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Abstract. This study presents an analysis of both MOZAIC ing the whole heat wave. European anthropogenic emissions
profiles above Frankfurt and Lagrangian dispersion modelpresent the strongest contribution to the measured CO levels
simulations for the 2003 European heat wave. The com-n the lower troposphere (near 30%). This source is followed
parison of MOZAIC measurements in summer 2003 with by Portuguese forest fires which affect the lower troposphere
the 11-year MOZAIC climatology reflects strong tempera- after 6 August 2003 and even the PBL around 10 August
ture anomalies (exceeding@) throughout the lower tropo- 2003. The averaged biomass burning contribution reaches
sphere. Higher positive anomalies of temperature and nege35% during the affected period. Anthropogenic CO of North
tive anomalies of both wind speed and relative humidity areAmerican origin only marginally influences CO levels over
found for the period defined here as the heat wave (2—14curope during that period.

August 2003), compared to the periods before (16—31 July
2003) and after (16—31 August 2003) the heat wave. In addi-

tion, Lagrangian model simulations in backward mode indi-

cate the suppressed long-range transport in the mid- to lowet Introduction

troposphere and the enhanced southern origin of air masses

for all tropospheric levels during the heat wave. OzoneSummer 2003 was one of the hottest in the history of Western
and carbon monoxide also present strong anomalies (botEurope, with surface temperature exceeding byQ #he av-
~+40 ppbv) during the heat wave, with a maximum verti- erage surface temperature reported for the 1901-1995 period
cal extension reaching 6 km altitude around 11 August 2003(Luterbacher et al., 2004). Over Central Europe, the mean
Pollution in the planetary boundary layer (PBL) is enhancedair temperature anomalies at 2m for June to August 2003
during the day, with ozone mixing ratios two times higher with respect to the 1958-2001 period were maximum over
than climatological values. This is due to a combination France and the Alpine region, and they ranged fro!@ &

of factors, such as high temperature and radiation, stagnas°C (Grazzini et al., 2003). In France, observed average tem-
tion of air masses and weak dry deposition, which favourperature in Paris for summer 2003 was°&@bove normal

the accumulation of ozone precursors and the build-up of{Bessemoulin et al., 2004). Not only temperatures reached
ozone. A negligible role of a stratospheric-origin ozone exceptional high levels, but also both the number of con-
tracer has been found for the lower troposphere in this studysecutive days during which temperatures exceeded the sea-
From 29 July to 15 August 2003 forest fires burnt aroundsonal average and the spatial extent of the heat wave episode
0.3x1(P ha in Portugal and added to atmospheric pollution have never been reported before (Trigo et al., 2005). In Au-
in Europe. Layers with enhanced CO and Nfixing ra-  gust, the temperature increase peaked during the first two
tios, advected from Portugal, were crossed by the MOZAICweeks due to a strong amplification of Rossby waves that
aircraft in the free troposphere over Frankfurt. A series ofreinforced the pre-existing anticyclone over Europe (Grazz-
forward and backward Lagrangian model simulations haveini et al., 2003; Trigo et al., 2005). The long clear sky pe-
been performed to investigate the origin of anomalies dur+riods associated with the blocking conditions contributed to
the increase in solar radiative heating over Europe (@arc
Correspondence to: M. Tressol Herrera et al., 2005). Anomalous anticyclonic conditions
(marc.tressol@aero.obs-mip.fr) during summer led to an increase in the monthly mean daily
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2134 M. Tressol et al.: Pollution during 2003 European heat wave

observed solar radiation at the ground of 1 KWHen(+20%) tween 2000 and 2004 to demonstrate that the summer 2003
with respect to the mean value for the 10 past years (Crogorest fire aerosol episode was the longest and covered the
et al., 2004). Whether the nature of these anomalies is extargest area ever recorded. In a modelling study, wild fires
ceptional or whether it is a signal of changes in the climatecaused an increase of Rlybver several regions in Europe by
distribution is still a debate. Recent studies based on regionas ..g m—3 to 5g m~2 for the Southern Mediterranean basin
climate modelling suggest that the summer 2003 could beand the Benelux (Hodzic et al., 2007). The biomass burning
a normal summer in the coming decades (Beniston, 2004aerosol layer in the mid troposphere was shown to produce a
Schar et al., 2004). Based on meteorological records andarge increase in the heating rate of 2.8 Kdagat 20°solar
mesoscale modelling, Vautard et al. (2007) emphasized theenith angle within the biomass burning aerosol layer (Pace
link between winter rainfall deficits in Southern Europe and et al., 2005). Over Western Europe the smoke aerosol ra-
the heat spreads northward throughout Europe in early sumdiative forcing during August 2003 varies between 5Wm
mer. and 25 W nm2 with the highest value in the presence of the
Under extreme meteorological conditions of the 2003 heatsmoke plume. Wildfire aerosols participate to increase the
wave, the chemical processes leading to ozone formatiomtmospheric stability and to enhance hot and dry conditions
are perturbed compared to periods with more typical tem-during summer 2003 (Pace et al., 2005; Hodzic et al., 2007).
peratures. The high temperature influences summer ozone The objective of this paper is to investigate for the first
because of its link with high radiation, stagnation of the time the vertical extension and the origins of pollutants dur-
air masses and thermal decomposition of peroxyacetylnitraténg the 2003 heat wave with a set of 162 profiles of ozone,
(PAN) (Sillman and Samson, 1995). Radiation favours pho-carbon monoxide and relative humidity performed from 16
tolysis of NGO, ozone and carbonyls yielding radical forma- July to 31 August 2003 by 3 MOZAIC airliners over Frank-
tion with subsequent involvement in ozone production. Stag-furt (Measurements of OZone, water vapour, carbon monox-
nation of air masses allows the accumulation of pollutants inide and nitrogen oxides by Airbus In-service airCraft, http://
the planetary boundary layer (PBL) and in the residual layermozaic.aero.obs-mip.fr/iweb/), (Marenco et al., 1998). First,
during the night. Based on surface observations and trajecthe main characteristics and the anomalies of meteorological
tory analysis, Solberg et al. (2008) pointed out the impactsparameters (temperature, wind speed, relative humidity) and
of these extremely high temperatures on air pollution and theof reactive gas concentrations (ozone, carbon monoxide and
extended residence time of the air parcels in the boundaryotal nitrogen oxide) in vertical profiles above Frankfurt are
layer, which are important factors for enhanced ozone pro-investigated in relation to the meteorological situation and
duction. Lee et al. (2006) established that the initial morningto the climatology. Then a Lagrangian dispersive model is
rises in ozone during the episode over London were causedsed to investigate the origins of the main anomalies of pol-
by the collapse of the inversion layer and entrainment oflutants during the episode. Section 2 describes the methods
air from aloft in the nocturnal residual layer polluted on a and measurements used in this paper. The meteorological
regional scale. Increased temperatures and solar radiatiogituation is described in Sect. 3. Based on MOZAIC mea-
favoured biogenic emissions of isoprene with a potential forsurements and back-trajectory calculations, a description of
enhanced ozone chemistry in the boundary layer (Lee et althe vertical extension of chemical tracers is documented in
2006). High temperature and spring to summer precipitationSect. 4 together with the investigation of their origins. Sec-
deficit reduced ozone dry deposition (Vautard et al., 2005)tion 5 provides a discussion on the relative contribution of
All these processes favour the photochemical production oforest fires versus other anthropogenic emissions to the CO
surface ozone and its accumulation. The differences in ozon&evels observed by the MOZAIC aircraft in Frankfurt.
concentrations during the heat wave period compared to the
rest of August 2003 were confirmed by observations at sur-
face European networks (Vautard et al., 2005; Solberg e Method
al., 2008). Ozone concentration exceeded the public in-
formation threshold (1 h ozone concentratiofi80..g m—3 2.1 MOZAIC measurements
or 84 ppbv) in 86% of the French survey pollution network
(Elichegaray et al., 2003) and in 68% of European stationg-ive commercial airliners were equipped by the MOZAIC
(Fiala et al., 2003). In Switzerland, the measured daily ozongrogram (Marenco et al., 1998) with ozonesjCGand rel-
maximum was 15 ppbv higher than in the reference periodative humidity (RH) instruments since 1994, and a carbon
summer 1992-2002 (Ordonez et al., 2005). In addition, themonoxide (CO) analyser was added in 2001. One aircraft
high temperatures and exceptional drought led to extensivearries an additional instrument to measure total odd nitro-
forest fires on the Iberian Peninsula (Elias et al., 2006; Lya-gen (NQ) since 2001. Measurements are taken from take-
mani et al., 2006a,b; Hodzic et al., 2006, 2007). Solbergoff to landing, except for NQwhich is not measured in the
et al. (2008) suggested that fires contributed to the peak ofower troposphere during descents and in the whole tropo-
ozone ground value observed in Northern Europe in Au-sphere during ascents. Based on the dual-beam UV absorp-
gust 2003. Pace et al. (2005) used MODIS observations betion principle (Thermo-Electron, Model 49-103), the ozone
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measurement accuracy is estimated-g2 ppbv+2%) fora 400, 300, 200 and 100 km at 10-12, 8, 6, and 3 km altitude,
4s response time (Thouret et al., 1998). Based on an inrespectively.
frared analyser, the carbon monoxide measurement accuracy
is estimated at-(5 ppbv + 5%) for a 30 s response time (Ned- 2.2 FLEXPART simulations
elec et al., 2003). A special airborne humidity sensing de-
vice is used for measuring relative humidity and tempera-In order to characterize the different air masses reaching
ture of the atmosphere (Helten et al., 1998). Measurement&rankfurt during the period of study, the Lagrangian model
of total odd nitrogen are described in Volz-Thomas et al. FLEXPART (version 6.2) is used in both backward and for-
(2005) and in Btz et al. (2006). Measurements for more thanward modes (Stohl et al., 1998, 2005). The model is driven
26 000 long-haul flights are recorded in the MOZAIC data by ECMWF analyses and forecasts allowing a dynamical
base (http://mozaic.aero.obs-mip.friweb/) that is free-acces#orcing every 3h (ECMWF, 1995). The ECMWF model ver-
for scientific use. sion used for this study has 60 vertical levels from the surface
The summer period from 16 July to 31 August 2003 is Up to 0.01 hPa with a°1° latitude longitude grid. Trans-
analysed with respect to the MOZAIC climatology based onport in FLEXPART includes the resolved winds and some
an 11-year dataset (1994-2004). During the episode of th@arameterized subgrid motions. FLEXPART parameterizes
heat wave (defined further down from 2 to 14 August 2003),turbulence by solving Langevin equations (Stohl and Thom-
deviations from the climatology will be referred as anoma- son, 1999) and convection by using a buoyancy sorting prin-
lies. We have chosen the MOZAIC data over Frankfurt air- Ciple base scheme (Emmanuel aiekovic-Rothman, 1999;
port because of its central location within the 2003 heat waveSeibert , 2001). PBL height calculation is made using the
pattern and the steadily frequency of MOZAIC traffisq  critical Richardson number concept.
vertical profiles per day). The interest of MOZAIC data over  In the backward mode for tracing the origin of air masses,
Paris is reduced because of a technical problem on the insets of 20000 particles are fitted into boxes placed along the
strumentation. Vienna, the third European MOZAIC airport, aircraft profiles with a vertical size of 250 m and a horizon-
was situated on the eastern edge of the anomalous anticyal size of 0.3x0.5°. Retroplumes are initialized by releas-
clonic conditions. Accordingly, MOZAIC data over Vienna ing particles over 1 h time intervals. The backward mode re-
confirm the eastern drift of anomalies observed in Frankfurtsults are used to highlight both air mass sources and air mass
at the end of the episode (not shown). transport through the evolution of the retroplume geographic
The 1994-2004 MOZAIC climatology in July—August is extension by changing atmospheric conditions.
based on 1600 profiles of temperature, wind speed, rela- In the forward mode, FLEXPART has been previously
tive humidity and ozone. Over the period 2001-2004, aboutused for many objectives among which to show the inter-
550 profiles in July—August have CO measurements availcontinental transport of CO from boreal forest fires (Damoah
able to establish a climatology. The N@ataset is much et al., 2004) and to compare the impact of this long-range
more reduced with 35 profiles available for the August cli- transport to that of regional CO anthropogenic emissions
matology based on 2002—2003 measurements, 6 of whicifrom Europe and North America (Forster et al., 2001). Our
being in the heat wave period. During summer in Frank-strategy here is to strengthen the results of the backward sim-
furt, the sunup is at about 04:00:00 UTC and the sunset igilations by investigating the fate of some of the continental
at about 19:00:00 UTC, so that at 09:00:00 UTC the plan-sources of CO (i.e., Europe and North America) and of the
etary boundary layer development has already begun (locdbiomass fire CO sources over Portugal.
time is UTC plus 2h). In order to take account of the di- The anthropogenic CO (AN-CO) emissions from North
urnal cycle of trace gases in the planetary boundary layelAmerica and Europe are prescribed by tagging the source
(PBL), the MOZAIC climatology is derived across two pe- regions based on the EDGAR version 3.2 emission dataset
riods of the day: a period representative of day-time datavalid for 2000 (EDGAR: Emission Database for Global At-
(09:00:00 UTC-18:00:00 UTC) and another one representamospheric Research, http://www.mnp.nl/geia/data/Carbon
tive for night-time and early morning data (21:00:00 UTC— Monoxide/) (Olivier et al., 2002). We select EDGAR
09:00:00 UTC). There are very few MOZAIC data at night emission into the domain [128V-70 W, 29 N-50 N] for
in Frankfurt. With this classification, we end up with 89 North America and into the domain [1OV-4C E, 37 N—
flights representative of night and early morning observations60® N] for Europe. The annual emissions are scaled to a
as well as 73 flights representative of daytime observations62-day period corresponding to the simulation emission pe-
from 16 July to 31 August 2003. In time series of vertical riod (1 July to 31 August 2003). During this period North
profiles presented further down, MOZAIC data are averagedAmerica and Europe emit 12.83 Tg and 10.75 Tg of CO, re-
across these two time periods with anomalies calculated wittspectively. In FLEXPART simulations, a set of 20C° par-
respect to the corresponding climatology. The ground trackgicles is used to initialize anthropogenic CO emissions re-
of aircraft vertical profiles are included in a disk of 400 km leased in 1x1° latitude-longitude boxes between Om and
radius around Frankfurt with a highest density in the north-150 m above ground level. Diurnal variations of anthro-
west and northeast sectors. Distances from airport are abogtogenic emission are not taken into account, which leads to
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Table 1. Daily emission of CO from fires. Geographical limits | _In t,he forwarq mode, a_StratQSph_e”C pzone tre_lcer Ca_n be
(36° N—42 N, 10° W=7° W). initialized by a linear relationship with the potential vortic-
ity (PV) and is then transported with the FLEXPART model
(Stohl et al., 2000; Cooper et al., 2005). In this paper,
this field is initialized in the model domain (14W-49 E,

Date Mass (Gg)

29 Jul 37.6 21°N-81°N) and at the model boundaries, and then ad-
30Jul - 41.2 vected with ECMWF winds. Again, a set of 200° par-
fiﬂlg g%.z ticles is used to initialize the stratospheric ozone tracer. This
2 Aug 9'7'6 FLEXPART run began on 6 July 2003, 00:00:00 UTC. Cri-
3Aug  562.7 teria used to initialize the stratospheric ozone tracer are PV
4Aug  282.1 larger than 2 pvu (dynamical threshold for the tropopause)
5Aug  16.6 and height above 3 km. The condition on height is employed
6Aug 27.5 to avoid tagging a tropospheric particle that has got a high
7Aug 419 PV value by diabatic PV production in cloudy areas as a
8Aug 49.9 stratospheric-origin particle. Once a particle has gone across
9Aug 34.0 a boundary limit of the domain, it is removed from the sim-
10Aug 42.7 ulation. Stratospheric particles are given a mass of ozone
11Aug 47.7 according to

12 Aug 99.8

iy 233 e Mo,=Mair x PV x C x 48/29 )
15{2;3 $6528.0 where €=45x10"°pvu~1) is the ratio between the ozone

volume mixing ratio and PV in the stratosphere at this time
of the year, U,i) is a threshold that a mass of air entering the
model at a grid cell has to reach to create a trajectory particle
an overestimation of the nighttime emission and underesti-at a random location at the boundary of the grid celland PV is
mation of the daytime emission. Averaging the two periodsthe potential vorticity value at the position of a stratospheric
is not perfect because of the reduced vertical mixing and theparticle. The factor 48/29 converts volume mixing ratio into
slower horizontal transport during the night. Neither chemi- mass mixing ratio. The average relationship between ozone
cal loss nor dry deposition of CO is parameterized. and PV in the lowermost stratosphere over Europe in July
The Portuguese biomass burning CO (BB-CO) emissiondC=45x10-° pvu~?) is derived from Roelofs and Lelieveld
are simulated by taking account of the fire day to day(2000) and Narayana Rao et al. (2003). The stratospheric
variations during 29 July to 15 August 2003 period. We 0zone is treated as a passive tracer, and its distribution in the
have counted the daily number of forest fires detected bytroposphere is only due to transport from the stratosphere.
MODIS during the period and the total number of detected
fires from 1 January to 20 August 2003 into the 7Y@~
7°W, 36° N-42 N] geographic area. The MODIS Webfire 3 Meteorological situation
Mapper (http://maps.geog.umd.edu/firms/) gives information
(latitude, longitude) on the spotted fires for the day selectedFigure 1 shows the temperature measurements and the asso-
We selected fires with a confidence value greater than 50 irtiated anomalies with respect to the two periods of the day as
order to avoid false alarm (Giglio, 2007). The total num- explained in Sect. 2 for 16 July 2003—-31 August 2003, from
ber of detected fires (2674) is linked to the total area burntthe ground up to 10 km altitude. Figure la clearly exhibits a
until 20 August 2003 (355976 ha) found in (Barbosa et al.,period of high surface temperatures (above 25E)6tart-
2003). We consider that all detected fire spots burn an equahg on 2 August 2003 and lasting until 14 August 2003. Be-
part of the total burnt area and we end up with 133.1 hafore and after this period, temperatures were characteristic
burnt by one fire spot. An emission factor for temperate for-of the summer season (around®@). Interestingly, Fig. 1b
est, which corresponds to 5434 kg of CO per hectare burntshows that the anomalies between 2 August 2003 and 14
is used (Emission Inventory Guidebook, 2006). During the August 2003 are in excess of® and can extend through-
simulated emission period (29 July to 15 August 2003) Por-out the whole troposphere. This temperature anomaly repre-
tuguese hiomass burning emits 1.63 Tg of CO. The fires aresents 2 standard deviations. Finally, it is worth noting that the
selected on a°1° latitude-longitude grid which is also temperature anomaly remained positive (above’ 8} the
the size of the release boxes. ThexA@FP particles are re- free troposphere from 21 August to 28 August 2003. Consid-
leased uniformly between O km and 3.5 km above sea levelering these anomalies, our selected period of interest can be
The details of location and intensity of emission are given individed in three. The summer 2003 heat wave is defined here
Table 1. as the period of surface temperature anomalies greater than
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Fig. 1. Time series of MOZAIC vertical profiles q&) temperatureqC) and(b) temperature anomaly C) from 16 July to 31 August 2003
over Frankfurt. Grey contour lines represent temperature anomalies normalised by the 11-year standard deviation of MOZAIC temperatures.
Anomalies are derived versus the 11-year database. Vertical arrows indicate flights corresponding to Figs. 11 and 14.
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Fig. 2. Averaged vertical profiles derived from the deviations of MOZAIC observations in summer 2003 from the 1994—-2004 summer
climatology. Columns from left to right: temperature anomalg), relative humidity anomaly (%), normalized wind speed anomaly (%),
normalized ozone anomaly (%) and normalized CO anomaly (%). Rows: (top) 16—31 July period, (middle) 2—14 August 2003 , (bottom)
16-31 August 2003. Anomalies are derived versus the 11-year database.

5°C. This way, it starts on 2 August and lasts until 14 Au-  To further investigate the meteorological situation during
gust. The periods 16 July to 31 July 2003 and 16 August tasummer 2003, Fig. 2 illustrates MOZAIC averaged vertical
31 August 2003 will be referred hereafter as before and afteprofiles of anomalies for temperature, relative humidity and
the heat wave, respectively. normalized anomaly for wind speed. Before the heat wave

In the planetary boundary layer (PBL), temperatures re-Period, the temperature anomaly already shows weak pos-
mained 16C above the climatological values between 2 Au- itive values in the PBL. The wind speed anomaly reveals
gust and 14 August. Temperature anomaly exceeded 3 stafPat winds were 10% slower than climatological conditions
dard deviations on the 5, 8 and 11 August in the PBL. In thethroughout the troposphere while relative humidity oscillated
free troposphere, temperature anomaly remains in excess @found normal values. The 13 days of the heat wave pe-
one standard deviation for the whole heat wave except on th0d present the strongest anomalies for the three parame-
6, 7 and 8 August when anomaly is close &CODuring a  t€rs. Temperature was on averag€7above normal near

few days around 3 and 10 August, the 2 standard deviatiodh® ground and betweerf@ and 4C above normal from
threshold has been exceeded. 4 km to 10 km altitude. Wind speed is lower than climatology

www.atmos-chem-phys.net/8/2133/2008/ Atmos. Chem. Phys., 8, 2133-2150, 2008
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Fig. 3. Geopotential anomaly relative to 1979-1995 at 500 hPa from NCEP/NCAR reanalysis (left) 16—31 July 2003, (middle) 2—14 August
2003, (right) 16—31 August 2003.

Before 7 8 During

Latitude
p<500hPa

Latitude
500<p<800hPa

Latitude
p>800hPa

¥

b - ; | W f i \3‘\ N /
200 0 4 sy { Mool b asl / 3 20l 0 [ TN
-120 -80  -40 0 40-120 -80  -40 0 40-120 80  -40 0 40
Longitude Longitude Longitude

0 20 40 60 100
Fig. 4. Sensitivity function to emission input in the 0—3 km atmospheric column up to 10 days back. It is calculated as the residence times
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the larger sensitivity air parcels have on the region with regards to emissions. Air parcels are initialized in b8&eRtdusle—longitude,
250 m thickness) along the MOZAIC vertical profiles for 16 to 31 July 2003 (left), 2 to 14 August (center) and 16 to 31 August (right) within
a 1-hour time interval. Particles are released from boxes with pressure lower than 500 hPa (top), in the 500-800 hPa range (middle) anc
larger than 800 hPa (bottom).

by 30% throughout the troposphere and relative humiditytures decrease rapidly towards climatological values. Rela-
presents two deep minima, one at 1 km altitude and anothetive humidity remained lower than usual in the free tropo-

one at around 7 km. These anomalous features, i.e. high tensphere and wind speed in the upper troposphere.

peratures, low wind speeds leading to large residence times, The latter local observations are put into the wider con-
and clear sky mal_<e environmental conditions v_eryfavourabletext of the synoptic situation described by NCEP reanal-
for ozone formation. After the heat wave period, tempera-yses (Kalnay et al., 1996) and FLEXPART simulations in
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backward mode. Figure 3 presents the geopotential anoma . I
lies at 500 hPa from the NCEP reanalysis for the three pe- | | — MOZAIC
riods defined as before. Anomalies are calculated from a EEESXP ART
16-year climatology (1979-1995) based on a 5-day running

mean of the annual cycle. In July, a mid-tropospheric trough
digs in over Western Europe whereas Southern and Easteri 3
Europe are under anticyclonic conditions. Western Europe <
is thus influenced by a south-westerly flow coming from
the Central Atlantic. During the heat wave, a strong posi-
tive geopotential anomaly centred above England has settlec
over Europe. After the heat wave, the positive geopotential
anomaly over Europe has disappeared.

Figure 4 illustrates the geographical coverage of the par-
ticle residence times for the period of interest in the 0—-3 km R S S S S
altitude layer as simulated by FLEXPART initialized on ev- 007{16 07/25 oefo2 1 10814 0823  09/01
ery MOZAIC profile in Frankfurt. Different origins of these Before During After
retr_oplumes_ show up depending.on their arrival altitude a”dFig. 5. Time series of planetary boundary layer height (km) as
periods of time on MOZAIC profiles. Before and after the geriveq from MOZAIC profiles over Frankfurt (black), and ra-
heat wave and for arrival altitudes in the middle and uppergiosoundings at Idar-Oberstein, Stuttgart and Meiningen (red), and
troposphere <500 hPa), air masses are strongly influencedparameterized by FLEXPART for the grid cell covering Frankfurt
by the long-range transport across the Atlantic. Low pres-(blue). MOZAIC profiles are selected between 09:30:00 UTC and
sure systems over the Eastern Atlantic favour strong westerlyt9:00:00 UTC. Radiosoundings are made at 12:00:00 UTC. Hours
winds and efficient transport (Fig. 3). For arrival altitudes in of FLEXPART diagnoses are those of MOZAIC flights.
the mid-troposphere (5@8p <800 hPa), retro-plumes have
similar behaviour with again the presence of trans-Atlantic
transport. Atthe lowest levelg 800 hPa) some differences
appear between the two latter periods with the presence a2003 and 9—14 August 2003).
ter the heat wave of a northward extension (Iceland, Scandi-
navia) of the retro-plume. During the heat wave and for the Figure 5 shows the time series of PBL heights over Frank-
upper troposphere, the retro-plume picture is more patchyurt during the analyzed period. They have been derived from
with different possible origins of the air masses from the MOZAIC profiles and radiosounding data at 3 nearby mete-
Eastern US, from the middle Atlantic (centre of the Azores orological stations as well as parameterized by FLEXPART.
high), from North-western Africa and Europe. For arrival al- PBL heights are deduced from various indicators (temper-
titudes in the lower troposphere, Fig. 4 highlights the weak-ature inversion, vertical gradients of relative humidity and
ness of winds by a less extended retro-plume and the souttpotential temperature). Figure 6 presents three individual
ern origin of the air mass. Due to the persistence of a troughMOZAIC profiles, each one characteristic of one of the three
over the Atlantic (20W) together with a ridge over Spain sub-periods of the heatwave. The top of the PBL is at about
as described by Gdecet al. (2002), there is a predominance 2.5 km altitude in the first sub-period, goes down to 1.1 km in
of a southerly flow which brought air from Portugal and the the second sub-period, and rises to 4.5 km altitude during the
Sahara to Europe. third sub-period. The strong development of the PBL dur-

As previously mentioned by Hodzic et al. (2006) and Sol- ing the heat wave is associated with a feedback between soil
berg et al. (2008), the period of the heat wave is itself markednoisture and deficit precipitation (Sihet al., 1999; Fisher
by changing atmospheric conditions. Indeed, Fig. 1b showst al., 2006). The soil moisture controls the energy balance
the passage of a colder air mass above 3 km altitude durinpetween the earth surface and the atmosphere by modulat-
the core of the heat wave. A weak extratropical low which ing sensible and latent (evaporation) heat fluxes. A precip-
moved around the anticyclone centre is responsible for thigtation deficit like that of spring 2003 over Europe leads to
air mass change. It corresponds to a drop of the top of thalry soils, lower evapotranspiration, less latent cooling and
PBL, from 2000 m altitude to 1200 m altitude (Fig. 5). The fewer clouds, which in returns drives anomalously warm
low appeared at the end of July over the Atlantic Moroccansoils, larger sensible heat fluxes and a more developed PBL.
coast and slowly reached Portugal on the 2 August 2003, theithis was the typical situation during the first and third sub-
the South of United Kingdom on the 5 August 2003. Then, periods of the heat wave. During the second sub-period of the
it took an easterly track above Belgium and the Netherlandsheat wave, the decrease of the height of the top of the PBL is
and arrived in Germany two days later. Given this suddendue to the ventilation of air masses by the low-pressure sys-
change of air mass properties, we define 3 sub-periods dutem coming from Morocco and Portugal. This observed drop
ing the heat wave period (i.e. 2-5 August 2003, 6—8 Augustof the top of the PBL is also captured by FLEXPART.

3]

Altitude
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Fig. 6. Three sets of MOZAIC vertical profiles over Frankfurt, each one characteristic of one of the three sub-periods of the heat wave:
2 August 11:43:00 UTC (left), 6 August 11:31:00 UTC (center) and 9 August 12:24:00 UTC (right). The plots on the left show relative
humidity (%, blue) and ozone mixing ratio (ppbv, red). The plots on the right show tempefat{t@, green line, top axis), potential
temperature (°C, green dashed line, top axis) and carbon monoxide mixing ratio (ppbv, black, bottom axis). The top of the PBL is around
2500 m altitude (left), 1125 m (center) and 4500 m (right).

4 Characteristicsof ozoneand CO vertical distributions anomaly that persists into the night is indicative of a strong
during the heat wave daytime formation of ozone in the boundary layer. The fact
that there is no anomaly at the ground is a consequence of
To complete the description made with surface observationdoth the accumulated surface deposition during the night and
over Central Europe (Fiala et al., 2003; Vautard et al., 2005) the fast titration of ozone by NO emissions in the early morn-
O3 and CO MOZAIC data are now investigated. For the ing near the airport (Pison and Menut, 2004). The CO burden
three periods defined earlier during the summer 2003, Fig. 2n the residual layer is up to 40 ppbv in excess of the clima-
shows the normalized anomalies for ozone and CO based otology over the heat wave period.
the climatology from all MOZAIC observations (11 years for  In the first sub-period of the heat wave (Fig. 7d, €),00n-
ozone and 3 years for CO, see Sect. 2 for more details). Beeentrations show a positive anomaly up to 40 ppbv in excess
fore the heat wave, the ozone and CO mean profiles do nodf the climatology in the planetary boundary layer (PBL).
show any significant anomaly. During the heat wave, positiveThe ozone anomaly fills up the PBL up to 2.5km altitude.
anomalies show up for the two species in the low tropospher&he averaged CO profile displays a large variability in the
and increase down to the surface. Near the surface, ozonmiddle and upper troposphere compared to the climatology.
is almost two times higher than normally and CO is more The positive departures are the signatures of biomass burn-
than 20% higher. Mid-tropospheric anomalies are not signif-ing plumes coming from Portugal (see Sect. 5). The positive
icant. In the upper troposphere, anomalies of ozone and C@zone anomaly of about 10 ppbv observed in the 5-8 km alti-
have opposite variations that correspond to the raising of theude layer is an indication that these plumes are photochem-
tropopause height compared to the climatology and probablycally active. The CO burden of the PBL in this time period
to the occurrence of biomass burning plumes in the upper troexceeds the climatological value by up to 30 ppbv. During
posphere. After the heat wave, ozone and CO profiles do nathe passage of the weak extratropical cyclone (Fig. 7f, g), the
present any significant anomaly throughout the tropospher¢op of the PBL drops down decreasing the depth of the ozone
except for ozone above 8 km altitude where the normalizedanomaly to only 1200 m though its intensity keeps the same.
anomaly remains negative as observed during the heat wavBiomass fire plumes with origin over Portugal may also be
period. present in this air mass and descend down to 2.5 km. During
In the following, we analyse measurements from the last heat wave sub-period (Fig. 7h, i), the rise in height
04:00:00 UTC to 08:00:00 UTC (early morning observa- of the top of the PBL is associated with the largest vertical
tions) during the heat wave period as well as 3 other datasetextensions of @and CO anomalies up to 6 km altitude. Ele-
from 08:00:00 UTC to 16:00:00 UTC (mid-day observa- vated concentrations of the order of 80-90 ppbv are observed
tions) during the three sub-periods of the heat wave (see entbr ozone while the CO profile overpasses the climatology
of Sect. 3). Early morning profiles averaged over the heafrom 90 ppbv at the surface to 40-50 ppbv at 4 km altitude.
wave period are first compared to the MOZAIC climatology In the upper troposphere, anomalies of ozone become neg-
(Fig. 7a, b). The feature of interest that appears on the Oative while CO anomalies stay positive. It is in agreement
profile is the positive anomaly up to 30 ppbv in excess ofwith the raising of the tropopause height under anticyclonic
the climatology in the residual layer at about 1 km altitude conditions compared to the climatology.
that rapidly decreases to zero close to surface. The positive
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Fig. 7. Ozone (left), CO (middle) and Noprofiles during the period and the sub-periods of the heat wave (green) and for the climatology
(orange). Dots represent the standard deviationy M@asurements are averaged whatever the hour of the day. Units are ppbv.

Finally, Fig. 7c compares the NCGAugust climatological Figure 8 illustrates the time series of ozone and CO
profile and the average profile for the heat wave period. Cauanomalies in vertical profiles during the heat wave period.
tion in the interpretation is needed here because of the fevData are vertically averaged over 50-m layers and over the
profiles available (see Sect. 2). The Néncentrations dur- two daytime periods before to be compared to the corre-
ing the heatwave are almost constant throughout the troposponding climatologies. As expected, results show again el-
sphere and are in fact lower than the climatological averageevated ozone overpassing the climatological value by more
in August. The MOZAIC NQ measurements do not extend than 40 ppbv over the heat wave period, as well as the change
into the PBL, because the instrument is always shut off bein the vertical structure of the ozone anomaly due to the
fore landing (see Volz-Thomas et al., 2005). The variance ofpassage of the extratropical low with the anomaly trapped
NOy during the heat wave is similar to that of the climatology below 2km altitude in the second sub-period. The struc-
over Frankfurt in August. As the number of N@rofilesis  ture of the CO anomalies in the time series bear some re-
very limited during the heat wave, it is difficult to conclude semblance with the ozone one, with additional large mid-
on possible reasons, such as losses due to uptake on aeroswld upper-tropospheric anomalies (up to 150 ppbv) associ-
followed by washout or deposition, for this unexpected find- ated with plumes of biomass fires (see Sect. 5).

ing.
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Fig. 8. Time series of MOZAIC vertical profiles ¢&) ozone andb) CO anomalies (ppbv) from 16 July to 31 August 2003 over Frankfurt.
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Time series of vertical profiles of the FLEXPART
stratospheric-origin ozone tracer over Frankfurt. Values are given a
percentages of the MOZAIC ozone observations at Frankfurt (%).

5 Origins of ozone and CO maxima during the heat

wave

5.1 Stratospheric-origin ozone intrusions and anticyclonic
subsidence

Figure 9 shows the modelled contribution of stratospheric-
origin ozone to the MOZAIC observations. The stratospheric
contribution below 4 km is insignificant (less than 10%) dur-
ing the heat wave. Between 4 and 6 km altitude and dur-
ing the last sub-period of the heat wave, patchy stratospheric
contributions from 15% up to 30% are modelled. It indicates
that the ozone anomaly that extends up to 6 km during this
sub-period (Fig. 8a) may be partly due to stratospheric intru-
sions. Above 6 km altitude, many potential cases of strato-
spheric intrusions show up but they are outside the scope of
the present study.

We further investigate the effect of the subsidence anomaly
on ozone profiles. With the aid of particle backward tra-
jectories, the average subsidence of the mid-tropospheric
geopotential anomaly in the area can be assessed to about
400 m/day with extreme values up to 1000 m/day for very
few particles. It is therefore plausible that this down-
ward transport contributed to the positive ozone anomalies
observed in the mid-troposphere. In addition, this mid-
tropospheric subsidence combined with the rising of the top
of the PBL during the third sub-period might have enabled
the capture of fire plumes within the PBL.

In this section, we investigate the origins of the observeds.2 Anthropogenic CO emission

maxima of @G and CO using the FLEXPART model. The

model is used in the forward mode to simulate the dispersiomPA CO budget analysis on an annual mean has been made
and transport of tagged sources which are the stratospherior Europe from a simulation of a global chemistry trans-
ozone, CO from Portuguese biomass burning fires (BB-CO)port model Pfister et al., 2004). Model simulations have
and CO from anthropogenic emissions (AN-CO). In addi- been performed with the CO being tagged according to the
tion, the model is used in the backward mode to investigateemission type and the source region, with both a priori emis-
the origins of CO anomalies observed along the MOZAIC sions and an optimized set of CO surface emissions derived
profiles. Information on the simulations is in Sect. 2.2. from the inversion of CO retrievals of the Measurements of
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Fig. 10. Time series of vertical profiles &) North-American andb) European FLEXPART anthropogenic CO tracer over Frankfurt.
Values are given as percentages of the MOZAIC CO observations at Frankfurt (%).

Pollution in the Troposphere (MOPITT) remote sensing in- be particularly important in 2003 because of the extra evap-
strument. They have been used to diagnose the contributionsration of anthropogenic VOCs (Vautard et al., 2005).
of different processes and regions to the CO burden over Eu- Contributions of AN-CO sources from North America and
rope. Results show the predominant impact near the surfacEurope to observed CO are now investigated. The strong an-
of the European source regions (37% of the total CO con+icyclonic conditions that prevail over Europe during the heat
centrations), compared to North America and Asia sourcewave shift the westerly flow to the North, so that one must ex-
regions (about 8% for each one), the main part of the respect a lowering of the contribution of North American pol-
(45%) being the contribution of photochemical CO. With lution during this period. Indeed, results of our simulation
increasing altitude, the contribution of the European sourcgFig. 10a) show an overall weak contribution (i.e. less than
regions weakens (8% at 500 hPa), while the contributionsl0%) of AN-CO sources from North America. The high-
of North American and Asian source regions gain in im- est North American contribution (about 15-20%) is found
portance, reaching maximum contributions of 15% each ataround 4 km altitude at the beginning of the heat wave period.
500 hPa, the main part of the rest (55%) being the contri-The high modelled contribution of North American AN-CO
bution of photochemical CO. Note that Pfister et al. (2004)for the mid- to upper-troposphere after the heat wave is out
include biomass burning and biogenic emissions in sourcef the scope of this analysis.
regions. European AN-CO emissions (Fig. 10b) lead to relatively
With the more focused objective to compare contributionsstrong contributions during the heat wave period. A max-
of AN-CO sources from North America and Europe and imum (minimum) in intensity of about 40% (20%) is pro-
modelled BB-CO from Portuguese forest fires to observedduced over the first (second) sub-period, while during the
CO, our approach includes the following limitations. Poten- third sub-period the contribution re-increases to about 30—
tial differences of EDGAR-based anthropogenic emissions40% and vertically extends up to 4km altitude. This time
between 2000 and 2003 are neglected. The annual emissiomsolution is coherent with the evolving meteorological con-
are scaled to emissions during the period of interest. Therditions, in particular the decreasing contribution during the
is no anthropogenic emission of CO elsewhere than over Eusecond sub-period at the expense of the BB-CO contribution
rope and North America. There is no dry deposition of CO. as shown further down. Furthermore, the mean intensity of
We consider that the previous limitations may have little im- this contribution (about 30% below 2km to 3km altitude)
plication in our approach. More worrying is the influence for the whole heat wave is quite comparable to the previ-
of photochemistry on CO that is lacking, which prevents to ous modelling study (Pfister et al., 2004) despite the lack of
assess the background of CO in the troposphere. This limbiomass burning and biogenic emissions in this simulation.
itation includes the photochemical generation of CO by gasThis may be the consequence of the stagnation of lower tro-
phase oxidation of VOCs. This contribution is about 10— pospheric air masses over Europe during this episode. The
15% near the surface (Pfister et al., 2004), ranging from CCcorrelation between European AN-CO and observed CO val-
mixing ratios of 20 ppbv under biogenic influence to 45 ppbv ues have been calculated. Given the limitations of our ap-
under anthropogenic influence (Griffin et al., 2007). It could proach, the 0.5 to 0.7 correlation coefficients in the surface
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[CO] (ppbv) [NQ,]"50(ppbv) etal., 2007). In order to assess the origin of the CO layer, the
£ 50 100 150 200 250 300 FLEXPART Lagrangian model is used.
In the forward mode the transport of BB-CO emissions
3.5¢ (Fig. 12a) shows the plume of biomass burning being embed-
5 ded in the dynamics of the weak extratropical low, bypassing

the western and northern edge of the anticyclone from Portu-
gal to United Kingdom and then moving towards the south-
east over Frankfurt. The MOZAIC aircraft at 2.5km alti-
tude is located inside the fire plume nearby a local maximum
of BB-CO of about 100 ppbv. In the backward mode, La-
grangian trajectories are initialized where the CO mixing ra-
tios exceed 150 ppbv between 1.5 km and 3 km altitude above
Frankfurt. Figure 12b shows the emission sensitivity distri-

N
[¢)
:

Altitude (km)
r

0.5¢ bution up to 3 days back in the 0—-3 km atmospheric column
‘ . ‘ for trajectory particles arriving along the chosen piece of the

% 50 100 150 MOZAIC flight path. Largest values are observed over west-
[C,] (ppbv) rh (%) ern Spain and Portugal, indicating that fire emissions intro-

duced into the atmospheric column above the region of Por-

Fig. 11. MOZAIC profile at Frankfurt on 6 August 2003 tuguese fires would have a strong influence on the measured
08:40:00 UTC. Top axis: CO (black) mixing ratio and>880y concentrations.

(green) mixing ratio (ppbv); Bottom axis: 0zone mixing ratio (ppbV.  £rom the observed levels of pollutants in the plume and

red) and relative humidity (%, blue). in layers below and above, it is possible that fas in-
creased up to 20 ppbv during the transport. However, such an
interpretation is problematic as several photochemical pro-
cesses may interact during the transport of the biomass burn-
ng plume. Q changes are very dependent on temperature
changes during the transport. Trajectory particles arriving at
. ) o 2.5km altitude on the MOZAIC profile were transported be-
5.3 Biomass burning CO emissions low 5km, with 61.5% of it in the 0-3 km altitude layer, and
38.5% in the 3-5km altitude layer. Hence, with most of the
Major source regions of biomass burning in Southern Eu-particles being transported at low altitudes, the chemical ac-
rope as well as of Saharan dust and the subsequent transpegjity of this plume might involve the PAN decomposition
of the polluted air masses have been pointed out in previougt relatively high temperatures, including during the arrival
work based on surface ozone measurements, e.g. (Solberg Shase over Frankfurt in the second sub-period of the heat
al., 2008), and surface aerosol characterization, e.g. (Immlefyaye for which FLEXPART indicates a descent (adiabatic
etal., 2005; Pace et al., 2005). These papers suggest a potefeating) of the plume. In contrast, there was also consider-
tial impact of Portuguese forest fires over northern Europe gple transport of fire smoke and Saharan dust in this period
The time series of MOZAIC vertical profiles over Frankfurt (Hodzic et al., 2006). Real et al. (2007) show that the influ-
and a FLEXPART simulation of BB-CO Portuguese emis- ence of high aerosol loading on photolysis rates in a forest
sions are further investigated in this section to compare thejre plume is a slowing down of the photochemistry (forma-
potential impact of the forest fire emissions relatively to the tion and destruction). Mixing with background concentra-
anthropogenic European emissions. tions is another process participating to the observed levels
From Fig. 8b, several occurrences of strong CO anomaliesf pollutants in the plume. To sum up, this profile highlights
are easily detected in the troposphere between 3 and 6 Auhat regional transport of CO from forest fires over Portugal
gust 2003. As an example, we choose the CO anomaly ofnight have affected the European PBL, although there is still
about 100 ppbv occuring between 2 and 3 km altitude on 6a considerable gap of about 1 km depth to fill in between the
August 2003 during the episode of the change of air massbiomass burning plume and the polluted residual layer at this
i.e. the second sub-period of the heat wave. The correspondime period of the heat wave over Frankfurt.
ing MOZAIC profile (Fig. 11) shows a CO layer (250 ppbv)
between 2km and 3 km altitude, well correlated with rela- 5.4 Discussion on the existence of fire-produced CO in the
tive maxima of NQ (3 ppbv) and ozone (70 ppbv). These boundary layer
values are very close to the ones measured during the third
Lagrangian flight across an Alaskan forest fire plume agedHere, after discussing the limitations in our approach, we fur-
of about a week over the North Atlantic and for which ob- ther assess the potential of Portuguese fire plumes to pol-
served ozone levels increased by 17 ppbv over 5 days (Redilite the PBL over Frankfurt. With regard to biomass fire

layer during the heat wave period are indicative of a signif-
icant contribution of European sources to the measured C
mixing ratios, with a possible impact on ozone production.
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Fig. 12. (a) FLEXPART CO fire plume (ppbv) horizontal section at 2.5 km altitude on 6 August 2003 at the time of the MOZAIC profile
shown on Fig. 11. The MOZAIC aircraft path around 2.5 km altitude is superposed itbjdeimission sensitivity distribution in the 0-3 km

column for trajectory particles arriving along the MOZAIC profile displayed on Fig. 11. Particles were released only where the measured
CO exceeded 150 ppbv. Residence times were calculated from arrival until 3 days back and values are given as percentage of the maximum

emissions, the vegetation type is closer to the temperate foref the extratropical low. These plumes arrive with a delay
est (eucalytus and maritime pines) than to the Mediterraneanf about one day compared to the MOZAIC time series and
scrubland in the central part of Portugal where fires werehave BB-CO mixing ratios in the upper- (lower-) troposphere
active. Accordingly, the simulation presented here, withtoo weak (large) compared to measurements. Then, contri-
a temperate forest emission factor of 5434 kgCO/ha, bettebutions from fire emissions are consistently found until 15
matches with MOZAIC observations than another simula-August 2003, and the last plume is found around 18 August
tion (not shown) having the Mediterranean scrubland emis-2003 after the end of the heat wave period. During the sec-
sion factor (1456 kgCO/ha). This second simulation severelyond sub-period of the heat wave, biomass burning can con-
underestimates observed CO levels elsewhere than over Paribute to almost 80% of some of the observed CO mixing
tugal. With regard to injection heights, Immler et al. (2005) ratios at around 3 km. Both the too high and too low con-
reported with lidar observations in Linderberg (Germany) tributions in the lower troposphere and upper troposphere,
layers of aerosol coming from Portugal throughout the tro-respectively, might be explained by the absence of ECMWF
posphere in August 2003. MOZAIC observations show thatsimulated convection along trajectories or by deficiencies in
CO plumes extend up to 10 km altitude. Fromm et al. (2000)the FLEXPART convective scheme. During the third sub-
have suggested that extreme convection triggered by foregieriod, the contribution of fire emissions decreases to values
fires may be able to inject aerosol into the stratosphere abelow 40%, with maxima in the 1 km to 4 km altitude region.
high latitudes. In the present case, when progressing from Taple 2 shows the average bias between MOZAIC obser-
Portugal to United Kingdom, the weak extratropical low was yations and the sum of CO Flexpart simulations during the
associated with deep convective cells and lightning activitysymmer 2003 (16 July to 31 August 2003). Average bias
as it can be seen with satellite images and with the Eurois 105 ppbv within the PBL and 95 ppbv in the free tropo-
pean lightning network (not shown). Convection over Por-gphere. A large component of this bias comes from the CO
tugal or over the Bay of Biscay may have uplifted aerosolspackground value that is lacking in our FLEXPART simu-
and CO emissions. In order to test the influence of injection|ations. In a similar study of boreal forest fire emissions
helght of biomass fire plUmeS, FLEXPART simulations have (Canada and European parts of Rusg;&)fster et al. (2001)
been made with 0-3.5km or 0-6 km injection heights. Ourestimated the CO background to about 97 ppbv. Subtract-
sensitivity study (not shown) indicates that the FLEXPART ing about 90 ppbv in our case, in order to account for the CO
simulation presented here with lower injection heights betterhackground, lowers the bias to 15 ppbv within the PBL and to
displays BB-CO plumes crossed by MOZAIC aircraft than 5 ppby in the free troposphere. With regards to the period of
the one with higher injection heights. smoke plumes over Frankfurt, this corrected bias is close to
Contributions of the prescribed Portuguese fire emissiongero during the third sub-period within the PBL. In the free
to the CO measurements during the period of study are nowiroposphere, the corrected bias varies fre6 ppbv (sec-
discussed (Fig. 13). The first simulated BB-CO plumes ar-ond sub-period) to 6 ppbv (third sub-period). This indicates
rive over Frankfurt during the second sub-period (6 Augustthat the order of magnitude of CO associated with biomass
to 8 August), when northern Europe is under the influenceburning is correctly estimated. The general concordance in
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Table 2. CO mixing ratio (in ppbv) from MOZAIC and FLEXPART simulations. Last line presents the bias between CO MOZAIC
measurements and the sum of FLEXPART simulated CO (AN-CO and BB-CO).

CO (ppbv) Before During After
2-5 August 6—8 August 9-14 August
Altitude (km) 0.25-2 2-8 0.25-3 3-8 0.25-1.25 1.25-8 0.25-3 3-8 0.25-2 2-8
MOZAIC observation 149 116 162 114 218 126 181 123 156 117
America AN-CO 8 7 10 7 8 7 6 8 9 10
Europe AN-CO 23 5 50 4 52 15 50 10 37 8
BB-CO X X X X 51 30 35 9 X X
Bias 118 104 102 103 107 74 90 96 110 99
10—y | — 100 development. In backward mode for FLEXPART runs, parti-
i cles were initialized in these layers and then being regrouped
in 5 clusters along backward trajectories. For both profiles,
8 80 results show that one of the clusters has passed over Portugal
(Fig. 15). Although these results do not constitute a definitive
= 60 evidence that Portuguese forest fires have polluted the PBL
f; over Frankfurt, they support this hypothesis and challenge
T modellers to tackle this issue.
= 4 40
6 Conclusions
2r 20
1 I Commercial aircraft measurements of ozone, carbon monox-
I h ide and nitrogen oxide from the MOZAIC programme
0%1 6‘ ‘07}25I 68}02‘? ‘ T‘O&‘t14‘ Iog}zgl Iog/o*] 0 over Frankfurt (Germany) have been investigated during the
. Before During | After , strong heat wave that hit Europe in the first half of August
Date 2003. The 11-year MOZAIC climatology is used to evalu-

) ) ) ) ) ate the anomalies of thermo-dynamical and chemical param-
E_'g' 13. T:;”e s_enecsgller Framt‘ﬂ(‘j” ‘?tfr:’if'é;'&gf#e\s/ °|f Portuguese g05  Differences between the heat wave period (2—-14 Au-
lomass burning ransported wi ART. values are glVengust) and the periods before (16-31 July) and after (16—
as percentages of the MOZAIC CO observations (%). 31 August) were highlighted according to the evolution of the
meteorological situation. In early August, Europe was under
strong anticyclonic conditions which diverted the westerlies
time between the contribution of BB-CO (Fig. 13) and the tg the North. The two weeks of the heat wave presented dif-
largest MOZAIC CO anomaly (Fig. 8b) confirms the impact ferent air mass circulation associated with the movement of
of Portuguese forest fires on the pollution level over Frank-an extratropical low around the anticyclone centre, bringing
furt. Saharan and Portuguese air into northern Europe. After this
During the third sub-period of the heat wave when the topepisode, stagnant anticyclonic conditions prevailed. Temper-
of the PBL has risen up, we very tentatively look at signa- ature anomalies during the heat wave were found through-
tures in MOZAIC profiles that could be representative of out the troposphere with values greater than climatology by
fire plumes being mixed inside the PBL. Figure 14 shows7°C in the lower troposphere and by 3Gin the mid- and
two MOZAIC vertical profiles sampled on 10 August 2003, upper-troposphere. Anomalies of wind spee®(%) and of
04:46:00 UTC and 08:34:00 UTC. According to Fig. 5, the relative humidity £25%) stand throughout the troposphere.
top of the PBL has risen after the weak surface low has left This situation allows the emergence of extremely
central Europe, and it is at about 4.5km height on 9 Au-favourable conditions to ozone formation over Europe. In
gust 12:00:00 UTC and at about 2.5 km height on 10 Augustaddition to the basic condition due to anthropogenic emis-
12:00:00 UTC. In the first profile (Fid.4a), the layer just be-  sions of ozone precursors, favourable conditions include the
low 3 km altitude contains relative maxima o O, NG, extended residence time of air parcels in the boundary layer,
and relative humidity. About 4 h later, these relative max- a reduction in surface dry deposition due to the drought (Vau-
ima are observed at 2.2 km altitude (Fig. 14b) showing thattard et al., 2005 and Solberg et al., 2008), and eventual
the layer has been captured within the PBL during its diurnaladditional contributions from enhanced biogenic isoprene
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Fig. 14. MOZAIC profiles in Frankfurt, (left) on 10 August 2003 04:46:00 UTC and (right) on 10 August 2003 08:34:00 UTC. Top axis:
CO mixing ratio (ppbv, black) and 16NOy mixing ratio (green, ppbv); Bottom axis: ozone mixing ratio (ppbv, red) and relative humidity
(%, blue).

emissions over France and Germany and from biomass burn 60
ing emissions from Portuguese fire forests (Solberg et al.,
2008). For the first time, the present study gives access t¢ gzl
a thorough description of the vertical structure of the pol- ®
lutants thanks to the MOZAIC programme. Compared to
the MOZAIC climatology, ozone observations in Frankfurt
during the heat wave present strong anomalies within the 3
planetary boundary layer. At night-time and early morn-
ing, the residual layer at 1km altitude is composed of a
peak anomaly of about +30 ppbw;@eak absolute value of 40t
80 ppbv). This anomaly collapses in the surface layer due
to the accumulated surface deposition during the night and
of the fast ozone titration by NO aircraft traffic emissions in
the early morning near the Frankfurt airport. During the day,
the entire planetary boundary layer is filled with an average 3050
ozone anomaly of about +40 ppbw; @eak absolute value Longitude

90 ppbv). The CO measurements show chemically active

biomass burning plumes in the mid- and upper-tropospheré-ig. 15. Positions of FLEXPART clusters of trajectory particles
with origins over Portugal. CO observations overpass thenitialized in 10-day backward simulations in CO layers observed
climatology from 90 ppbv at the surface to 40-50 ppbv at " MOZAIC flights displayed on Fig. 14 (see text for details). Blue
4km altitude. During the passage of the extratropical Cy_symbols are for 10 August 2003, 04:46:00 UTC flight, red ones are

clone in the heart of the heat wave period, the change of ai;or 10 August 2003, 08:34:00 UTC flight). Over Portugal, clusters
. are 5 to 6 days old.

masses and the lowering of the top of the planetary bound-
ary layer reduces the height of the ozone polluted layer and

allows biomass burning plumes to descend further down in

the lower troposphere. The ozone and CO anomalies reach Lagrangian simulations of the transport of anthropogenic
their greatest vertical extension up to 6km altitude at theCO emissions from European and North American source re-
end of the heat wave period. The availability of frequent gions and of biomass burning CO emissions from the equiv-
MOZAIC profiles during this episode has highlighted the alent area of 0.8 10f ha burnt over Portugal were performed
extreme usefulness of routine aircraft observations for enviin order to compare the relative contributions of source re-
ronmental monitoring. Efforts to stand out a durable infras-gjons to the CO observations in the planetary boundary layer
tructure from the initial research project MOZAIC are pur- over Frankfurt. Results show the predominant contribution
sued in the European project IAGOS (In-service Aircraft for of European source regions (30%) to the CO levels for the
a Global Observing System European Research Infrastruayhole heat wave. Averaged contribution of fires is stronger
ture, http://www.fz-juelich.deficg/icg-2/iagos). (35%) but emissions affect CO above Frankfurt levels only
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after 6 August 2003. The general concordance in time be&Elias, T., Silva, A. M., Belo, N., Pereira, S., Formenti, P., Helas, G.,
tween the contribution of biomass-burning origin CO and the and Wagner, F.: Aerosol extinction in a remote continental region
largest MOZAIC CO anomaly, as well as the emission sen- Of the Iberian Peninsula during summer, J. Geophys. Res., 111,
sitivity distributions calculated from backward Lagrangian _ D14204, doi:10.1029/2005JD006610, 2006. o
simulations initialised along MOZAIC CO anomalies, con- Elichegaray, C., Colosio, J., and Bouallala, S.: Premier bilan de
- - P L. . Lapollution photochimique obsee en France aucours dét

firm the validity of the quest_lonlng about an qddltlonal im 2003, Tech. Rep., ADEME 8partement Air, 2003,

pact of Portuguese forest fires on the pollution level over

. . . Emission Inventory Guidebook, 2006: EMEP/CORINAIR Emis-
Frankfurt. This challenge for modellers is being tackled ¢, Inventory Guidebook, Tech. Rep., 2006.

in the European GEMS project (Global Earth-system Mod-gmmanuel, K. A. andzivkovic-Rothman, M.: Development and
elling using Space and in-situ data, (http://www.ecmwf.int/'  evaluation of a convection scheme for use in climate models, J.
research/Elprojects/GEMS/). Atmos. Sci, 56, 1766—1782, 1999.
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