical trac&snilarly, CH;CN enhanced plumes in the absence of
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943 | ¢ Figure 13 illustrates theresult of applying thigprocedureto the flight E-EU-08 on 26 July2017, which
944 | investigated the London and BNL/Ruhr MPC outfloisiseSect4.3).
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Figure 13 Time series for EEU-08 on the 26July 2017used for the categorisation of plumes based on VOC
measurements: altitude, wind direction, L, GHe and NQ as refinemenfThe wind direction(green line and
axis) is given as U/(U>+V?)-1 is east windE), +1 is west wind(W), values around zero have North or South
componentgN/S). South componentare marked with dark green coloititude (brown line, toppanel)is colour
coded in green durings8ls enhancements, ired during CHCN enhancements, in black duringHg enhancements
and in dark red during both, GEN and GHs enhancements. Additionally, bleelour-coded blank measurements of
CHZCN, GHs and GHg are given.In the bottom panel,ifal numbering of structures and plumes according to
concentration enhancements are shown for CO. Caloding indicates CECN enhancements (red), (s
enhancements (black), and both,{CN and GHe enhancementdfown).

91 ___ Anthropogenic polluted apresented igtinctive features in contragb background aim Europe These are

summarised as follows:

a) Maximum concentrations of trace gases and aerosol species of anthropogenic origin were typically
measured below 2000 during the EMeRGe IOP

As an exampleFig.14 showsmedianvertical distributiors of observedmajor primary and secondary VGC

observed-during-the-EMeRGe1OP-in—Europkonger lived VOCs weras expectedvell mixed in the

troposphere and those with anthropogenic sources showed higher variability and highest mixing ratios below

2000 m.Benzene (gHs) and toluene (@Hg) are primarily of anthropogenic origiHfCHO and acetaldehyde

(C,H,0) haveanthropogenic BB andignificant biogenic sources They are alsogenerated downwind by the

oxidation of transported VOC#n-contrastbenzene{gHq)and-toluene{(gHo)-areprimarily-of-anthropoegenic

origin-These species have a short lifetime as thep=disedquickly in the lower layers of the troposphere. As
a result, the concentratioadservedabove 2000 nwere closeto the LOD.instrumentalimit-of-detection The

same is true for isoprene ) and xylene (gH;g) which havdifetimesin the order ofomehours.

in
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Known-source®f glyoxal (GH,0,) and methylglyoxal (6H40,) which result fromare the oxidation ofCsHg

and BB.C,H,0, is also an oxidation product of acetylengHg) which is of anthropogenic origin C;H40, is
produced in th@xidation of CH;COCH;z, which isthought to have a dominahiogenicsource(Andreae, 2019;
Wennberg et al., 2018). Both gases are also formed during the oxidation of other VOCs, particularly alkenes,
aromatics, and monoterpenes (Myriokefalitakis et al., 2008; Fu et al., 2008; Taraborrelli et al., 2020) and are
present bottas primary or secondargollutantsduring BB events (e.g., Vrekoussis et al., 2009; Alvarado et al.,
2020).

Acetonitrile (CHCN) andacetone CH;COCH;) aretypically well mixed in the troposphere due to their longer

lifetimes, which arein the order of monthsThe increase of median GEN with altitude identifies the LRT of

BB emissions from North America and the local transport of BB events in Europe.
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Figure 1413: Variation of VOC versus altitudeneasured by the HKMS (labeled withand the miniDOASlabeled with *)
instrumens during EMeRGe over Europ8haded areas are the quartiles, solid lines represstianconcentrations.

During EMeRGe, HCHO was measured by theiim HKMS and the minRDOAS remote sensing instrument

(seeTable 2) Theseinstruments probed slightly different air masses due theirumsint characteristics (for

avergng kernel of the minDOAS instrument se811in the supplementanddid not operated at strictly the

same data rate and for the same tinf@s.example, unlike HKMS, miADOAS did not probe the polluted air
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masses during aircraft ascent and descent fdHnDespitedifferences in sampling volume, rate and time, the

instrument_specificaverage vertical distribution diCHO measuredn-board HALO by both instruments

illustratesin a similar mannethe differences in trace gas concentrations encountered in polluted and background
air during the EMeRGe I0Bsee Fig. 15Fhe-HCHOmixing-ratiosmeasuredy-the-insitt-PTRMS(HKMS)
and-the-remote-sensing-miniDOAS-instrumdntshe air masses classified pslluted the HCHOresultsfrom
direct emission anaxidation of VOC precursorsand is discernibly higher than the lower boundanfythe

measurementsThe HCHO in the less polluted or background air in Europe is then attributecbeto

predominantlyreleasedrom CH, oxidation.
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Figure 15. Vertical profiles of HCHO (miniDOAS left, HKMS right) fompure anthropogenicemissions (CgHg

enhancement in absence ©H,CN) and background airifi the absence ofsHs and CH;CN). Shaded areas are the
quartiles, solid lines represaemedianconcentrations.

The HCHO mixing ratios measureduring the I0OP in Europare consistentvith previousremote sensing

observations oveBouth East Asia (Burrows et al., 1999) addrth America in summetKluge et al., 2020;

Chance et al., 2000; Dufour et al., 2009; Boeke et al. 2011; De Smedt et al., 2015; Kaiser et al., 2015; Chan
Miller et d., 2017, and references thereiiipey are also in the same range as those measured in the Po Valley
(Heckel et al., 2005).

The HCHO mixing ratios observed in the PBL and middle troposphere during EMeRGe are somewhat lower
than all summethe North American mixing atios previously measurke(seeFig. 16). Theld)—TFhis—might-be

elated-to-thda hat-severadEMeRGe flight-tracksverecarried-o ar-from-em ospurcs—overthe North

and-the-Mediterranean-Seas-addition-the emissions of HCHO and its VOC precursors have been reported in

previous studies to be lower in Europe than in North America (e.g. Dufour et al., 2009; De Smedt et al., 2015).

However,as several EMeRGe flight tracks were carried out far from emission sources over the North and the

Mediterranean Seathis differencemight be related ta larger marine influence to th& masses analysed over

Europe
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Figure-19-As-inFig-18fora)the total aerosol number concentratibmstwo-differentsizeranges0-01-3-pm-and-0-253
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