
HAL Id: hal-03328740
https://hal.science/hal-03328740v1

Submitted on 30 Aug 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Measurements and modeling of atmospheric pollution
over the Paris area: an overview of the ESQUIF project
L. Menut, R. Vautard, C. Flamant, C. Abonnel, M. Beekmann, P. Chazette,

P.H. Flamant, D. Gombert, D. Guédalia, D. Kley, et al.

To cite this version:
L. Menut, R. Vautard, C. Flamant, C. Abonnel, M. Beekmann, et al.. Measurements and modeling of
atmospheric pollution over the Paris area: an overview of the ESQUIF project. [0] Notes des Activités
Instrumentales de l’IPSL. 01, IPSL. 2000. �hal-03328740�

https://hal.science/hal-03328740v1
https://hal.archives-ouvertes.fr


���������	��
���
������������������������������� �!�"���#��$%�"���&�'��
��(
����������)��+*,���������.-(-��/�0�1�2���.
3�0�14�$��/
3���(

��5�67�980�&:;��5�<>=?-(���&=��"@A��-��B�2$%C�����"���/$%�����	5	<>=?-����D=?-�E)�F�/<�G�
��.H�$%�
IKJML#NPO%NPQRN S O�TVUWUXT YZO\[ ]^J _a`cbedf`cghT

iDj�kWlnm3opj2qrm?j)k�iDjhsut�v+q\wropxzy\q{q{j2|}j2q\~W�Wspyf�D�fs

�����/�%���9�%�����\������������%�}�?�&�%���2�	���2���>���u�%�

�����¡ £¢#¤���¥��&¦#§# ¨�B¦#©ª�¬«#©¡��­,®�¦¡¯°«K±³²h§�¥�«A £´�µB��¤�®�¶
·�«K­�­,¢B§�®�«#¦¸«�¹K�&¤º§»µ#�¼·A�#¤�®� ½²c¤B�&�¿¾�²À¦ªÁ�¹K�&¤,¹K®��&Â «K±

§»µ#�¼Ã�ÄBÅ^Æ7Ç)È ·�¤»«KÉ���¶�§

�Ê�/
)$%��Ë�ÌÎÍ>Ï��»Ì�*9��$%���!��ÐnÍ/Ï)��Ì?Ñ�-(��@A��
���Ò!Ï)��Ì?6�Ó�=?
�
%�/-.ÔÕÏ��}Ì?Ö	����×2@A��
�
fÒ!Ï3�DÌ���G��!Ø����F�F��Ù?Ï
�{Ì�ÚBÌ�ÑD-.��@A��
3� Í Ï?:#Ì3Û�=?@BÓ�������Ü!Ï�:BÌ3Û�$'��/Ðf��-(�(��Ý!Ï?:#Ì�Þ»-���E2ßÕÏ3�}Ìà�DÌ?Ëá��âp��Ó�
)��� Ô Ï?Ö�Ì!Ër=?���F�/< Ô Ï
:BÌ\� �!�����.
%Ù!Ï\Û#Ì£�c���ã?���/Ò�Ïf�DÌf�D������=?��äzÏ\��Ì\�%�(<��!��Ð�Ò���
�Ð¿Û#Ì£år=?$%C£��
�<>�/ä
æèç�é>êìë"íîé"ï.ë�ðÎíìñ�ò�ñDóõôñèïÕôñ0ë"íöë�÷àëìø"ð.ñ,ù�ú"û!é"ü'ð(ý1þÿñ��������	�
���3íîé"û
�uñ�������ñèí��Fð��uñ�ò�� �¡ôñèíîë"û!ë"ü'ð.ñ��������	�
���3íîé"û
�uñ��
��ç�é>êìë"íîé"ï.ë�ðÎíìñ��uûÿï ñèíuþÕûzð��"ñèí��uð ï.é"ðÎíìñ»ò�ñ����ÿú��ìï��ñèü ñ����rï�ü�ë����
 rôñèíuð(ý1þÿñ��!�"���#�#�
���3íöé"û$�uñ��	%�ç)é>êìë"íîé�ï.ë"ðÎíìñ�ò�ñ��
�
�1ð.ñèû$�uñ��	ò"þ&��÷ ðÎü�é"ï�ñèïáò�ñ	÷'� (�û)�Fð íîë"ûzû?ñèü ñèûzï*�	�fë"ü	ü'ð��!�èé"íuð(é"ï��é�÷'� (�û?ñèí�ø"ð.ñ+�rï.ë"ü	ð(ý1þÿñ��	�����#�)���3íîé�û$�uñ��
, ç�é>êìë"íîé"ï.ë�ðÎíìñ�ò�� �¡ôñèíöë�÷àëìø"ð.ñ��-�����#�
.0/�ûzð��"ñèí��ìðÎï/ôñ21ré"þÕ÷3��é>êìé"ï�ð.ñèí����3íöé"û$�uñ���4����'�516�#���7�8�81áé"íèð9�����3íîé"û
�uñ��
: ó ô(<; ô(+=5.9�>�����2�?(5��1áé"íèð9�����3íöé"û$�uñ��A@0�)ë"í��B�� �þÕû�ø��DC�ñèûzï�íèþ/üFEHGþÕ÷ ð��� I�%ùJ.DK�L0M
LNK�EOGþz÷ ð*�� N��Prñèíèü�é"ûÿú

48.5 

48.6 

48.7 

48.8 

48.9 

49.0 

49.1 

49.2 

1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 

PARIS

Trappes

Rambouillet

Creteil

Montge en Goele

Palaiseau

Q	R>SUT
R8VXWUYZR\[5]�]�]X^`_ba5T$Rdc<egf



hji`kl�mZl�nJo3pOoJq'rsnutUl�mwvxrsoJl�m

�'�»Ð�=)<�$�@A�/
3� �/�F��-��+C����/@A�(��� 
�$�@������=�Ð%�/� ��=��F�/��Ð��/� 6�<>���(
)���)��/�&81
����F��$�@¡�/
�����-��/� Ð%�»-!y 81���2Ë9Ì
�'�/�+��=��F�/�»<>=?
�<>���"
%�/
3�»-!y �/
��F�/@BÓf-��KÐ%�/�+��<>����
2������/��Ð%�¡-'y 80
��F������$��Iz&:Ê���
��/-(=�C�C��/@¡�/
3���B�(
��F�F�"$�@¡�/
�����$A{ ���
@������G%=2Ð%=?-�=�ã?�.H�$%�/�/Ïf<���@¡Cf�!ã?
%�/��Ð%�»@¡�/��$����/� <>=)=���Ð%=?
�
'����/�&��� ��{)C�����"���/
�<>�/�&Ð��+�F���������(
nÌ

Ër�+Óf$%� Ð%�»<>�/���&=��F�/���/�F�&Ð%=?$�Óf-��$z
| :���}n$��F���'���!Cf�.Ð%�/@¡�/
��	-��/�	�)��/��$�-����!���'=�Ó��F�/
)$���~�#-'y 81
f�F������$%�9
����"�'-.��<>=?@A@#$�
���$%�)��+��<����/
����*�fH)$%��C���=2<�G%�Ð��»-'yà�(
��F�F�"$�@¡�/
����!����=?
P�/
 @���������=���=?-�=�ã?����Ï�H)$%��<>���F=?�(� �/
ÊÑ%����
�<>�B=?$b~�A-'y1����F����
�ã����/Ï
| ��=?
��F������$%����Ð%�/� Ð%=2<�$�@¡�/
���� Ð%�+�2���â/������/
�<>�KH�$��n
��»�F=?
3�&Cf��� �F=?$)�F=?$%��� ��=?$�@A�(��C�=?$%� Cf$�Óf-(�(<��!����=?
áÌ
�'�/�&�&=��F�/��C��/$%
��/
3� Ð�=?
�<�C����/
�Ð����+��$�������Óf�(�/
 -(�Kâ =��"@¡��Ð%�»��=��F�/�&��<��(�/
3���*�£H�$%�/� H)$%�»�F�/<"G�
��(H)$%�/��Ì
ËUyà��<>��$���-(���)��+Ð%�/�'�&=��F�/��Ï�
)$�@������=?��~�BCf�!�������F���&��� <>=?@A���)��+Ð5yè��/Ð�������=?
P�F=?
��'<>=?
f��$�-����!Óf-(�/��~�#-'yà��Ð%���/�������(
��F���F�

%��� ��$���
!��
3�F�$z

���?�6���������H�?�$�O���5�	�!�3���Z�?���>�����H�$�
�3�s���6���������H�
�������Z���8� �)�� Z¡��

Û ������!��Ð£¢¥¤¦3§�¨©¦ Ï
:������/<>�F�/$%��Ð%�»-'y 80�'�2Ë

81
f�F������$%� �	���������>�1�2�.@¡=?
WËr�!Cf-(��<>�
��
���
������������������������������� �!�"���#��$%�"��� ��
���
�������������+*,���������(-(-(�/�&�2���(
���4�$%�/
����(

Ö«ªI¬Z­¡��å�ªN®#�	52® �'=?-.-7~��ã��»*9��$%Óf��

¯ Ï�C£-(��<>�±°?$f�������/$ ¯?² Ï�Ó�=?$�-(��
ÿ�!��ÐW*9��$�Óf��

² ®$­$®$­X���!���(���'�/Ð���{³¬Z® ²
´ ¬ ¯?² Û�$%E?��
�<>=?$%�����'�/Ð%��{



Measurementsand Modeling of Atmospheric Pollution over the
Paris Ar ea:An Overview of the ESQUIF Project

Menut L. µ , R. Vautard µ , C. Flamant ¶ , C. Abonnel· , M. Beekmann¶ , P. Chazettȩ , P. H. Flamant µ , D. Gombert ¹ ,
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Abstract. The ”Étudeet Simulationde la QUalité de l’air
en Ile de France” (ESQUIF) project is the first integrated
project dedicatedto the study of the processesleading to
air pollution events over the Paris area.The project was
carriedout over two years(summer1998to winter 2000)to
documentall typesof meteorologicalconditionsfavourable
to air quality degradation,andin particularto photooxydant
formation. The goals of ESQUIF are (i) to improve our
understandingof the relevant chemical and dynamical
processesand, in turn, improve their parameterizationsin
numericalmodels,and(ii) to improve andvalidateexisting
models dedicatedto pollution analysis, scenariosand/or
forecasting,by establishinga comprehensive and thorough
database.In this paper, we presentthe rationaleof the ES-
QUIF projectandwe describethe experimentalset-up.We
alsoreporton the first experimentswhich took placeduring
the summerof 1998 involving surface networks, remote
sensinginstrumentsas well as several aircraft. Focusing
on threedaysof August1998,the relative contributionsof
long-rangetransportedand locally-producedozone to the
elevated ozoneconcentrationsobserved during this period
are discussedand chemistry-transportmodel preliminary
resultson this periodarecomparedto measurements.

Key words. Field experiment, urban pollution, ozone
episode,aircraftmeasurements

1 Rationaleand objectivesof the ESQUIF project

As in many big cities throughoutthe world, pollution levels
in the Paris areadue to concentratedactivity have become
a majorhealthissue.Currentpredictive capabilitiesmustbe
Å
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stitut P.S. Laplace,Ecole Polytechnique,91128PalaiseauCedex,
France
Sendoffprint requeststo: MenutL.

improvedto enablepolicy makersto reachbalanceddecisions
onemissionreductionstrategies.Thisrequiresathoroughun-
derstandingof theprocessesandfactorsaffectingtheforma-
tion of pollutantsandtheir concentrations.

Air quality over Paris is continuouslysurveyedby a ded-
icatedsurfacenetwork carrying out measurementsof criti-
cal pollutantconcentrations(AIRPARIF). However, surface
measurementsarenot sufficient to fully understandthe pol-
lutantsdynamicsand chemistry. Also, unlike cities as Los
Angeles(McElroy, 1993),Athens(Ziomas,1998),Mexico-
City (Doran et al, 1998) where the local dynamical pro-
cessesaredominantdueto mountainbarriers,and land-sea
breezeregimes,the Paris agglomerationhasa ratherflat to-
pographyand is thus also strongly influencedby synoptic
andlocal-scalemeteorologicalconditions.Moreover, photo-
chemicalpollution in this areais actuallyboth due to pho-
tooxydantbuild-up from local emissionsand to large-scale
transportof ozone(asstudiedover Bostonduring the North
Atlantic Regional Experiment,Fast and Berkowitz, 1996)
formed over other areasof Europe.The determinationof
their respective role, as well as several other scientific is-
sues,requiresa specific researchproject where numerical
modeling and measurementcampaignsare simultaneously
performed.During the last decade,several campaignshave
beencarriedout to studyphotochemicalpollution at the re-
gionalscale.POLLUMET (PollutionandMeteorology)was
carried out in Switzerland(1992-1994)and illustrated the
influenceof the Milan ozoneplume (Prévôt et al., 1997).
BERLIOZ (Berlin Ozone)(Volz-Thomaset al., 2000;Rap-
pengluecket al., 2000) was designedto study the chemi-
cal reactionstaking placein the plumeof the city of Berlin
(1998).LOOP-PIPAPO (Limitation of oxidantsproduction)
focussedon chemicalregimesin the Po valley, over Milan
(Neftel,1999).

ESQUIF (“ Étudeet Simulationde la QUalité de l’air en
Ile deFrance”,a Frenchacronym for “Air quality studyand
modelingover the Paris area”) is sucha researchinitiative.
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It is thefirst importantprojectdedicatedto thestudyof pol-
lution in this area.The particular interestof the Paris area
stemsfrom its geographicalsituation: It is a large city lo-
catedfar from otherpopulatedareasby about200 km. It is
thereforein principleeasierthanfor othereuropeancities to
distinguishthe air masseschargedwith locally-emittedpol-
lutantsfrom thosechargedwith pollutantsemittedin remote
areas.This shouldallow one to distinguishbetweenerrors
comingfrom boundaryconditionsandfrom modelparame-
terizationsin regionalmodelsimulations.Anothergeograph-
ical interestof theParisareais its low topography, which in
the absenceof local forcing makesthe modelingof the ac-
cumulation/dispersionof pollutantsmorecomplex (Lossec,
1992;Dupontet al., 1999).More specifically, the ESQUIF
projectfocusesonseveralresearchissues,themostimportant
oneslistedhere:

Ç Thethermodynamicsof theboundarylayerin andarounda
big city: Themainquestionsare(a) therole of thevertical
structureof the boundarylayer and the turbulent mixing
processesduringpollutionepisodes,and(b) whethermod-
els areable to simulatethe air flow, its vertical structure
andthe surfacefluxesencounteredduring low dispersion
episodes,and,if not, how to improve thevariousparame-
terizationsusedwithin themodels,Ç The photochemistryof pollutants: the focus here is es-
sentiallyon processesmodifying the radiative fluxesand
therebyphotolysisrates(clouds,aerosols,total ozonecol-
umn),Ç The transport of pollutants at the interface of the ur-
ban/regionalandthecontinentalscale:wewill evaluatethe
concentrationof ozoneandits precursorsbothat theinflow
boundariesof thedomainandin thecity plume,Ç The physical and chemicalevolution of urban and sub-
urban aerosolsand their representationin air quality
chemistry-transportmodels.

Theseresearchissuesaim at giving someanswersfor
the following environmentalissues:(i) The origin of ozone
episodesin theParisarea,includingthedeterminationof the
relative role of local emissionsandlarge-scaletransport,(ii)
The influenceof the city areaon neighbouringregions, in-
cluding the studyof the pollutantsin the plume,their aging
andthehorizontalandverticalextentof this plume,(iii) The
determinationof the photochemicalregimes(NOÈ or VOC
limited) and their spatialdistribution, and (iv) The evalua-
tion of existingemissioninventoriesusingmeasurementsac-
quiredduringthecampaign.

Theprojecthasbeeninitiatedjointly by theInstitutPierre
SimonLaplace(IPSL)andtheLaboratoireInter-universitaire
desSyst̀emesAtmosph́eriques(LISA), andthepartnershipis
extendedto theLaboratoired’A érologie,theForschungZen-
trum of Jülich, AIRPARIF (the local air-quality monitoring
network) and Mét́eo-France(seeTable 1). The project ex-
tendedover two years(July 1998- January2000).

The measurementcampaignstartedduring the summer
of 1998, and ending during the winter of 1999-2000:Ten
episodesof 1-5 days were documented,denotedhereafter
the ESQUIF IOPs, (Intensive Observation Periods).These
IOP days were selectedon the basisof weatherforecasts
favourableto degradationof air quality. Table2 lists themain

Table 2. Overview of the ten IOPsof ESQUIF from1998to 2000.
The’airmass’ is specifiedin order to check its continentalor mar-
itim origin (with ’st.’ for stagnation). TÉDÊ0Ë!Ì and OÍ correspond
to maximalsurfacetemperature andozoneconcentrations,respec-
tively, observedover the Paris city during the diurnal day. Some
additional remarksare displayedon themeanmeteorological con-
ditionsobservedover each wholeIOP.

IOP Dates Airmass Remarks
(wholeIOP)

1 25/07/1998 Continental Mostly cloudyby
26/07/1998 1-2daysst. mediumandhighclouds

stagnation nowind
2 6/08/1998 Continental Clearsky

7/08/1998 2-4daysst. Hot temperature
8/08/1998 Light winds
9/08/1998

10/08/1998
11/08/1998
12/08/1998

3 16/06/1999 Continental Overcastafter12UT.
17/06/1999 3-4daysst. Wind (NE) Î 3 m/s

4 25/06/1999 Continental Clearsky
26/06/1999 3-4daysst. Wind (E) Ï 5 m/s

5 1/07/1999 Maritime Clearsky
2/07/1999 Wind (SE) Ï 4 m/s

6 16/07/1999 Maritime Clearsky
17/07/1999 thenstagnant
18/07/1999

7 24/07/1999 Continental Parisplumetracking
25/07/1999 2-3daysst. in Brittany. Windy

8 28/07/1999 Continental Light wind
29/07/1999 3-4daysst. Î 2 m/s
30/07/1999
31/07/1999

9 07/10/1999 Continental Anticyclonicsituation
08/10/1999 2-3daysst. NOÐ NOÑ

experiment
10 26/01/2000 Continental High NOÒ concentrations

27/01/2000 Plumeto Westof Paris
28/01/2000

characteristicsof the meteorologicalsituationsencountered
duringtheseIOPs.

Following theESQUIF objectives,thecampaignincluded
aircraftandground-basedmeasurements.Variousflight plans
weredefined:flightsto documentspatialozonedistributionin
loopsaroundthecity atvariousdistancesfrom thecenter, the
“city plume”flights to follow theurbanplume,the“chemical
regimes” flights occuringat constantlatitudeover the Paris
area,andthe“regular” flightsperformedto obtainaclimatol-
ogy of long-livedtracegasspeciesaroundtheParisarea.

Thepaperisorganizedasfollows:in Section2,wepresent
the main definedexperimentsandthe experimentalstrategy
designedto addressthe scientificgoalsin the framework of
ESQUIF. Theinstrumentalset-upis alsobriefly discussed.In
Section3, the modelsto be usedin the framework of ES-
QUIF arebriefly described.Section4 is devotedto the de-
scriptionof the meteorologicalconditionsandexperimental
set-upduringthetwo IOP’sperformedduringthesummerof
1998andto reportonresultsobtainedduringthesecondIOP.
Chemistry-transportmodel resultsare presentedand com-
paredto measurementsin Section5. In Section6 we discuss
theperspectivesof furtherwork within theESQUIF project.
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Table1. List of institutesandpeopleinvolvedin theESQUIF experiment.

Institute, acronym and affiliation Peoplesinvolvedin ESQUIF (in alphabeticalorder)
AIRPARIF (Parisianpollution network) E.Gilibert,D.Gombert
Laboratoire Inter-Universitaire des Syst̀emes Atmo-
sph́eriques(LISA) - Univ. ParisXIII IPSL/CNRS

S.Alfaro, B.Aumont, G.Bergametti, C.Boissard, F.Brocheton,
B.Chatenet,A.Dutot, A.Gaudichet,L. Gomes,C.Jambert,M.Maille,
T.Marion,F.Millard, P.Perros,G.Toupance

Laboratoire des Sciences du Climat et de
l’Environnement(LSCE) - Commissariatà l’ énergie
atomique/IPSL,Saclay

B.Bonsang,P.Bousquet,H.Cachier, P.Chamaret,P.Chazette,P.Ciais,A.
Foucras,D.Martin,P. Moral, C.Morfopoulos,D.Picard,M.Ramonet,R.
Sarda,M.Touaty, P. Vaillant,C. Valant

Laboratoire de Mét́eorologie Dynamique (LMD) -
IPSL/CNRS-Paris& Palaiseau

H.Chepfer, P.Delville, P.Drobinski,P.H.Flamant,C.Honoŕe,F.Hourdin,
C.Loth,L.Menut,J.Roux,R.Vautard

Mét́eo-France(FrenchWeatherService) C.Abonnel, H.Bellec, D.Bernard, R.Caillou, M.Charpentier,
G.Duverneuil, F.Goyon, J.C.Etienne, M.Laurens, M.P.Lefebvre,
B.Lossec,M.Morera,M.Payen,V.H. Peuch,F.Pouvesle

Serviced’Aéronomie(SA) IPSL/CNRS- Paris O.Antivilo, G.Ancellet,M.Beekmann,C.Flamant,P.Genau,G.Mégie,
J.Pelon,M.Pinharanda,J.P.Pommereau

Laboratoired’AérologieCNRS- Toulouse D.Gúedalia,R.Rosset
ForschungszentrumJülich, D-52425Jülich, Germany D.Kley andMETAIR

2 Overview of the experimental strategy and set-up

2.1 IOP organizationandforecast

In order to trigger IOPs,several modelsandmodeloutputs
were used(seedescriptionbelow). First, we usedweather
forecastsissued at Mét́eo-Franceand comparedthem to
the EuropeanCentrefor Medium-RangeWeatherForecasts
(ECMWF) and National Centers for Environmental Pre-
diction (NCEP) forecasts.When favourableweathercondi-
tions were forecastedandwhen the forecastbecamestable
(typically 2-3 daysbeforethe experiment),we checked the
chemistry-transportforecastmodelCHIMERE(Menutetal.,
2000). This model is forced either by ECMWF or Mét́eo-
Francemeteorologicalvariables(wind, temperature,humid-
ity, cloudiness)andforecastspollutantfields(ozonein partic-
ular) which wereusedto triggeranIOP. A particularempha-
siswasput on thenatureof theepisode(local-scaleor large-
scale).Theavailability of airplanesandinstrumentswasalso
taken into accountin the designof the experiment(a com-
pletelist of instrumentsis displayedin theTable3). Finally,
the IOPswerechosento be meteorologicallyasdifferentas
possiblein order to collect a large rangeof situations(e.g.
continentalair, maritimeair, hot weather, stagnationcondi-
tions).

2.2 Aircraft measurements

Five aircraft (two PiperAZTECs,a MERLIN IV, theFokker
27 “ARAT” anda DIMONA) wereusedto looparoundParis
at various distancesand to collect measurementsof CO,
NO,NOÓ , OÔ andNMVOC’s(Non-MethaneVolatileOrganic
Compounds)aswell asstandardmeteorologicalparameters.
The flight plansmay be definedas (1) ’ local and regional’
flights(Figure1), (2) ’meso-scale’flights(Figure2), (3) ’ded-
icated’ flights (urbanplumeandchemicalregimes)and (4)
the ’regular’ flights, devotedto theCOÓ climatology, asfol-
lows:

2.2.1 The’local and regional’ flights In order to studythe
local andregionalpollutantsconcentrationsaroundtheParis
agglomeration,threemajorsflight patternsweredesignedas
loopsaroundthecity (Figure1):
Õ ‘Urban’ flights, madeabove the Paris “ring” (limit of the

Paris city) at 500, 1000 and 1500 m AGL, aim at char-
acterizingpollutantconcentrationabove the mainsources
(traffic, industry).Õ ‘Suburban’ flights, madeat a distanceof 20 km from the
centerof Paris, weredesignedto documentthe chemical
compoundsconcentrationsat theborderof theurbanarea.
In addition,theseflights will alsobeusedfor determining
thegradientof concentrationsbetweenupwindanddown-
wind thecity, in orderto helpevaluatingemissioninvento-
ries.Õ The‘Ile deFrance’flights (from now called’IdF’ flights),
madeat adistanceof 50 km from thecenterof Paris,were
alsodesignedto explore theverticaldistribution of pollu-
tantsby meansof soundingsat 4 pointsin eachdirection
from the city, and to characterizepollution at rural sites
closeto thecity.

2.2.2 The ’meso-scale’ flights The ‘meso-scale’ flights
(from hereincalled ’Meso’ flights) weredesignedto docu-
mentpollutantconcentrationfields(ozone,in particular)at a
distanceof 150km from thecenterof Paris(Figure2). These
flights wereperformedwith the MERLIN aircraft (Table4)
and the flights were done from one to two times per IOP
(dependingon the meteorologicalsituation).These’Meso’
flights,alongwith the‘IdF’ flights,areto beusedto provide
boundarycounditionsfor regionalair quality models,andto
understandthetransportof pollutantsat theregionalscale.

2.2.3 The ’dedicated’flights The ’dedicated’flights were
designedto provide a databaseon thewholeParisarea(130
x 120 km). Thesedataincludeozone,nitrogencompounds
(NO, NOÓ , NOÖ , HNOÔ , PAN) andNMHCs (CÓ - C× ) mea-
suredby the ARAT aircraft (Table4) in the boundarylayer
using a regular trajectory (5 legs of 130 km separatedby
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Table 3. Descriptionof thegroundmeasurementsdeployedduring theESQUIF experiments.Ù , Ú , Û#Ü , Ý , Þ , ß and à designatepressure,
temperature, relativehumidity, zonalandmeridiencomponentsof thewind, specifichumidityandaltitude, respectively. Oá , CO, etc...refer
to concentrationsfor ozone, carbonmonoxyde, etc...The( â ) and ( ã ) symbolsreferred to the instrumentsin theLSCE“MAS” (for Mobile
AerosolStation)andLISA“MILEA GE” mobilestations,respectively.

Measurements Instruments Site Measurements
Dynamics Lidar Palaiseau ABL depth,entrainmentzonedepth

Soundings Trappes Pä , T ä , RHä , U ä , V ä , qä
Surfacenetwork IdF PåDæ , T åDæ , RHåDæ , U çéè7æ V çéè7æ
Sensorsâ Paris,Saclay T åDæ , RHåDæ
Station Créteil T åDè7æ , RHåDè7æ , uåDè7æ ,v åDè7æ

Aerosol Lidar Palaiseau Aerosolopticaldepth,extinction coefficient
Lidar Paris Aerosolopticaldepth,extinction coefficient
Nephelometerâ Paris,Saclay Aerosolscatteringcoefficient
Aethalometerâ Paris,Saclay Surfaceblackcarbonconcentration
Aerosolsamplingline â Paris,Saclay Chemicalapportionment
Particulecounterâ Paris,Saclay Aerosolsizedistribution( ê : 0 ë 3ì m)
Diffusionbatteryâ Paris,Saclay Aerosolsizedistribution( ê : 7nm ë 0.2ì m)
TEOM balanceâ Paris,Saclay PM1or PM10Aerosolmassconcentration
J(NOå ) Paris NOå photolysisfrequencies
TEOM balance Créteil PM1or PM10Aerosolmassconcentration
Cascadimpactor Créteil Aerosolmasssizedistribution(0.03to 10ì m)

Chemistry SANOA Paris Oá , NOå , NO, SOå , VOC’s
SAOZ Verrieres Oá
Surfacenetwork IdF Oá , NOå , NO, SOå , CO,PM çéè
Photometers Paris,Palaiseau Opticalthickness,Angstr̈omexponent

Saclay, Créteil sizedistribution
Analyzersã Créteil Oá , NOå , NO, PAN, NMVOC’s

30 km). The aim of the chemicalregimesexperimentis to
build a mapof theareasurroundingPariswith respectto the
NOí andVOC sensitivity regimesundermeteorologicalsit-
uationstypicalof highpollutantlevels.This is doneusingin-
dicatorspecies(Milford et al., 1994;Sillman,1995)suchas
O3/NOî , O3/NOï andOð /HNOð . SomeotherARAT flights
weredesignedto studytheurbanplume:perpendicularflight
legsto themeanwind directionwereperformedandgavepol-
lutantsgradientsin andaroundthecity plume.

In the samemanner, chemicalregimes will be studied
using the DIMONA flights (Lehning et al, 1998).The DI-
MONA aircraft (seeTable4 for measurements)circumnavi-
gatedthecity of Paris,well insidethemixing layer, at a dis-
tanceof about30 km from thecity center. Designedaccord-
ing to a trifold strategy, thefirst objectivewasto obtainmea-
surementsof the VOC/NOí concentrationratios at a point
closein time to theemissions.A shortextrapolationto zero
time will bemadeusingtheconceptof chemicalage(where
the ChemicalAge (CA) is the time integratedOH concen-
tration from emissionto the time of measurement,accord-
ing to ln(NOî )/(NOí ) = k (OH)dt = k CA, wherek is the
rate coefficient of oxidation of NOñ to HNOð .). Here, the
fact is usedthat emissionsof the oxidesof nitrogenare to
a largeextentin theform of NO. Photochemicalequilibrium
betweenNO andNOñ is rapidly establishedwithin 1-2 min-
utesandthe consecutive oxidationof NOñ to HNOð by OH
occurswith aknown ratecoefficient.ThenCA canbederived
from themeasuredratio of NOî to NOí concentrations.The
secondobjective wasto experimentallydetermineintegrated
NOí andVOC emissionratesover the Paris area. This can
be done,oncethe chemicalagehasbeendetermined,from
quasi-continuousNOí andVOCmeasurementsalongthecir-
cumferentialflight track.As anadditionalparameterthemix-

ing layerheightmustbeknown. Thethird objectivecentered
aroundtheconceptof oxidantOí (Oð +NOñ ). Frommeasure-
mentsof Oí on the circumferenceandusing3D wind field
informations(measurementsandmodel), it will be possible
to derive the oxidant formation rate within the city and its
export to theregion.

2.2.4 The ’regular’ flights Regional aircraft soundingsin
the vicinity of Orleans(48ò N 1ò E, 150 km Southof Paris)
have beencarriedout sinceApril 1996,and since1999 as
partof theESQUIF project.Theobjective of theseflights is
twofold : (1) to establisha climatology of long-lived trace
gasspecieswhich areradiatively active (COñ , CHó ) or inter-
venein the oxidyzingcapacityof the atmosphere(CO, Non
MethaneHydrocarbons),and(2) to establishboundarycon-
ditions of continental“background”rural concentrationsof
CO andNon MethaneHydrocarbons(NMHCs) beforetheir
horizontal transportover the Paris Area. This is especially
importantin thecaseof NMHCs which intervenein thefor-
mationanddestructionof ozonein pollutedair, andcanbe
emittedby vegetatedareasoutsideof theurbanarea.Thefre-
quency of the regional flights wasbiweekly andthe sound-
ingsweretakenapproximatelyatmid-day, between50m and
3000 m. The total flight time was on the order of 4 hours
andtheprofile itself tookabout1 hour. Pressure,air tempera-
tureandrelativehumidityweremeasuredroutinelyalongthe
profile. Pyrex glassflasksweresampledin pair at 7 differ-
entverticallevels(from 100to 3000m)(Francey etal., 1996,
Groset al., 1998,Touaty, 1999).

Thetimeseriesof COverticalprofilesoverOrleansshows
a well definedseasonalcycle within the free troposphere,
with a maximum of 190 ppb in December-Januaryand a
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Table4. Descriptionof theflightsmeasurementsdeployedduring theESQUIF experiments.

Compound Detection Detection Resolution
& aircraft Technique Limit Time (sec)
ARAT INSU
O3 UV absorption 1 ppb 1
NO Chimiluminescence 20ppt 30
NO2 UV photolysis+ Chimiluminescence 20ppt 30
NOy Au-COconvertor+ Chimiluminescence 20ppt 60
HNO3 Nylon filter+ Au-CO convertor+ Chimiluminescence 20ppt 60
PAN GasChromatographyECD 15ppt 300
CO GazIR filter correlation 50ppt 30
NMVOC’s OnboardGaschromatograph(C2 - C4)
BlackCarbon Aethalometer 200ng/m3 15
DIMONA
O3 UV absorption 1 ppb 1
NO Converter+ Chimiluminescence(Luminol) 0.5ppb 10
NO2 Chimiluminescence(Luminol) 0.5ppb 10
NOy Converter+ Chimiluminescence(Luminol) 0.5ppb 10
HNO3 Converter+ Chimiluminescence(Luminol) 0.5ppb 10
PAN Converter+ Chimiluminescence(Luminol) 0.5ppb 10
CO IR absorption
NMVOC’s In situGaschromatography(C4 - C10)
MERLINIV Mét́eo-France
O3 UV absorption 2 ppb 7
NO Chimiluminescence 100ppt 30
NOy Mo convertor+ Chimiluminescence 150ppt 30
CO GazIR filter correlation 50ppt 30
AZTECMét́eo-France
O3 UV absorption 2 ppb 5
NO Chimiluminescence 1 ppb 50
NOy Mo convertor+ Chimiluminescence 1 ppb 50
CO GlassCanisters+ Gaschromatography
NMVOC’s GlassCanisters+ Gaschromatography( C2- C7)
CO2, ôIõéö C, ô�õé÷7ø O Gaschromatography+ massspectroscopy
AZTECCEA-LSCE
O3 UV absorption 2 ppb 7
NO2 Luminol Chimiluminescence 100ppt 1
CO GazIR filter correlation 75ppb 30
CO inox flasks+ Gaschromatography
NMVOC’s inox flasks+ Gaschromatography( C2 - C7)
BlackCarbon Aethalometer 200ng/m3 15
COù pyrex flasks+ IR absorption
CHú pyrex flasks+ Gaschromatography

minimum of 90 ppb in June-July-August.Free-tropospheric
air is representative of WesternEuropeancontinentalback-
groundair, whereindustrialactivities,heatingandtransporta-
tion emit CO throughoutthe yearwhile CO is destroyedby
OH radicalsduring the summer. There is also a well de-
finedseasonalcyclewithin theAtmosphericBoundaryLayer
(ABL), althoughthe variability of local sourcesandof their
mixing within the air columnduring the sameday doesnot
allow the sporadicprofilesto definea real “climatology” of
CO neartheground.Largeaccumulationsof CO (up to 350
ppb)below 1000m arediscernablein winter. In summerthe
CO gradientsbetweenthesurfaceandthe troposphereis re-
duced,likely due to to vigorousmixing anddilution of the
surfacesourcesinto theupperlayers.

2.2.5 Ozoneanalyzer comparisonsBecauseozone is the
key compoundof thecampaign,differentanalyzerswereused
duringtheESQUIF experiment.Thus,it wasnecessaryto in-

tercompareandcalibratethemin orderto constructa homo-
geneousdatabase.The intercomparisonwasperformeddur-
ing the watch period on July, 27 1999 (betweenIOP7 and
IOP8).Two kindsof comparisonshavebeencarriedout.The
first concernedthe comparisonin a laboratory(LSCE) and
thesecondwasanin-flight comparison.Laboratorycompar-
isonsweremadebetweenthe ’ThermoElectron’ozoneana-
lyzers(ARAT aircraft,LISA andLSCE/CEAmobilestations,
seeTables3 and4) anda ThermoElectroncalibrator49PS
analyzer. It wasfoundthat the instrumentshadlessthan5%
calibrationdifference.The in-flight comparisons(MERLIN,
Aztec LSCE and Aztec Mét́eo-France)were performedon
July 29, 1999,at two different altitudes(150m and 900m)
when the aircraft flew on patrol. The detaileddataare still
beingprocessed.
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Fig. 1. Theflightsplansover theParis area (thecity of Paris is lo-
catedat thecenterof themap).Thesymbols,’squares’and’cir cles’,
indicatetheMét́eo-FranceandAIRPARIFsurfacestations(bottom),
respectively. Typical flight patternsfor ’Urban’ (bottom),’Subur-
ban’ (top and bottom), ’IdF’ (top and bottom) and ’meso’ (top)
flightsaregivenbytheinnersolid line, dottedline anddashedlines.
Thecity namesindicatelocationsof the main IOPs measurements
on theregional Figure (bottom).

2.3 Ground-basedmeasurements

2.3.1 Network measurementsThe AIRPARIF air quality
network consistsof morethan70automaticstationsperform-
ing continuoussurfacemeasurementsof Oü , NO, NOý , SOý ,
COandPMþ'ÿ concentrations(denotedassmallcirclesin Fig-
ure1 at threetypesof locations:urban-polluted,urbanback-
groundandrural.).TheMét́eo-Francemeteorologicalsurface
network performshourly measurementsof temperature,rel-
ative humidity andpressure(hPa) at 2 m above groundlevel
(AGL), alongwith thewind speedanddirectionat10m AGL
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Fig. 2. A typical meso-scaleflight pattern.As on the Figure 1, the
city of Paris is at the centerof the map.Valuesdisplayedon the
Figure indicateozonemeasurements(ppb)performedby theMER-
LIN aircraft on the 9A98 (0451-0826UTC, 900m).Black vectors
indicate the wind speedand direction along the flight trajectory,
andgrayvectors indicatethewindfieldmodelledwith theARPEGE
model.

(smallsquaresontheFigure1).As afirst step,thosemeasure-
mentsareusedfor modelvalidation(seeSection5).

2.3.2 Chemicaland aerosolsmeasurements In addition to
aircraft and air quality network measurements,several
ground-basedinstrumentswereoperatedduringtheESQUIF
IOPs,andfor someof them,duringthewholesummer.

In the centerof Paris, high frequency (2Hz) measure-
mentsof O� , NO, NO� , SO� , HNO� and Volatile Organic
Compounds(VOC’s) concentrationsweremaderoutinelyby
a differential optical absorptionspectrometeroperatingin
the visible andthe ultra-violet range(the “SANOA” instru-
ment,frenchacronym for ’Systemed’ANalyseparObserva-
tion Active’). At the samelocation,measurementsof NO�
photolysisrateswereperformedfrom a JNO� radiometer. In
addition, measurementswere performedfrom the “Mobile
AerosolStation”instrumentedvan(MAS, in Table3) in order
to characterizethe urbanaerosols.The equipmentincluded
sampling lines for total aerosoland carbonaceousaerosol
massconcentrations,a JNO� radiometer, an aethalometer, a
nephelometer, acondensationnucleuscounterandPM��� � and
PM��� devices.Thisvanwasusedat severalplace,depending
ontheexperiment:for example,in thePariscity centerduring
theIOP6andin SaclayduringtheIOP7(in conjunctionwith
theaerosolmeasurementsperformedwith theARAT aircraft
duringtheseperiods).Duringtheentiresummerof 1999,two
multi-spectralphotometers(Holbenetal., 1998)wereusedto
measureaerosolspectralpropertiesoverParisandSaclay. As
aerosolopticalpropertiesaredirectly dependenton their age
andprimarysources,differencesbetweenthespectraldepen-
dency andtheAngstr̈omexponentenableoneto characterize
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theaerosolregional transport.For example,during IOP7, in
whichSaclaywasundertheParisplume,urbanaerosolswere
comparedwith rural ones.Around noon, the urbanoptical
thicknesswastwiceaslargeastheruralone,while at theend
of the day, optical thicknesswascomparable.For this case,
we hypothesizethat the urbanaerosol,mainly generatedby
car traffic (black carbonandorganiccarbon),wasadvected
overSaclay.

In thesuburbof Paris,integratedozonecontentwasmea-
suredin Verrières(20 km, southwestof Paris) by a spec-
trometeroperatingin thevisible andtheultra-violet (SAOZ,
french acronym for “Syst̀eme d’Analyse par Observation
Zénithale”) twice a day, at dusk anddawn. This integrated
ozonecolumn is an importantinput parameterfor an exact
calculationof J(O

�
	� ) photolysisfrequencieswith radiative
transfermodels.In addition,aerosolssizedistributionsand
composition(aswell astheiropticalproperties)werecharac-
terizedin Saclay(25 km, southwestof Paris) usinga neph-
elometer, anaethalometeranda condensationnucleicounter
aswell astotal aerosolfilters andblackcarbonfilters.

2.3.3 Backscatterlidar measurementsTwo upward-looking
backscatterlidarsoperatingat awavelengthof 0.53 � m were
deployedin thecenterof Parisandin Palaiseau(25km south-
westof Paris).The lidar wasintendedto documentsomeof
thekey parametersrelevantto (i) theABL dynamics,i.e., the
ABL depthand entrainmentzonedepth,(ii) radiative bud-
get i.e, optical depth,and(iii) oxidation/productionof pho-
tochemicalspecies,i.e.,extinctioncoefficientprofiles(which
arerelevantto theactualphotolysisrate),with a verticalres-
olution of 30 m. In addition,a pyranometeranda pyrgeome-
ter(for measurementsof infraredandlongwaveradiations),a
sonicanemometer(turbulence),andpressure,humidity and
temperaturemeasurementswere performedsimultaneously
to lidar measurementsat Palaiseau.In addition,a differen-
tial absorptionlidar (ALTO, acronym for “AirborneLidar for
TroposphericOzone”,Ancellet andRavetta,1998)wasop-
eratedduring theIOPsof summer1999at thePalaiseausite
in orderto continuouslyrecordthetroposphericozoneprofile
up to 5 km height.

2.3.4 SoundingsThevertical thermodynamicalstructureof
the atmospherein the Paris areawasdocumentedby means
of soundingsperformedby Mét́eo-Francein Trappes(25 km
southwestof Paris).Temperature,relativehumidity, pressure
andwindspeedanddirectionsoundingsweremeasuredtwice
daily at 0000and1200UTC. During someIOPs,additional
soundingswereperformedevery threehoursat the Trappes
site.Fromtemperature,specifichumidityandwind measure-
ments,Richardsonnumberandpotentialtemperatureprofiles
canbeobtainedwhich arethenusedto computethe diurnal
evolutionof thedepthof theABL. TheABL depthcyclecan
in turnbecomparedto thatderivedfrom lidar measurements.

3 Overview of numerical models

3.1 Meteorological models

Two meso-scalemodels,MERCURE(Souffland,1985)and
Meso-NH(Laforeetal., 1998)will beusedto performsimu-
lationsof themeteorologicalconditionson domainsranging
from 100
 100km� to 500
 500km� , centeredonParis.Hor-
izontalandverticalresolutionsmaybeadaptfrom 1 to 10km
and from 10 to 50m, respectively. Thesemodelshave al-
readybeenusedfor simulatingtheair flow overParis(Menut
et al., 1999aandTulet et al., 1999 for MercureandMeso-
NH, respectively). Realisticmeteorologicalboundarycondi-
tions for thesemeso-scalemodelswill be provided by the
ECMWF and ARPEGE (Mét́eo-France)analyses.In addi-
tion, a zoomedversionof the Laboratoirede Mét́eorologie
Dynamique(LMD) generalcirculationmodel(LMDz, Hour-
din and Armengaud,1998) was also used(Hourdin et al,
2000).The sizeof the grid cell characterizingParis in this
modelis 50 
 50 km� . Thegrid sizeincreasesaway from the
centerof thedomain,andthemodelusesECMWFfor bound-
ary conditions.

3.2 Chemistry-Transportmodels

The meteorologicalfields provided by the modelsdecribed
in the previous sectionwill be usedas inputs to the mod-
els presentedhere.At the local scale,the urbanCHIMERE
model (Vautardet al., 1999; Menut et al., 2000) was used
asa forecast(Vautardet al., 2000)andanalysistool. It is a
morerealisticadaptationof theboxmodelapproachproposed
by Jin and Demerjian(1993) to the Paris area.It usesthe
MELCHIOR chemicalmechanismof BeekmannandLattuati
(2000). At the meso-scale,the modelsusedwill be Meso-
NHC (Tuletet al., 1999),A � UR (Jaecker-Voirol etal., 1998)
andPOLLUTO,whicharecoupledto meteorologicalmodels
Meso-NH,MERCUREandECMWF datarespectively. The
chemicalmechanismMoCA (Aumontet al., 1997)of A � UR
hasalreadybeentestedoverParis.

In addition,modifiedversionsof CHIMERE,with anEu-
lerian grid, are currently being developed:namelya meso-
scale version to perform simulationson a 150x150 km�
domain around Paris with a horizontal resolution from 6
to 10km and a continentalversion over westernEurope,
with a 1/2 degreeresolution.modelingresultspresentedin
this paperhave beenperformedwith the meso-scalechem-
istry transportmodel (CTM) POLLUTO. POLLUTO, is a
three-dimensionalchemistry-transportmodel using a carte-
sian mesh.The domainis definedin order to have the city
of Paris (the mosturbanizedarea)at the centerof the hori-
zontalmeshandis composedof 15 
 9 
 6 nodesin thex-y-z
directions,respectively. Themodelis forcedby theECMWF
first guesses(6-hour forecasts).Thesemeteorologicalfields
arere-interpolatedover thestudieddomainin time (onehour
frequency) andspace(with anhorizontalresolutionof 10km
andrangingfrom 0 to 2700m vertically).To accountfor ther-
modynamicprocesses,POLLUTO requiresmassfluxes,tem-
perature,density, specifichumidityandcloudiness(for chem-
istry) asinputs.At eachgrid point, turbulenceparameteriza-
tions areusedin orderto retrieve vertical turbulentdiffusiv-
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Table 5. Overview of themeteorological conditionsover Paris and
maximumsurfaceozoneconcentrationsin representativelocations
during the IOP 2. The background and plumeconcentrations are
from the AIRPARIF stationsin Montge en Goele and Rambouil-
let, respectively. Thetimeswere themaximumof ozoneoccuredare
givenin parentheses.

Day 7A98 8A98 9A98
Meteorological conditionsover Paris
Wind direction(from) N-E E Sto E
Wind speedat 10m (ms��� ) 1.4 1.3 1.8
MaximumABL depth(m) 800 2300 2800
Temp.at 2 m ( � C) - low 16.5(05) 17.5(06) 18.7(05)
Temp.at 2 m ( � C) - high 31.0(16) 35.3(16) 35.0(15)
Ozoneconcentrations(ppb)over theIle deFrance(IdF)
Paris 60 (16) 85 (12) 95 (16)

55 (16)
Urbanplume 125(16) 90 (12) 120(16)

85 (16)
Background 55(15) 70 (12) 90 (16)

55 (16)
Productionby Paris 70 20-30 30

ity profiles,surfacefriction velocity for dry deposition(We-
sely, 1989).The gas-phasechemistrymechanismis MoCA
andthe adjoint part of the whole model is developped,and
currentlyusedfor sensitivity analysis(seeMenutetal., 2000
for theadjointprinciple).Hourly valuesof surfacicanthropic
emissionsaregivenfor 15primarypollutants,usingtwo data
sources:the CITEPA (1993)inventory, providing annualto-
talsof emissionsof NO� , SO� , CO,CH� andNMVOCs(non
speciated),and the GENEMIS (1994) data base,usedfor
NMVOCspeciationandtemporaldisagregationof annualto-
talsto hourly values.

The MOCAGE model (Peuchet al., 1999), currently
developpedat Mét́eo-France/CNRM,will be usedto pro-
vide chemicalboundaryconditionsat continentalscale.Fi-
nally, asa complementto all previous Eulerianmodels,the
Lagrangianmodel, MELCHIOR (Beekmannand Lattuati,
2000)wasusedfor analysisof pollutanttrajectoriesoverEu-
rope.

4 IOP2 of ESQUIF: Data analysis

The ESQUIF experimentsperformedduring Summer1998
have beendesignedto addressmorespecificallythe follow-
ing questions:(i) whatarethe relative contributionsof local
productionandlong-rangetransportto theozoneconcentra-
tionsmeasuredovertheParisareaduringpollutioneventsand
(ii) whatis theimpactof theverticalboundarylayerstructure
onozonebuild-upovertheParisarea?In thissection,weper-
form preliminaryanalysesin orderto illustratehow ESQUIF
datacanbeusedto addressthesequestions.

In this paper, we focuson IOP 2 which lastedthreedays,
from Friday to Sunday7-9 August 1998 (hereaftercalled
7A98, 8A98 and 9A98, respectively, Table 5). This period
(including10and11August1998)correspondedto thehigh-
estozoneconcentrationsrecordedduring thewholesummer
of 1998. As the experimentalset-upwas optimum during

7A98,8A98and9A98(includingaircraftmeasurements),we
focusouranalysison thesethreedays.

In orderto understandthe origin of air massesadvected
into the Paris area,a seriesof 7 day back-trajectorieswere
calculated.Thesetrajectoriesusedthe wind field as diag-
nosedby ECMWF first guesses.During the convective pe-
riod, air parcelsare well mixed within the boundarylayer.
Henceneitherconstant-altitudetrajectoriesnor trajectories
following themean3-dimensionalwind field would bereal-
istic. In orderto overcomethis problem,air trajectorieswere
assumedto undergoarandomaltitudechangeeveryhourdur-
ing theconvectiveperiod(0900-1800UTC). They werenev-
erthelessboundedto staybetween0 and1500m.Fifty back-
trajectoriesarecalculatedin this way (dueto the convective
processes,an endingpoint doesnot correspondto the same
origin. In order to taken into accounttheseseveral origins,
fifty trajectoriesarestudied).Figure3 representsthese“back-
plumes”endingin ParisduringthethreeIOPdaysandtheday
prior. On6A98and7A98,theair masshasamaritimeorigin,
while on 9A98 it hastravelledover the British Islesaswell
asBelgium,theNetherlandsandLuxemburg.We thusexpect
that on day 9A98 a significantpart of ozonemeasuredover
Paris originatedfrom precursorsemittedover NorthernEu-
rope,while on day 7A98, mostof the pollution waslocally
produced.

4.1 Regionalozoneformationandcontinentaltransport

In order to quantify the amountof ozoneproducedin large
cities such as Paris, one cannot use measurementstaken
within the Paris city limits sinceozoneformationis usually
maximumin thecity plume,about50 km downstreamof the
Pariscity (seefor instanceTuletet al., 1999).

On 7A98, the urbanplume was observed southwestof
Paris from aircraftandsurfacemeasurements.In this region,
ozoneconcentrationsmeasuredby theMERLIN aircraft(Ta-
ble 6) at about500 m AGL reachedabout110 ppb at the
endof theafternoon,while thoseencounteredin thenortheast
sideof thecity wereabout60-70ppb. Therefore,photochem-
ical ozoneproductionfrom localemissionswasat leastabout
50ppbduringthisday. Theaircraftlooped6 timesaroundthe
city during the afternoonon the sametrajectory. Thus,one
canplot, at eachtrajectorypoint, a time seriesof the ozone
concentrations.

We representin Figure4 this time evolution for four se-
lected points. The first (second)location, in the northeast
(southwest)of Paris, is usedto characterizethe ozonecon-
centrationupstream(downstream)of Paris.Theothertwo lo-
cations(southeastandnorthwestof Paris)arechosensuchas
to documentozoneconcentrationsin the cross-winddirec-
tion. Theselocationsare further referredto asNE, SW, SE
andNW (Figure4). On the leeside,downwind of Paris, the
ozoneincreaseis very pronouncedwhile on theupwindside
concentrationsdonotvarymuchduringtheafternoon.At the
two otherlocations,concentrationsreachintermediatevalues,
with a peakoccurringearlier than in the plume.The same
behaviour is observed from groundstations.At Montgé en
Goële(about40 km NE of Paris),peakconcentrationsreach
about60 ppbwhile at Rambouillet(soutwestof Paris),peak
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(a) (b)

(c) (d)

Fig. 3. Back-trajectoriesendingin Paris on (a) 6 August1998,(b) 7 August1998,(c) 8 August1998and(d) 9 August1998.

Table6. Aircraft operationsduring theIOP 2. ’Loops’ refers to thenumberof circlesmadearoundParis during theflight.

Aircraft Day Time period(UT) Flight type Loops Levels(m)
MERLIN 7A98 0609-0711 Suburban 1 500

7A98 1224-1540 Suburban 6 500
8A98 0454-0832 Meso 1 900
8A98 1232-1448 IdF 1 500
9A98 0451-0826 Meso 1 900
9A98 1254-1513 Suburban 5 500

AZTEC-MF 7A98 0725-0817 Urban 3 300,900,1500,1650
7A98 1444-1542 Urban 3 300,900,1500,1650
8A98 0558-0837 IdF 1 165,330,500
8A98 1158-1255 Suburban 1 500
8A98 1443-1534 Suburban 1 500
9A98 0556-0852 IdF 1 165,500,1650
9A98 1314-1625 IdF 1 165,500,1650

AZTEC-LSCE 7A98 0727-0919 IdF 1 300,600,1500
7A98 1320-1522 IdF 1 300,600,1500
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Fig. 4.Aircraft measurementsof ozone, on7A98and9A98,at 500m
AGL. Thecentral boxpresentsthecity of Paris with the’Suburban’
flight trajectoriessuperimposed.Alsoshownare the four represen-
tativelocationsselectedto conductthepollution analysis(NW, NE,
SE and SW, seetext for explainations).The time evolution of the
ozoneconcentration measured in theselocationsare presentedin
thesurroundingboxes.

valuesareof theorderof 125ppb(seeFigure8). In theurban
area,concentrationsaresimilar to upstreamvalues.

On 8A98, thesurfaceconcentrationsmeasuredat all sta-
tions peaked around1200 UTC which is quite unusual(as
peaksaregenerallyobservedaround1500UTCovertheParis
area).A secondmaximumof ozoneconcentrationis observed
at the expectedtime (1600 UTC). In the afternoon,back-
groundvaluesin Montgé en Goëlearelarger thanon 7A98.
Theplumeoccursmorewestward,dueto light easterlies.By
comparingupstreamanddownstreamvalues(not shown) we
concludethattheozoneproductionis approximately25 ppb.

On 9A98, theevolution of theozoneconcentrationmea-
suredat500m AGL duringthe5 ’Agglo’ flightsexhibit sim-
ilar trendsin the NE, NW andSW locations(Figure4), the
valuesin theSWlocationbeingapproximately10ppblarger.
Thebackgroundconcentrationsaremuchlargerthanon7A98
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Fig. 5.Aircraft measurementsperformedduringtheMesoflight per-
formedon 9A98during themorning(0451-0826UTC): boxesindi-
catetheozoneconcentrations(ppb)at 900m.Thetwo setsof back-
trajectoriesendingat thenortheast(with [O # ]=66ppb) andsouth-
west(with [O # ]=82ppb) corners of the Mesoflight (9A98at 0600
UTC) are estimatedfrom back-trajectoriesmodeling. Each point
correspondsto 24h stepsbefore the endingtime, showingthe air
massestrajectoriesandthetimespentaboveurbanand/orrural ar-
eas.

and8A98. Meanozoneconcentrationsdifferencesbetween
downwindandupwindof Parisareabout30 ppb.

Concentrationsof ozonemeasuredalongtheMesoflight
werealsovery interesting(Figure2): Theflight altitudewas
about900m AGL, above therising mixedlayer, early in the
morning.High concentrations(80-90ppb)werefoundin the
southernbranchwhile in thenorthernbranchconcentrations
weremoderate(60-70ppb).The explanationof suchtrends
canagainbegivenin termsof backtrajectories.

Figure5 shows the backtrajectories,calculatedwith the
samemodel as above, arriving at the northeastand south-
westcornersof the Mesoflight trajectory. The air massar-
riving at the northeastcorneroriginatesfrom the ocean,be-
forespendingabout24hoursabovecontinentalpollutedareas
(Benelux).Theair massarriving at thesouthwestcornerhas
travelledabove centralEngland,Benelux,westernGermany
andcentral-eastFrance.It hasspentmorethanfour daysover
continentalareas,which apparentlycausesthe higherozone
concentrations.It is noteworthy thatduring thetwo daysbe-
forearrival, theair massesarriving atthesouthwesterncorner
of theParismetropolitanarea,essentiallycrossesrural areas,
but with potentiallyhighbiogenicemissions,especiallygiven
the hot temperaturesat this time (about30-35$ C). The rela-
tive importanceof biogenicversusanthropogeniccontinental
emissionswill beinverstigatedwithin theESQUIF projecton
a modelingbasis,andwill bereportedin a futurearticle.

The important point here is that these measurements
demonstratethathighozoneconcentrationscanbefoundover
ruralareasremotefrom importanturbansources,andeventu-
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ally betransportedinto urbanareas,togetherwith othernon-
oxidisedprecursorspecies.

4.2 Impactof theverticalboundarylayer structure for the
ozoneconcentrationsmeasuredover theParis area

In addition to horizontal transportand chemicalprocesses,
the accumulationor dispersionof pollutantsemittedat the
surfaceis alsodrivenby theconvectionprocesseswithin the
ABL.

On 7A98, the ozoneconcentrationsin Montgé en Goële
andParisaremoderate(seeprevioussection).However, the
concentrationsmeasuredin Rambouilletat thesurfaceandat
500m AGL werethelargestmeasuredduringtheIOP. Onthis
day, the maximumABL depthis observedat 800 m around
1200UTC which is muchshallower thanon 8A98and9A98
andis not representativeof whatis generallyobservedduring
thesummer. Moreover, it remainsconstantfor therestof the
afternoon.Meso-scalesimulationsweredonewith theMeso-
NH model showing that this atypical situationwas mainly
dueto large-scalesubsidenceover the Parisarea.It is inter-
estingto noticethat thelow ABL heightwasassociatedwith
thestrongestozonegradientsbetweenthecity andtheplume,
althoughwe cannotconcludedirectly that low ABL heights
favours local ozoneproduction.Indeedseveral effects are
combined:thefirst IOP day, 7A98, is a Fridaywhile therest
of the IOP occursduring the weekend,for which the emis-
sionpatternis significantlydifferent;thesecondis thaturban
ozoneconcentrationscanbelowerwhentheABL is low due
to ozonetitration by NO emissions;andthird, in a shallow
ABL higheraerosolconcentrationsmay alter the photolysis
processesin the urbanarea,makingthe city-plumegradient
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Fig. 7. Potential temperature soundingsperformed in Trappes,
30 kmto thesouthwestof Paris on 7-9August1998.

higher. All thesehypotheseswill be testedusingnumerical
modeling,andwill bereportedin futurearticles.

On 8A98, the0830UTC temperaturesounding(not pre-
sentedhere)exhibiteda synopticinversionat 1300m which
was also observed on the lidar-derived atmosphericreflec-
tivity (Figure 6) measuredin Palaiseau(approximatively
halfway betweenParis and Rambouillet).The diurnal evo-
lution of the lidar signal shows the maintenanceof an ele-
vatedpolluted layer (from 600 and1300m) between0800
and0900UTC which wasdecoupledfrom thesurfaceby the
nocturnalinversion(the heightof the nocturnaltemperature
inversionwas observed at 600 m on the 7A98 2318 UTC
sounding).Around 1000 UTC, the residual layer was ab-
sorbedby the growing ABL. Surfaceozoneconcentrations
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measuredin Rambouilletdid notexhibit asuddenincreaseat
this time periodwhich couldmeanthattheozoneconcentra-
tion in the residuallayerwassmall.Thesurfaceozonecon-
centrationin Rambouilletincreaseduntil 1200 UTC while
the ABL height roseto approximately2300 m (from lidar
dataandtemperaturesoundings)until 1700UTC. The con-
centrationdecreasebetween1200 and 1700UTC could be
explainedby entrainmentof low ozonebackgroundconcen-
tration into the ABL. This is in agreementwith the fact that
thepreviousday’sboundarylayerwasratherlow andthatair
massesentrainedinto theABL thushavenotencounteredfor
thechemicalozoneproductionthedaybefore.

On9A98,theozoneconcentrationin Rambouilletandthe
ABL depth increaseduntil 1700 UTC (Figure 8 and Fig-
ure 7, respectively). However, the previous day’s ABL was
alsohigh,explaininghighozoneconcentrationsfoundathigh
altitude.Ozonepeaksweremuchlaterthanthepreviousday,
sincethedilution effect wasnot aseffective on this day. We
alsonoteanincrease,duringtheafternoon,in thebackground
ozone(seeon Figure8 theMontgé-en-Göelestation),which
couldalsoexplain the generalincreaseof all ozoneconcen-
trationsat the end of the afternoon.Again, definitive con-
clusionscanonly begivenafternumericalsimulationof the
episodeusingbothregionalandcontinentalscalemodels.

5 IOP2 of ESQUIF: Model analysis

The first goal of analysismodelingis to determineif CTM
modelsare able to reproducea complex pollution event as
theoneobservedduringIOP2.Thesimulationwasperformed
from 7A98(0000UTC) to 9A98(2300UTC). In orderto ac-
countfor small-scalesurfaceheterogeneities,ECMWF pro-
files were interpolatedto the surface using observed tem-
peratureand pressuredata (from surface stations).Ozone
concentrationsresultingfrom the three-dimensionalsimula-
tions are comparedto thosemeasuredby surface stations
on an hourly basis.In Figure 8, comparisonsaredisplayed
for Paris (top), Montgé-en-Göele, northeastof Paris (mid-
dle), andRambouillet,southwestof Paris (bottom).For the
threelocations,the agreementis fair over the threedays.In
Paris,on 7A98 and8A98, concentrationsarerepresentative
of the averagedobserved concentrations,and on 9A98, in
Paris, one notesa model underestimationat the end of the
day. In Montgé-en-Göele,themodelfits theobservationswell
which arerepresentativeof backgroundozoneadvectedover
thewholesimulateddomain.OverRambouillet,on8A98and
9A98, the modelfits well the surfaceozoneconcentrations,
but somediscrepanciesappearon 7A98 where the plume
intensity is underestimated.In order to understandthis un-
derestimation,we turn to Figure9 which displaysa mapof
simulatedozone(in ppb,at z=500m AGL, on 7A98 andat
1500UTC) over theParisarea.

Thesesimulatedozonevaluesare comparedto aircraft
ozone measurements,performedat the sameperiod. The
plumeamplitudeis well reproduced,but it is slightly shifted
southward comparedto observations.The discrepanciesbe-
tweenmodelledand observed valuesmay be explained in
terms of the meanmeteorologicalforcing fields used: the
ECMWF inputscorrespondto themeanflow over thewhole
domain,without topographyat small scale.Errors induced
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Fig. 8. Surfaceozoneconcentrations (ppb) measurementsby AIR-
PARIF from 7 to 9 August 1998 (from 0 to 72h) in Paris (top),
Montge enGoele(middle),andRambouillet(bottom).TheMontge
en Goele and Rambouilletsuburban stations are located to the
northeastandsouthwestof Paris, repectively. ResultsfromtheCTM
modelare addedat each locationfor comparisonwith in-situ mea-
surements

using thesemeteorologicalfields may be of the order of a
few percentfor wind speedanddirection.Thenext stepto im-
prove theanalysesperformedwith POLLUTO will beto use
simulationsmadeby a fully mesoscalemodel,suchasMeso-
NH in orderto accountfor small-scaletopographyandmore
accurateturbulent effects.This stepis currently in prepara-
tion.

6 Summary and conclusion

The objectivesand the experimentalset-upof the ESQUIF
projecthave beenpresented.Numerousgroundandairborne
measurementshave beenacquiredin thecourseof 10 IOPs,
which covera varietyof meteorologicalsituationsleadingto
air pollution in the region of Paris. This project is part of a
seriesof Europeanprojectsdedicatedto atmosphericpollu-
tion whichhavebeenundertakenrecently. With respectto the
otherprojects,oneoutstandinggoalof theESQUIF projectis
to implementa thoroughdatabasewhich would includethe
measurementsaswell asmodelsimulations.This database
exists(http://www.lmd.ens.fr/ESQUIF/) andwill beavailable
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are superimposedalongtheflight trajectory. Wind vectors are issuedfromECMWFdata.

shortlyto thescientificcommunityinterestedonatmospheric
pollution studies.

In this paper, we have presentedpreliminary results
obtained during the secondIOP of ESQUIF, in August
1998. The study conductedhere demonstratesthat only a
continental-scaleapproachenablesa thoroughunderstanding
of atmosphericphotochemicalpollution over a stronglyur-
banizedareasuchas Paris. Indeed,strongpollution events
were diagnosedto be influencedby dynamicaland chemi-
cal processesat differentscales.A major reasonfor this is
certainly the absenceof marked orography. For the situa-
tions documentedhere, it was shown that, besidessurface
emissions,themajorfactorsdriving pollutantsconcentrations
werecontinental-scaletransportandconvectiveactivity.

The main resultof this studyis to show that,combining
modelingand experimentation,we could identify the con-
tribution of local productionversusregional transportto the
ozonepeak.Using this combinedapproach,we have shown
thaton 7A98, thepollution event is mainly dueto local pro-
duction,whereason9A98,highozoneconcentrationsaredue
bothto localproductionandregionalozonetransport.
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