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Abstract. Atmospheric airborne measurements of CO2 are
very well suited for estimating the time-varying distribution
of carbon sources and sinks at the regional scale due to the
large geographical area covered over a short time. We present
here an analysis of two cross-European airborne campaigns
carried out on 23–26 May 2001 (CAATER-1) and 2–3 Oc-
tober 2002 (CAATER-2) over Western Europe. The area
covered during CAATER-1 and CAATER-2 was 4◦ W to
14◦ E long; 44◦ N to 52◦ N lat and 1◦ E to 17◦ E long; 46◦ N
to 52◦ N lat respectively. High precision in situ CO2, CO
and Radon 222 measurements were recorded. Flask sam-
ples were collected during both campaigns to cross-validate
the in situ data. During CAATER-1 and CAATER-2, the
mean CO2 concentration was 370.1± 4.0 (1-σ standard devi-
ation) ppm and 371.7± 5.0 (1-σ) ppm respectively. A HYS-
PLIT back-trajectories analysis shows that during CAATER
1, northwesterly winds prevailed. In the planetary boundary
layer (PBL) air masses became contaminated over Benelux
and Western Germany by emissions from these highly urban-
ized areas, reaching about 380 ppm. Air masses passing over
rural areas were depleted in CO2 because of the photosyn-
thesis activity of the vegetation, with observations as low as
355 ppm. During CAATER-2, the back-trajectory analysis
showed that air masses were distributed among the 4 sectors.
Air masses were enriched in CO2 and CO over anthropogenic
emission spots in Germany but also in Poland, as these coun-
tries have part of the most CO2-emitting coal-based plants
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in Europe. Simultaneous measurements of in situ CO2 and
CO combined with back-trajectories helped us to distin-
guish between fossil fuel emissions and other CO2 sources.
The1CO/1CO2 ratios (R2

= 0.33 to 0.88, slopes= 2.42 to
10.37), calculated for anthropogenic-influenced air masses
over different countries/regions matched national inventories
quite well, showing that airborne measurements can help
to identify the origin of fossil fuel emissions in the PBL
even when distanced by several days/hundreds of kms from
their sources. We have compared airborne CO2 observa-
tions to nearby ground station measurements and thereby,
confirmed that measurements taken in the lower few me-
ters of the PBL (low-level ground stations) are representa-
tive of the local scale, while those located in the free tro-
posphere (FT) (moutain stations) are representative of atmo-
spheric CO2 regionally on a scale of a few hundred kilome-
ters. Stations located several 100 km away from each other
differ from a few ppm in their measurements indicating the
existence of a gradient within the free troposphere. Obser-
vations at stations located on top of small mountains may
match the airborne data if the sampled air comes from the
FT rather than coming up from the valley. Finally, the anal-
ysis of the CO2 vertical variability conducted on the 14 pro-
files recorded in each campaign shows a variability at least
5 to 8 times higher in the PBL (the 1-σ standard deviation
associated to the CO2 mean of all profiles within the PBL
is 4.0 ppm and 5.7 ppm for CAATER-1 and CAATER-2, re-
spectively) than in the FT (within the FT, 1-σ is 0.5 ppm and
1.1 ppm for CAATER-1 and CAATER-2, respectively). The
CO2 jump between the PBL and the FT equals 3.7 ppm for
the first campaign and−0.3 ppm for the second campaign.
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A very striking zonal CO2 gradient of about 11 ppm was ob-
served in the mid-PBL during CAATER-2, with higher con-
centrations in the west than in the east. This gradient may
originate from differences in atmospheric mixing, ground
emission rates or Autumn’s earlier start in the west. More
airborne campaigns are currently under analysis in the frame-
work of the CARBOEUROPE-IP project to better assess the
likelihood of these different hypotheses. In a companion pa-
per (Xueref-Remy et al., 2011, Part 2), a comparison of ver-
tical profiles from observations and several modeling frame-
works was conducted for both campaigns.

1 Introduction

Atmospheric greenhouse gas (GHG) concentrations have
been increasing since the pre-industrial era, due to human ac-
tivities such as the combustion of fossil fuel compounds and
deforestation. The most significant growth has been in the
presence of CO2, its atmospheric concentration having in-
creased by more than 30% during the last 150 yr. Political ef-
forts have been made through the United Nations Framework
Convention on Climate Change to stabilize atmospheric CO2
concentration levels. Such efforts require independent ver-
ification of anthropogenic and natural fluxes on a regional
scale, a task which represent a huge scientific and politi-
cal challenge (Intergovernmental Panel on Climate Change,
2007).

The atmosphere is a strong integrator of CO2 surface
sources and sinks. Observations can thus be used to quan-
tify surface fluxes over relatively large scales by matching
them with modelled field simulations from transport models.
This method, known as inverse modelling, is the approach
most used to quantify CO2 fluxes at regional or global scales.
However, the flux partition, especially at the regional scale
(100–1000 km) is still poorly understood. Indeed for Europe
(based on data from 1992–1996), Gurney et al. (2003) have
compared 16 inverse models: all indicate that Europe is a
sink for CO2 but they show very large differences, with a
mean annual flux of 0.6 GtC yr−1 and a standard deviation of
±0.4 GtC yr−1 i.e. 66% of the mean.

Briefly, these large differences originate for several rea-
sons. Firstly, most of the studies are based on measurements
done on remote and marine sites, far from where terrestrial
fluxes are taking place: there is a lack of measurements over
the continents to constrain flux calculations by inverse mod-
elling (Geels et al., 2007). Secondly, models have difficul-
ties in representing atmospheric transport in the continental
planetary boundary layer (PBL) (Gerbig et al., 2003). Sev-
eral intercomparison studies have been undertaken to make
progress in the modeling of the fluxes and especially on a
seasonal scale (e.g. Gurney et al., 2004; Baker et al., 2006;
Law et al., 2008; Patra et al., 2008; Carouge et al., 2010a, b).

Globally at this level, reducing inverse modelling uncer-
tainties requires a better characterization of atmospheric CO2
vertical and horizontal variability through in situ observa-
tions. Over the past 10 yr, the atmospheric CO2 global mon-
itoring network has been largely used to retrieve large scale
distribution of sources and sinks at the surface. Recent stud-
ies have demonstrated the need for more data over the con-
tinental region in order to make feasible robust estimations
of the biospheric contribution to the regional carbon bud-
get. Stephens et al. (2007) have highlighted the need for in
situ vertical observations to better constrain CO2 fluxes. In-
deed, because of the large geographical area they can span
within a short time, airborne measurements are very well
suited to studying atmospheric CO2 variability on a regional
scale, vertically and horizontally, and, in particular, can give
crucial information on the gradients between the PBL and
the free troposphere (FT). Over Europe, airborne campaigns
conducted in the boundary layer are very limited as resumed
in Geels et al. (2007). The Co-ordinated Access to Aircraft
for Transnational Environmental Research (CAATER-1 and
CAATER-2), an European initiative, has given us the op-
portunity to perform two intensive airborne campaigns over
Western Europe in May 2001 and October 2002.

The aims of these campaigns were: (1) to validate a new
airborne in situ CO2 analyzer; (2) to characterize CO2 vari-
ability in the low troposphere above Western Europe; (3) to
evaluate the contributions of anthropogenic and biospheric
fluxes to this variability; (4) to assess the representativeness
of ground stations; and (5) to better characterize the gradients
of CO2 between the PBL and the FT.

In this paper, we show the results of these campaigns con-
ducted in the low troposphere (<4000 m) aboard the Falcon
20 of the Deutsches Zentrum für Luft und Raumfahrt (Oberp-
faffenhofen Germany). During this experiment the Falcon
was equipped with a continuous CO2 analyser (CONDOR),
a continuous CO analyser (MOZAIC CO analyser, Labora-
toire d’Aérologie, France) which was used as a combustion
tracer and a sequential Radon 222 analyser (AVIRAD) which
was used as a tracer of continental air masses.

The conditions of the campaigns and the instrumentation
deployed are presented in Sect. 2. In Sect. 3, we conduct
an analysis of air mass origins using back-trajectories. In
Sect. 4, we analyse the contribution of anthropogenic emis-
sions to CO2 variability using CO data. In Sect. 5, we as-
sess the representativeness of ground station measurements
using aircraft observations. Finally Sect. 6 focuses on CO2
vertical variability, especially on characterizing CO2 gradi-
ents between the PBL and the FT in function of the air
mass origins. In a companion paper (Xueref-Remy et al.,
2011, Part 2), we conduct a comparison between observa-
tions and models: firstly to assess the capability of a global
model versus a mesoscale model to reproduce the observed
gradients, incorporating also several biospheric fluxes, and
secondly, to present a comparison between model-based
fluxes obtained using a new method coupling backplumes
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Fig. 1. Averaged flux maps (for the days of the campaigns) and flight patterns (red: 1st day, green: 2nd day, pink: 3rd day, blue: 4th day
of the campaigns) according to latitude, longitude and altitude (in km). Net Ecosystem Exchange (NEE) fluxes are from ORCHIDEE and
fossil fuel (FF) fluxes from Andres et al. (1996) (left: CAATER-1, right: CAATER-2). Oceanic fluxes are from Takahashi et al. (1999) and
are almost zero therefore do not appear in the figure.

and a priori fluxes, and observation-based fluxes calculated
with the Radon method (Schmidt et al., 2003).

2 Description of the campaigns and of instrumentation

2.1 The CAATER campaigns

The CAATER aircraft measurement (Co-ordinated Ac-
cess to Aircraft for Transnational Environmental Research)
programme is coordinated by the German DLR, French
INSU/CNRS and Ḿet́eo-France, and by the UK Met Of-
fice. The programme was funded between 2000 and 2003
by the European Commission to provide research aircraft fa-
cilities for pilot projects and new studies. The objective of
the CAATER Carbon Dioxide pilot project detailed in this
study is to measure the vertical and horizontal variability of
CO2 over Western Europe during two contrasted seasons. We
used the DLR-Falcon 20 jet aircraft (http://www.dlr.de/fb/en/
desktopdefault.aspx/tabid-3714/5789read-8405/) equipped
with (1) a CO continuous infra-red analyzer, (2) a CO2 non
dispersive infra-red gas analyzer, (3) a 222Rn sequential
sampler instrument, (4) a flask sampling unit and (5) stan-

dard meteological parameter sensors (i.e., pressure, temper-
ature, horizontal and vertical windspeeds, dewpoint temper-
ature, absolute and relative humidities, virtual temperature
and virtual potential temperature).

Two airborne campaigns were carried out in May 2001
and in October 2002, here called CAATER-1 and CAATER-
2. The two flight routes are different, but they both extend
across a domain of roughly 20◦ in longitude between West-
ern France and West Hungary. The Falcon-20 flights for each
campaign are shown in Fig. 1. The CAATER-1 campaign
consisted of 5 flights for a total of 14 h during 23–26 May
2001, and the CAATER-2 campaign consisted of 3 flights
for a total of 8 h during 2–3 October 2002 (Tables 1 and 2).
Vertical CO2 profiles and in the case of CAATER-2 also CO
and 222-Rn, were collected between the ground and 4000 m
alt during each campaign. We have 14 profiles in total for
each campaign.

The paper also uses a dataset from different in situ sam-
pling sites described in Table 3. These data will be used in
Sect. 5 to assess the stations footprint by comparing them to
the CAATER measurements.
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Table 1. Airport acronyms and geographical information.

Code Name Country Latitude Longitude Altitude (m a.s.l.*)

BZH Brest France 48◦26′ N 04◦25′ W 99
OBP Oberpfaffenhofen Germany 48◦05′ N 11◦17′ E 593
ORL Orleans France 47◦53′ N 02◦10′ E 120
PDB Paderborn Germany 51◦36′ N 08◦37′ E 213
SOB Sarmellek Hungary 46◦42′ N 17◦06′ E 408

* m a.s.l.= meters above sea level.

Table 2. Flight information for the CAATER 1 and CAATER 2 campaigns.

Date Time range (hh:mm UTC) Flight pattern Flight number

23 May 2001 12:12–14:43 OBP – BZH 1
24 May 2001 15:03–17:50 Atlantic, south of BZH 2
25 May 2001 11:26–13:43 BZH – PDB 3
26 May 2001 08:56–15:46 PDB – OBP 4
2 October 2002 08:48–11:10 OBP – ORL 5
2 October 2002 11:10–13:16 ORL – PDB 6
3 October 2002 10:02–12:20 PDB* – SOB 7
3 October 2002 14:19–15:52 SOB – OBP 8

* No data available between PDB and THU.

Table 3. Ground station acronyms and geographical information.

Ground altitude Type of station
Site Name Country Latitude Longitude (m a.s.l.a) (m.a.g.l)b

CBW Cabauw Holland 51◦58′ N 04◦55′ E −0.7 Tower (213 m)
CMN Monte Cimone Italy 44◦11′ N 10◦42′ E 2165 Surface (mountain top)
HUN Hegyhatsal Hungary 46◦57′ N 16◦39′ E 248 Tower (115 m)
MHD Mace Head Ireland 53◦19′ N 09◦53′ W 26 Surface
PRS Plateau Rosa Italy 45◦56′ N 07◦42′ E 3480 Surface (mountain top)
PUY Puy-de-Dome France 45◦45′ N 03◦00′ E 1465 Surface (mountain top)
SCH Schauinsland Germany 47◦55′ N 07◦55′ E 1205 Surface (mountain top)
WES Westerland Germany 54◦56′ N 08◦19′ E 12 Surface

a m a.s.l.= meters above sea level;
b m a.g.l.= meters above ground level.

2.2 CO2 surface fluxes conditions

Because the focus of this study is to analyze the variability
of CO2 across Western Europe, it is important to understand
the underlying fluxes, which we provide in this section.
Figure 1 shows the average CO2 flux maps over Western
Europe during the sampling interval of each campaign. The
net CO2 flux is the sum of fossil fuel CO2 emissions and
of the Net Ecosystem Exchange flux, which can be positive
(source) or negative (sink) depending upon the vegetation
status. The Normalized Difference Vegetation Index (NDVI)
provided by the SPOT VGT-4 satellite system reveals a

higher photosynthetic activity in May than in October (see
Appendix A), but vegetation index is not easy to translate
into a CO2 source/sink map. We show in Fig. 1, overlaid
with the campaign flights, the three CO2 continental flux
components, i.e.: the Net Ecosystem Exchange (NEE) fluxes
given by the process-based ecosystem model ORCHIDEE
(Krinner et al., 2005) also described in the companion paper
(Xueref-Remy et al., 2011, Part 2) with a spatial resolution
of 0.35◦×0.35◦ forced by synoptic weather data with a
3 h resolution averaged on the days of the campaign (the
diurnal cycle thus being smoothed); annual fossil fuel (FF)
emission maps with a spatial resolution of 1◦

×1◦ from

Atmos. Chem. Phys., 11, 5655–5672, 2011 www.atmos-chem-phys.net/11/5655/2011/
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Andres et al. (1996) updated to the year of each campaign;
and oceanic fluxes from Takahashi et al. (1999, 2002). As
oceanic fluxes are negligible compared to NEE and fossil
fuel fluxes, they do not appear in the maps. These maps
show that for this period in May 2001, Europe was mainly
acting as a CO2 sink (reaching about−1 gC m−2 day−1)
while in early October 2002 it was acting more like a source
of CO2 north of 47◦ N (about 1 gC m−2 day−1) and a tiny
sink south of 45◦ N (about 0.4 gC m−2 day−1). Largest
fossil fuel emissions occur from the London megacity
area, Benelux, Ruhr, the Berlin metropolitan area and the
Warsaw city regions. The most emitting coal-fed power
plants (the so-called “dirty thirty” identified by the WWF:
http://www.panda.org/whatwe do/knowledgecentres/
climatechange/problems/cause/coal/dirty30/) are located
here and represent 10% of European CO2 emissions.

2.3 Synoptic weather conditions

Synoptic weather conditions encountered during both cam-
paigns are shown in Fig. 2 (http://weather.ou.edu/∼cgodfrey/
reanalysis/).

During CAATER 1, the synoptic situation was mainly
anti-cyclonic, as shown by mean sea level pressure and
850 hPa wind maps. Note that 850 hPa represents the mean
aircraft altitude during the campaign (1457 m above sea
level). No major cloud system was present over Europe
during the campaign. During 23–24 May 2001 winds from
the north-east prevailed over the campaign domain in North-
ern France, established around a high-pressure system lo-
cated over the British Isles. On 25 May 2001, this high-
pressure moved towards southern Scandinavia and north-
easterly winds continued to prevail.

During CAATER 2, dry conditions were encountered,
apart from 3 October 2002 when a few showers occured over
Thüringen, in Eastern Germany. By 2 October 2002, a small
high-pressure system over Norway induced airflow from the
north into the aircraft route over Southern Germany. But an-
other high-pressure placed over the Balkans region creates
a second flow from Southern Europe into the aircraft route
over France. We thus expect a very significant change in
air mass origins at the boundary between these two different
flow regimes. On 3 October 2002, two high-pressure sys-
tems were observed, west and east of the aircraft route, over
France and Greece. This situation gives rise to complex wind
patterns, as further evidenced from the back-trajectory anal-
ysis in Sect. 3.

2.4 Instrumentation

2.4.1 In situ continuous CO2 measurements

In addition to standard meteorological parameters (wind, rel-
ative humidity, temperature, pressure) with a 1-Hz acquisi-
tion, the CO2 concentrations were measured with a contin-
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Fig. 2. Meteorological maps showing mean sea-level pressure
(in hPa) and wind speed (in m s−1) at 850 hPa for each day of
the CAATER campaigns at 12:00:00 h UTC (http://weather.ou.edu/
∼cgodfrey/reanalysis/). Latitude (vertical scale) is given in◦ N and
longitude (horizontal scale) in◦ E.

uous NDIR airborne analyzer developed at LSCE (Fig. 3).
This instrument is based on a commercial sensor Li-COR
6262 with a fast response detector (1 Hz acquisition), with
temperature, pressure and flow rates of air being regulated at
constant values (Table 4). Outside air was pumped and dried
by a magnesium perchlorate cartridge before being analyzed.
More details can be found in Filippi et al. (2002).

Airborne CO2 measurements are useful for carbon cy-
cle studies (inversions) if they have a precision better than
0.5 ppm (Gloor et al., 2000). Frequent calibrations (ev-
ery 30 min) give an instantaneous precision of 0.1 ppm, but
slow instrument drifts due to changes in surrounding physi-
cal parameters such as pressure and temperature require fre-
quent calibrations during flights. We used two calibration
gases in high-pressure cylinders of 2 l, with concentrations
in the NOAA X-93 scale of 365.92± 0.05 ppm (Low) and
401.29± 0.05 ppm (High). Each standard is passed through
the analyzer for 3 min, and only the last minute of acqui-
sition is retained to compute the calibration curve and cal-
culate outside air CO2. Given the limited volume of each
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Table 4. Characteristics of the CO2 and CO analyzers.

Parameter CO2 analyzer (CONDOR) CO analyzer

Precision ≤ 0.20 ppm for 1 s ±5 ppbv for 30 s
Sampling frequency 1 Hz 0.03 Hz
Power supply 18-32VDC/15A max 24V/10A max
Cells pressure 1080 hPa 2532 hPa
Flow rates 50 sccm (Reference cell) 400 sccm (Sample cell) 4000 sccm
Temperature 35◦C 30◦C
Calibrations 1 calibration (6 mn) every 30 mn Before and after each campaign
Volume 95×55×40 cm3 60×31×43 cm3

Weight 80 kg 45 kg

 

 

 

 

Fig. 3. Schematic of the CONDOR analyzer.

cylinder, the time taken for calibration and the sought pre-
cision, an optimal compromise had to be found. We carried
out≈30 calibrations during each campaign. The average sta-
bility (1-σ std. deviation on 1-Hz data) was 0.03 ppm dur-
ing the last minute of each calibration passage. To compute
the instrument accuracy, each calibration gas was treated as
an unknown target. The difference between the true and the
measured target value is 0.10 ppm for the high standard and
0.08 ppm for the low one. Also, we found that, even when
using one single calibration result before each flight, the in-
strument accuracy is still greater than 0.20 ppm.

2.4.2 Flasks analysis

To independently assess the instruments accuracy, about
50 1-l glass flasks were sampled during each campaign. Af-
ter 5 min of flushing, the sampled air was compressed at 1
bar above atmospheric pressure to avoid any contamination
due to leakage. The CO2 concentration was measured by gas
chromatography at LSCE with a precision<0.10 ppm (Ṕepin
et al., 2001), each flask being measured twice. A flask con-

centration was systematically rejected if the two measure-
ments differed by more than 0.10 ppm (3.2% of the samples).
The mean difference between the in situ NDIR and the flasks
was less than 0.20 ppm for both campaigns (see Appendix B,
Fig. B1).

2.4.3 In situ continuous CO measurements

The CO analyser is the same as the one developed for routine
measurements onboard passenger aircrafts for the MOZAIC
program (http://mozaic.aero.obs-mip.fr/web/). CO was only
measured during CAATER-2 and its characteristics are sum-
marized in Table 4. This analyser described in Nedelec et
al. (2003) is a fully automated instrument designed to reach
an accuracy of 5%. It is based on the commercial IR cor-
relation gas analyser Model48C produced by Thermo En-
vironment Instruments [TEI, USA]. It is a Gas Filter Cor-
relation instrument based on the principle of infra-red ab-
sorption by the 4.67 µm fundamental vibration-rotation band
of CO. Radiation from an infrared source is chopped and
passed through a gas filter which alternates between CO and
N2. The radiation then passes through a narrow band pass
filter and a multiple optical pass sample cell where absorp-
tion by the sample gas occurs. The IR radiation exits the
sample cell and falls on a lead-selenium solid state IR de-
tector. Other gases do not cause modulation of the detector
signal since they absorb the reference and measure beams
equally. Thus, the Gas Filter Correlation System responds
specifically to CO. The Model 48CTL is also qualified by
US EPA designated Method (EQSA-0486-060). The specifi-
cation of the commercial instrument is 10 ppbv CO for 300 s
integration time. Major improvements have been brought by
Néd́elec et al. (2003): periodic accurate zero measurements,
new IR detector with better cooling and temperature regula-
tion, pressure increase and regulation in the absorption cell,
increased flow rate to 4 l min−1, water vapor trap, and ozone
filter. The specifications achieved for 30 s integration time
(response time of the instrument) are a precision of±5 ppbv
CO with a minimum detectable of 10 ppbv of CO. The in-
strument was calibrated before and after the campaign with
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a traceable CO cylinder from the National Institute of Stan-
dards and Technology in Boulder, Colorado, USA.

3 Origin of sampled air masses

3.1 Mean CO2, CO concentrations and
back-trajectories

The CO2 distribution observed over the European continent
results from the mixing of oceanic background air with con-
tinental signals from fossil fuel emissions and biospheric
sources and sinks. The lower tropospheric CO2 mean con-
centrations between 0–4000 m alt were 370.1± 4.0 ppm dur-
ing CAATER-1 (May) and 371.7± 5.0 ppm during CAATER
2 (October). Thus, despite a stronger biogenic (biospheric)
uptake in Spring, reducing background CO2 over the whole
Northern Hemisphere and CO2 over the European continent,
the lower troposphere mean level in May was roughly similar
to October. For CAATER-2, the mean CO concentration was
177± 61 ppb.

As a reference for our analysis, we computed marine back-
ground concentrations of CO2 and CO in the boundary layer,
called MBL values. These MBL values were computed us-
ing records from the Mace Head station that is part of the
RAMCES network (https://ramces.lsce.ipsl.fr/). Mace Head
is located on the west coast of Ireland, thus, marine back-
ground concentrations during CAATER could be inferred by
selecting the marine wind sector data averaged over each
campaign’s duration. For CO2, the MBL values obtained
are 374.5± 0.3 ppm during CAATER 1 and 367.9± 0.2 ppm
during CAATER 2; for CO the MBL value computed for
CAATER 2 is 131.1± 0.2 ppb.

In order to investigate the origin of the sampled air masses,
we computed for each flight, 5-days backtrajectories at dif-
ferent measurement points of the flight path. The HYSPLIT-
4 (Hybrid Single-Particle Lagrangian Integrated Trajectory)
was used to compute these backtrajectories (Draxler and
Hess, 1998). Four-dimensional (x,y,z,t) gridded meteoro-
logical fields from NOAA/NCEP (National Centers for En-
vironmental Predictions,http://www.ncep.noaa.gov/) global
reanalysis data were used to drive HYSPLIT-4 (analysis ev-
ery 6 h, 1◦×1◦ horizontal resolution, 14 vertical levels). Each
trajectory was calculated as the time integrated advection of
a single particle. The integration time-step can vary during
the simulation, as it is computed from the requirement that
the advection distance per time-step should be less than 75%
of the meteorological grid spacing. This linear integration
method is common (e.g. Kreyszig, 1968) and has been used
for trajectory analysis (Petterssen, 1940) for quite some time.
Advection is computed from the average of the 3-D-velocity
vector for the position at timet and the position at timet −1.
The accuracy of the model has been quantified by testing the
model trajectories against balloon data: the difference was
about 10 to 20% (Draxler, 1998).

 

 

 

 

Fig. 4. CO2 concentration 3-D distribution according to longitude,
latitude and altitude. The flight patterns are projected on the longi-
tude/latitude plan. (top: CAATER-1, bottom: CAATER-2).

3.2 Air masses sampled in May 2001 during
CAATER-1

Back-trajectories calculated for each flight of CAATER 1 are
shown in Fig. 5 (a projection of Fig. 4 for CAATER 1 in
the horizontal longitude-latitude plan). About 58% of the
air masses sampled came from the north-west, 37% from the
north-east and only 5% from the south-east.

On 23 May 2001 (Fig. 5a), between 4◦ E and 2◦ W, the
back-trajectories indicate a continental origin from the north-
east, with air masses being advected in the boundary layer
(<2000 m) and carrying low CO2 values of≈360 ppm. As
the aircraft moved west of 2◦ W, the sampled air mass
reached values in the range of 372–375 ppm. Indeed dur-
ing that day, from ECMWF reanalysis, we know that there
was no special feature in the vertical structure of the atmo-
sphere such as convection that can explain this difference in
concentration. Backtrajectories show that between 2◦ E and
2◦ W, air masses were advected from the east-south-east in
the boundary layer, while they were advected from the north-
east passing above the ocean between 2◦ W and 4◦ W before
landing in Brest. It is thus very likely that the depletion of
CO2 observed between 2◦ E and 2◦ W on 23 May 2001 was
due to advection of air formerly exposed to terrestrial CO2
uptake. Indeed two days later (see Fig. 5c) we encountered
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b- Flight 2 (24 May 2001) : Atlantic survey south of BZH 

a- Flight 1 (23 May 2001) : OBP-BZH 

  12:30         13:00         13:30        14:00         14:30 
                          Time (hh:mm UTC) 
  

  15:00       15:30       16:00      16:30       17:00      17:30       18:00 
                                        Time (hh:mm UTC) 

 

Fig. 5. (a, b) Back-trajectories computed over 96 h for flight
1 and flight 2. The distance between 2 triangles is 24 h. Left
panels show CO2 concentrations along the flight path and back-
trajectories. Right panels show the altitude of the flight, and back-
trajectories colored according to air mass altitude. Black circles rep-
resent ground stations named in Fig. 1. Altitude is given in meters
above the sea level (m a.s.l.). Note that some of the back-trajectories
are outside the latitude and longitude chosen borders, but these are
so diluted that they do not give any relevant information.

a similar CO2 depletion between 2◦ E and 2◦ W, also below
2000 m, around midday and with similar pressure and wind
conditions than on 23 May 2001. For this flight, simulta-
neous in-situ CO2 and 222Rn measurements allowed us to
identify the role of terrestrial CO2 uptake over France at that
period (Xueref-Remy et al., 2011, Part 2). Between 2◦ W
and 4◦ W, we can conclude from the HYSPLIT backtrajecto-
ries that an oceanic air mass was sampled, whose CO2 con-
centration was close to the MBL value defined in Sect. 3.1
(374.5 ppm).

On 24 May 2001 (Fig. 5b) over the Bay of Biscay, air
masses were influenced by local anthropogenic emissions
near the surface close to BZH (∼378 ppm). The aircraft flight

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c- Flight 3 (25 May 2001) : BZH - PDB 

d- Flight 4 (26 May 2001) : PDB-OBP 

  11:30          12:00         12:30            13:00           13:30 
                                      Time (hh:mm UTC) 
  

 10:00                   12:00                  14:00                   16:00 
                         Time (hh:mm UTC) 
  

Fig. 5. (c, d) Back-trajectories computed over 96 h for flight
3 and flight 4. The distance between 2 triangles is 24 h. Left
panels show CO2 concentrations along the flight path and back-
trajectories. Right panels show the altitude of the flight, and back-
trajectories colored according to air mass altitude. Black circles rep-
resent ground stations named in Fig. 1. Altitude is given in meters
above the sea level (m a.s.l.). Note that some of the back-trajectories
are outside the latitude and longitude chosen borders, but these are
so diluted that they do not give any relevant information.

over the Bay of Biscay first sampled air advected from the
English Channel at≈4000 m alt with oceanic CO2 concen-
trations of 372–374 ppm, and then continental air from north-
eastern Europe, with CO2 depleted by plant uptake down to
360 ppm.

On 25 May 2001 (Fig. 5c), the air mass was first oceanic
(374 ppm). Moving eastwards between 3◦ W and 1◦ E, sam-
pled continental air masses gave CO2 concentrations of ap-
proximately 360 ppm (biospheric-influenced values, that are
similar to those sampled during 23 May on roughly the same
route westwards: see above), then oceanic air, followed again
by anthropogenic emission plumes over the Ruhr area with
CO2∼380 ppm. The signal of this high emission region of
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Europe when compared to the “biospheric” minimum further
east is of the order of 20 ppm in the whole boundary layer.

On 26 May 2001 (Fig. 5d), we sampled oceanic, bio-
spheric and anthropogenic air masses. Around 12◦ E in
the mid-afternoon, we measured low concentrations (around
365 ppm). The easterly flow associated with these mini-
mum CO2 values corresponds to air masses advected into
the boundary layer, and thus directly exposed to continu-
ous biospheric uptake. In contrast around 14◦ E, an air mass
coming from the west and north-west was sampled. Back
trajectories indicated that this air mass is exposed to anthro-
pogenic emissions, and contains CO2 values 25 ppm above
these low concentrations. Note that all these measurements
were recorded in the PBL at altitudes lower than 400 m a.s.l.;
backtrajectories show that the high-CO2 air mass sampled at
14◦ E was advected from the north-west at altitudes below
500 m, with an origin that can be approximately traced to
anthropogenic emissions over Northern Germany and Den-
mark. On the other hand, air masses coming from altitudes
higher than 1700 m from the West, with tropospheric air de-
coupled from surface fluxes, are associated to CO2 concen-
trations (∼374 ppm) close to the marine background value
defined in Sect. 3.1 (374.5 ppm).

3.3 Air masses sampled in October 2002 during
CAATER-2

We also analyze the relationship between CO and CO2 ob-
served during the CAATER 2 campaign (unfortunately, no
CO data is available for CAATER 1). In air masses influ-
enced by combustion processes, we expect a positive corre-
lation between the residual concentrations of CO and CO2
computed to background concentrations. This should enable
the identification of fossil fuel CO2 in total CO2 in sampled
air masses (e.g. Levin and Karstens, 2007). This (too) simple
theory is however complicated by (1) different ratios of CO
to fossil fuel CO2 emissions in the various types of combus-
tion, (2) mixing of air rich in fossil fuel CO2 with oceanic or
vegetation fluxes, a process that changes CO2 without chang-
ing CO, and (3) chemical production of secondary CO from
biogenic volatile organic compounds, which in summer can
contribute as much CO as anthropogenic combustions (Riv-
ier et al., 2006); this process tends to increase CO but not
CO2. During the CAATER-2 campaign, these three pro-
cesses (different mix of combustion, mix of oceanic, vege-
tation and fossil fuel CO2, secondary CO production) are un-
fortunately at work simultaneously. This, in principle, makes
the inferrence of fossil fuel CO2 very difficult, as already
noted when using ground-based station records (Karstens et
al., 2006; Levin et al., 2007). In this context, it is interest-
ing to check the relationship between CO and CO2 in the
diverse sampled air masses during the CAATER-2 campaign
(see Sect. 3).

First, we identified the different air masses in the
CAATER-2 dataset classified by their origins (Fig. 6). Then

                         a- Flight 5 (2 October 2002) : OBP - ORL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b- Flight 6 (2 October 2002) : ORL - PDB (Germany) 

   09:00            09:30            10:00            10:30           11:00 

                                Time (hh:mm UTC) 

  

  11:00               11:30              12:00               12:30               13:00 

                                                  Time (hh:mm UTC) 

  

Fig. 6. (a, b)Back-trajectories computed over 96 h for flights 5 and
6. The distance between 2 triangles is 24 h. Left panels show CO2
concentrations along the flight path and back-trajectories. Right
panels show the altitude of the flight, and back-trajectories colored
according to air mass altitude. Black circles represent ground sta-
tions named in Fig. 1. Altitude is given in meters above the sea
level (m a.s.l.). Note that some of the back-trajectories are outside
the latitude and longitude chosen borders, but these are so diluted
that they do not give any relevant information.

we computed the linear regression correlation (R2 determi-
nation factor) and the slope (S) of 1CO vs.1CO2 (delta
standing for the difference of the observed concentration to
the marine background concentration) for each air mass. The
results are presented in Fig. 8. TheR2 and slope values
showed a wide range of variation when all air masses are
considered without distinction (Table 5). To allR2, we com-
puted the associated p-value (Table 5): in all cases the corre-
lation significance is higher than 99%.

On 3 October 2002, during the flight from OBP to SOB
(Table 2; Fig. 6c) a vertical profile was sampled over a
rural location in the Tḧuringen area (event B4 in Fig. 7).
This profile shows CO2 and CO values close to background.
The same tropospheric values at 4000 m as those measured
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                       d- Flight 8 (3 October 2002) : SOB - OBP 

                             c- Flight 7 (3 October 2002) : THU - SOB (Hungary) 

   10:00          10:30            11:00           11:30           12:00 
                                  Time (hh:mm UTC) 
  

   14:30                     15:00                      15:30 
                             Time (hh:mm UTC) 
  

Fig. 6. (c, d)Back-trajectories computed over 96 h for flights 7 and
8. The distance between 2 triangles is 24 h. Left panels show CO2
concentrations along the flight path and back-trajectories. Right
panels show the altitude of the flight, and back-trajectories colored
according to air mass altitude. Black circles represent ground sta-
tions named in Fig. 1. Altitude is given in meters above the sea
level (m a.s.l.). Note that some of the back-trajectories are outside
the latitude and longitude chosen borders, but these are so diluted
that they do not give any relevant information.

one day earlier over ORL shows that the signal of sources
and sinks is mainly confined to the boundary layer during
the CAATER-2 campaign, because of anticyclonic condi-
tions and reduced mixing. An anthropogenic emission plume
(event C3 in Fig. 7) was sampled between 12◦ and 13.5◦ E,
with a small positive1CO vs.1CO2 correlation (R2

= 0.26,
slope= 1.78 ppb CO ppm−1 CO2). In this C3 event, the ori-
gin of the air masses was traced to the high emission Ruhr
industrial region. At longitude 17◦ E (event C4 in Fig. 7) we
encountered a better-defined anthropogenic emission plume
(R2

= 0.47, slope= 3.2 ppb CO ppm−1 CO2) during the ver-
tical profile over the tall tower of Hegyatsall.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   09:00                10:00              11:00                12:00               13:00 
  

 10:00         11:00          12:00         13:00         14:00        15:00          16:00 

Time (hh:mm UTC) 

  

Fig. 7. CO, CO2 and altitude time series during the CAATER 2
flights (top: 2 October 2002; bottom: 3 October 2002). Striking
events have been selected with colorbars (pink is for C: high CO and
CO2 correlation level events, green is for M: mixed determination
factor events, blue is for B: tropospheric background events).

On 3 October 2002, during the (return) flight from SOB
to OBP (Fig. 6d), the aircraft climbed above 4000 m (event
B6). Background values of CO, CO2 at 4000 m were checked
and confirmed to be unchanged from the flight above the Or-
leans forest (event B2). Then, an horizontal route was fol-
lowed in the boundary layer (mean altitude 300 m; event C5
in Fig. 7). Near-surface anthropogenic emission plume sam-
pled west of Hegyhatsal with a high1CO vs.1CO2 cor-
relation (R2

= 0.88, slope= 10.37 ppb CO ppm−1 CO2) was
most likely of local origin, from Graz (second largest city
in Austria with 300 000 people and an international airport).
Finally, the airplane crossed Eastern Germany westwards to
OBP at 2200m altitude. Surprinsingly low CO2 values for
the month of October (360 ppm) were observed during that
last flight, as well as low CO values (110 ppb). The back-
trajectories of this flight show a complex pattern, with some
air coming from the Alps before reaching the aircraft posi-
tion.

4 Comparison of CAATER observations to CO:CO2
emission ratios from inventories for anthropogenic-
influenced air masses

We selected here only the well-identified anthropogenic-
influenced air masses diagnosed from back-trajectories
(events C1 to C5). These air masses all show highR2 values
(0.33 to 0.88), but their slope varies from 2.42 to 10.37 ppb
CO ppm−1 CO2 (Table 5). These slope values are compared
below to the CO:CO2 slope (ρ in kt CO Mt−1 CO2) given by
emission inventories (EMEP, 2008) for the region of influ-
ence of each air mass.
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Table 5. Evaluation of the correlation level between CO2 and CO for the different events selected from Fig. 7. Each event has been attributed
to a class according to its back-trajectory location and direction (from Fig. 6) as explained in the text.

Event Determination p-value Slope1CO/1CO2 Day
factorR2 (number of pairs) (in ppb CO ppm−1 CO2) (in October 2002)

C1 0.82 3.60×10−42 (n = 60) 6.38 2
C2 0.65 3.14×10−39 (n = 66) 3.52 2
C3 0.26 0. (n = 1673) 1.78 3
C4 0.47 0. (n = 530) 3.2 3
C5 0.69 0. (n = 1461) 8.93 3
M1 0.13 0. (n = 141) 0.9 2
M2 0.35 0. (n = 2198) 0.76 2
M3 −0.42 0. (n = 2968) −2.88 2
M4 −0.06 9.11×10−3 (n = 1848) −0.36 2
B1 −0.67 1.75×10−5 (n = 100) −11.4 2
B2 0.54 0. (n = 2234) 12.1 2
B3 −0.41 0. (n = 886) −10.1 2
B4 0.15 6.67×10−6 (n = 922) 3.56 3
B5 −0.56 0. (n = 861) −7.15 3
B6 −0.43 0. (n = 556) −2.56 3
B7 −0.73 0. (n = 915) −2.36 3 
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Fig. 8. 1CO (i.e. CO minus CO marine background concentration)
versus1CO2 (i.e. CO2 minus CO2 marine background concentra-
tion) for the CAATER 2 flights. Colors represent correlated events
C1 to C5 as defined in the text. See Sect. 3 for marine background
concentration definition.

Air mass C1 was exposed to fossil fuel emission fluxes
in Eastern Germany/Western Poland/Southern Sweden (see
Sect. 3). It has the highestR2 (0.82), and a slopeS =

6.38 ppb CO ppm−1 CO2 higher than the mean inventory de-
rived slope for Germany (ρ = 5.1 kt CO/Mt CO2). One can

see in Fig. 6a that C1 is not only influenced by Eastern Ger-
many, but also by industrial regions (Malmö) in Southern
Sweden and in Western Poland, where the CO:CO2 emission
ratio are higher regionally (range 11.1 to 12 kt CO/Mt CO2).

Air mass C2 was exposed to Rhone valley emissions as
well as to CO2 uptake by vegetation in that region (Sect. 3;
see also Fig. 1 (NEE) and the high NDVI values in Fig. A1).
This air mass shows a weak1CO2−1CO correlation (R2

=

0.65) and a lower slope (3.52 ppb CO ppm−1 CO2) than
would be expected from fossil fuel addition alone (France
CO:CO2 emission inventory ratioρ = 14 kt CO/Mt CO2), in-
dicating a strong biospheric contribution reducing CO2 while
leaving CO unaffected.

Air mass C3, sampled at∼900 m, was exposed to emis-
sions in Western Germany from the Ruhr region (Fig. 6c).
The R2 factor is not very high (0.26) and the slope,S =

1.78 ppb CO ppm−1 CO2, is quite low compared to the slope
of 5.1 kt CO/Mt CO2 from the emission inventory ratio for
Germany, meaning that these emissions have probably been
diluted.

Air mass C4, sampled at low altitude (∼400 m), showed
exposure to fossil fuel fluxes in Austria and Czech Republic
(Fig. 6c). The mean observed slope is 3.2 ppb CO ppm−1

CO2, close to the emission inventory ratio value for Czech
Republic (4.4 kt CO/Mt CO2), but less close to the one for
Austria (10.4 kt CO/Mt CO2). Thus, fossil fuel CO2 from
Czech Republic must have had a dominant influence on these
air masses. However, the large scattering around the linear
regression line (R2

= 0.47) indicates interplay of combustion
sources with different ratios.

www.atmos-chem-phys.net/11/5655/2011/ Atmos. Chem. Phys., 11, 5655–5672, 2011



5666 I. Xueref-Remy et al.: Variability and budget of CO2 in Europe – Part 1

Air mass C5 was sampled at quite low altitude (∼400 m)
over rural west Hungary. It was influenced by fluxes from
West Hungary (local sources), as well from Austria, Switzer-
land and Southern Germany (remote sources). Despite the
rather complex spiraling back-trajectories shown in Fig. 6d
for C5, this air mass keeps a tight positive correlation be-
tween1CO and1CO2 (R2

= 0.69) and the measured slope
(8.93 ppb CO ppm−1 CO2) is close to the regional inventory
ratios (Hungary, Austria and Switzerland:ρ = 10.1, 10.4 and
8.3 kt CO/Mt CO2, respectively).

In summary, this analysis shows that despite mixing of
fossil fuel CO2 fluxes with biospheric CO2 fluxes (which
can be>0 in the northern part of Europe and<0 in its
southern part; Fig. 1), and spatial and temporal variability
in the CO:CO2 fossil fuel combustion ratios in the differ-
ent countries (reflecting different reliances on fossil fuel for
energy production), it is still possible to use the observed
1CO:1CO2 slope in atmospheric measurements to quantify
the contribution of fossil among other sources of CO2 a few
days/hundreds of km distant from the original source. Here
the integrative properties of synoptic atmospheric transport
help to average the contrasted CO:CO2 ratios of local emis-
sions.

5 Comparison of aircraft measurements with surface
station measurements

Here we compare the aircraft-measured CO2 distribution
with ground-based station records. The goal is to produce
a consistent 3-D picture of the CO2 field, and to analyze
the reasons for concentration differences between altitude
and ground level. We used available CO2 data from sev-
eral ground-based observatories taken at the time of the cam-
paigns (CBW, PUY, CMN and PRS for CAATER-1; WES,
HUN, SCH, PUY, CMN and PRS for CAATER-2; described
in Table 3). Hourly data from the stations were selected
from 12:00:00 to 18:00:00 h UTC to filter out night-time
and morning data, not representative of regional-scale con-
ditions. Indeed in the morning, most of the time, the PBL
is growing and encroaches air from aloft while loosing CO2
accumulated by respiration the former night (Gibert et al.,
2007), making CO2 concentrations more variable. The PBL
gets well-mixed and reaches to a relatively stable height only
around midday. The footprint of the stations is thus better de-
fined with afternoon values, and more adapted to do a com-
parison with aircraft data.

Figure 9 provides a projection of Fig. 4 on the vertical lon-
gitude/altitude plan. It has been interpolated to produce ver-
tical cross-sections in Fig. 10. For interpolation, the 1 Hz
data are first averaged into bins of 100 m altitude. Then a
Delaunay triangulation in the altitude, longitude plane was
applied (function TRIANGULATE of IDL package). Af-
ter triangulation, the values were interpolated onto a regular
grid (function TRIGRID of IDL package) at resolutions of
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Fig. 9. CO2 concentrations along the flight patterns represented in
function of longitude and altitude during the CAATER 1 (left) and
CAATER 2 (right) campaigns. 
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Fig. 10. Interpolation of the CO2 concentrations for the whole cam-
paign and for each leg according to longitude and altitude during the
CAATER 1 (left) and CAATER 2 (right) campaigns. The concen-
tration scale refers to the MBL background concentration of each
campaign, as defined in the text. Flight paths are shown in black.
Ground station concentrations, averaged in Sect. 1, are shown at the
respective station coordinates. Note that for plot convenience, HUN
and WES stations during CAATER 2 are shown as being at the max-
imum of the chosen concentration scale, while indeed they show
even higher concentrations (respectively: 12.7 ppm and 38.5 ppm
above the marine background concentration, defined in Sect. 3).

200 km horizontally and 100 m vertically. In Fig. 10, the ma-
rine background value (reminder: 374.5 ppm for CAATER-
1; 367.9 ppm for CAATER-2) was removed from all the
data. Figure 11 shows a comparison between ground sta-
tion values and the mean profile recorded during each cam-
paign. The CO2 vertical distributions and cross-sections
(Figs. 9 and 10) show a large range in the PBL (354 ppm to
378 ppm for CAATER-1; 358 ppm to 378 ppm for CAATER-
2) and more homogeneous values in the FT (372 ppm to
374 ppm for CAATER-1; 367 ppm to 373 ppm for CAATER-
2). This is true for both campaigns but even more so for
CAATER-1 than CAATER-2 (Fig. 11). Figure 10 shows
that CO2 in the CAATER-1 domain is globally below the
MBL value (374.5 ppm), whereas it is above the MBL back-
ground curve during CAATER-2 (367.9 ppm). One can also
observe that CO2 measured at the CARBOEUROPE stations
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Fig. 11. Variability observed in the PBL and the FT during each
campaigns (left: CAATER 1, right: CAATER 2) using profiles only.
The altitude of each individual profile has been normalized to the
relevant PBL height. The plot shows the mean and standard devi-
ation (1-σ) of CO2 concentration over layer of 1/10th of the PBL
height. The global mean and variability (±1-σ standard deviation)
in the PBL (upper grey bar) and FT (lower grey bar) are shown ac-
cording to the CO2 concentration scale of the plot.

CMN agrees better with the aircraft observations than the
other stations do, even if it is located outside the cam-
paign domain. CO2 at CMN (2165 m) compares within
0.7 ppm (0.3 ppm) to the CAATER-1 (CAATER-2) inter-
polated data for the station’s location. During CAATER-
1 (May 2001), the high amplitude of the diurnal cycle
of CO2 at CMN (http://gaw.kishou.go.jp/wdcgg/products/
cd-rom/cd14/A/metadata/co2/data/200612120073.html) re-
vealed that this station lay within the PBL. However, as CMN
is located at a relatively high altitude and far from local
anthropogenic sources, during CAATER-2 it was now lo-
cated in the free troposphere. It was measuring similar air
masses from the West as those recorded by the aircraft dur-
ing the closest profile (around 12◦ E), on which the interpo-
lation at CMN mainly relies. Interestingly, at PRS (4000 m)
which was located in the free troposphere during both cam-
paigns, interpolated airborne data and station observations
are different by about 3 ppm and 0.5 ppm for CAATER-1 and
CAATER-2, respectively. Indeed, the CAATER-1 interpola-
tion lies on one profile done above northern Germany with
air masses coming from the north (Fig. 5) while PRS is lo-
cated further south, sampling air masses from the south, east
and west as it can be seen on Fig. 5. This reveals a gradient
of a few ppm in the free troposphere over Western Europe.

CO2 measurements at surface stations CBW and WES are
influenced by large nearby urban emissions from the Ams-
terdam urban area and Northern German cities, which diffuse
with altitude and so differ significantly from aircraft observa-
tions. CO2 at CBW and WES (respectively WES and HUN)
was more than 4 ppm higher (respectively 11 ppm) than the
PBL value sampled by the aircraft during CAATER-1 (re-
spectively during CAATER-2).

Both PUY and SCH stations are located on the top of
mid-elevation mountains (1205 m alt and 1465 m alt respec-
tively for SCH and PUY) over urbanized valleys. During the
morning and early afternoon, in spring and summer, SCH

receives air advected by up-slope winds, bringing anthro-
pogenic emissions from valleys that have accumulated dur-
ing the night; and in the late afternoon, air is cleared of
this local influence on windy days (Schmidt et al., 2001).
Therefore, CO2 concentrations at SCH averaged between
12:00 UTC and 18:00 UTC and are less contaminated, but
not exempt from urban emissions from the Ruhr region cities.
Station data match CAATER-2 campaign aircraft data very
well (no data was available during CAATER-1). At PUY, lo-
cal mesoscale circulations can either bring emission plumes
from Clermont-Ferrand, or air from rural areas, depending on
wind direction. Both at SCH and PUY, the mixing of surface
air with tropospheric air masses is always present, explaining
why CO2 values at these stations are between the PBL and
the FT (Fig. 10).

6 Analysis of the vertical variability

The CO2 gradient between the boundary layer and the free
troposphere is a key parameter to optimize fluxes using in-
verse methods. For each profile, the PBL height was deter-
mined as the altitude at which the vertical gradient of the po-
tential temperature begins to decrease, and where CO2 and
H2O present step changes (Gerbig et al., 2003; Ramonet et
al., 2002).

To illustrate the CO2 vertical variability, the altitude of
each single profile was then normalized versus the PBL
height; the normalized profiles are shown on Fig. 12 for
CAATER-1 and Fig. 13 for CAATER-2. To improve read-
ability, data have been averaged over 50 m layers.

As already noticed in the previous section, CO2 values
show a strong variability in the PBL compared to the FT.
The mean and standard deviation (std) computed on all data
within the PBL are, respectively, 369.9 ppm and 4.0 ppm dur-
ing CAATER-1; 371.5 ppm and 5.7 ppm during CAATER-
2. In the FT, these values are 373.6 ppm and 0.5 ppm for
CAATER-1; 371.2 ppm and 1.1 ppm for CAATER-2. In
other terms, the atmospheric CO2 variability over Europe is
at least 5 to 8 ppm higher in the PBL than in the FT.

The PBL variability was higher during Spring 2001 than
during Fall 2002. Interestingly, the mean CO2 jump is
3.7 ppm during CAATER-1 and−0.3 ppm during CAATER-
2, with a similar FT averaged CO2 concentration. Also, the
mean profile during CAATER-1 shows a minimum in the mid
PBL which is not present in in the CAATER-2 mean profile.
These 2 points are the result of a higher photosynthetic activ-
ity in Spring than in Autumn.

To go deeper into the variability analysis, all individual
profiles have been plotted and colored in Figures 12 and 13
according to the location they were recorded in and the ori-
gin of the air masses, deduced from backplumes obtained
with the LMDZ model and described in the companion pa-
per (Xueref-Remy et al., 2011).
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For CAATER 1 (Fig. 12), the CO2 concentration range is
very large in the bottom half of the PBL (355 to 378 ppm),
with highest CO2 values in the Brittany region due to local
anthropogenic emissions from the Brest city area, and lowest
values in Northern Germany with air depleted by photosyn-
thetic activity. In Southern and Eastern Germany, vegeta-
tion seems less active but the signal does not contain urban
emissions. In the mid-troposphere, profiles recorded in Brit-
tany come from air masses, travelling between the ocean, the
English Channel and rural regions in North-Western France.
CO2 concentrations range between 362 and 368 ppm, de-
pending on the relative importance of continental air masses
depleted by photosynthetic activity compared to oceanic air
masses. In the FT, the atmosphere does not interact as much
with ground sources and sinks, and the signal is therefore
constant.

For CAATER 2 (Fig. 13), the CO2 concentration range
in the bottom half of the PBL is lower than for CAATER 1
(364 to 381 ppm). The impact of anthropogenic emissions
from the R̈uhr region is visible in profiles recorded near the
German-French border. Profiles recorded in East Germany,
close to Berlin, also show some local emission plumes. In the
mid PBL, no depletion linked to the biospheric activity was
observed, a difference with Spring 2001. The signal is quite
homogeneous between the mid PBL and the FT. However,
there is a striking zonal gradient in the CO2 mean mid-PBL
concentration of about 11 ppm, revealing: (1) a weaker bio-
spheric activity i.e. Autumn starting earlier in Western Eu-
rope than in Eastern Europe – however, this hypothesis does
not match with the flux maps given in Fig. 1, that indicates on
averaged higher fluxes in the East than in the West of Europe.
Also, it does not fit with the NDVI maps as well, given in An-
nexe 1 – ; (2) a greater mixing of continental and oceanic air
in the West of Europe; and/or (3) more CO2 emissions in the
west of Europe such as in France than in the eastern part.
Inventories from UNFCCC (2002) give 403.15 Mt CO2/yr
emitted by France against 863.9 Mt CO2/yr emitted by Ger-
many which mitigates against this last supposition. On the
other hand, inventories for Austria (71.0 Mt CO2/yr), Hun-
gary (57.7 Mt CO2/yr), Slovenia (16.3 Mt CO2/yr), and Croa-
tia (20.9 MtCO2/yr) as well as likely emissions of the Fed-
eral Republic of Yugoslavia and Bosnia-Herzegovinia (no
inventories available) make it probable that the total of the
emissions from these countries (covered by the red region on
Fig. 13) are less than those of France and so support sup-
position 3. However, fluxes shown on Fig. 1 do not match
with this hypothesis. Indeed, from ECMWF reanalysis data,
we inferred that some convection activity occured in France
on 2 October along the flight path to Orleans: this can ex-
plain that the dark-blue profiles are straight, since the air was
well-mixed likely containing a mixture of CO2 biospheric
emissions from the ground and CO2 emissions advected from
the Rhone valley (blue footprint on Fig. 13), thus charged
in anthropogenic CO2 (CO in the range of 130–160 ppm).
Also, the green profile, recorded above Thüringen is straight.
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Fig. 12. CAATER 1 vertical variability analysis. Left panel: all
CO2 profiles binned over 50 m layers and standardized to their re-
spective PBL height. Right panel: schema of the regions covered by
the back-trajectories of the profiles (profile locations are indicated
by circles). Colors of right and left panels correspond.

There was some convection developing in this region, mean-
ing that likely the air was well-mixed and influenced by an-
thropogenic CO2 emissions (CO again in the range of 130–
160 ppm) as well as a priori less-concentrated CO2 signals
from the biosphere activity advected from Germany (green
footprint on Fig.13). The shape of the turquoise profiles and
even more of the red profiles is very different, with a marked
depletion in the mid-PBL. No convection activity could be
identified at these locations and times. The CO signal reaches
values as low as 100 ppb, thus, excluding anthropogenic con-
tribution. The air mass footprints are continental (east Ger-
many for the turquoise profiles, Central Europe for the red
profiles), excluding as well oceanic signal contribution. It is
thus likely, that there was some biospheric sinks still acting
in east Germany and even in a stronger manner in Central
Europe at that time. Once again, model fluxes do not relate
this point, but biospheric fluxes are not always properly mod-
elled as we discuss in the companion paper (Xueref-Remy et
al., 2011). It would be interesting in the future to conduct
new airborne campaigns to assess if the observed gradient is
always present at the fall season, or if it was only punctual.
Using tracers such as CO, Radon 222 and carbon isotopes
would also help to discriminate the role of anthropogenic,
biospheric and oceanic sources and sinks.

7 Conclusions

This paper focuses on atmospheric CO2 variability observed
during the CAATER campaigns that occured above western
Europe on 23–26 May 2001 (CAATER 1) and 2–3 Octo-
ber 2002 (CAATER 2) between the ground and 4000 m a.s.l.
Although the aircraft paths were slightly different during
CAATER-1 and CAATER-2, the campaigns give a good
picture of CO2 concentration variability over Europe dur-
ing one Spring and one Fall. The instrumentation provided
measurements of in situ CO2 (precision of 0.2 ppm), CO2
flasks samples (precision of 0.1 ppm), Radon-222 (precision
of 30%) during CAATER-1, and in-situ CO (precision of
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5 ppb) during CAATER-2. Despite a stronger biogenic up-
take in Spring, the lower tropospheric mean level and the
mean variability in May (370.1± 4.0 ppm) are roughly simi-
lar in October (371.7± 5.0 ppm). However, this mean value
is lower than the marine boundary layer concentration for
CAATER-1 (374.5 ppm) and higher for CAATER-2 (the ma-
rine background, 367.9 ppm, being more depleted). A back-
trajectory analysis shows that during CAATER-1, dominant
winds were coming from the north-west, while they were
more balanced between the 4 sectors during CAATER-2.

During CAATER-1, the action of the biospheric sink
over rural areas produced atmospheric CO2 values as
low as 355 ppm, while the emissions from anthropogenic-
influenced regions such as Benelux and the Ruhr valley gave
atmospheric CO2 concentration levels of about 380 ppm at
approx. 1000 m a.s.l. above these regions.

During CAATER-2, CO2 and CO, were recorded simul-
taneously which helped us to trace fossil fuel emissions.
After a classification of air masses according to their ori-
gin,we calculated the1CO to 1CO2 ratio (1 standing
for the difference with the marine boundary layer con-
centration) and selected only well-identified anthropogenic-
influenced air masses diagnosed from back-trajectories. The
anthropogenic-influenced air masses show highR2 values
ranging from 0.33 to 0.88 and a large range of slopes (2.42 to
10.37 ppb CO ppm−1 CO2). Comparing these slopes to the
ones from EMEP inventories for Western Europe countries,
we have observed that it is possible to distinguish the contri-
bution of fossil fuel combustion from other sources of CO2
even at a distance of a few days or hundreds of kms from the
source.

Aircraft data were compared to surface station observa-
tions (CBW, PUY, CMN and PRS for CAATER 1; WES,
HUN, SCH, PUY, CMN and PRS for CAATER 2). Only af-
ternoon values were selected so as to get data representative
of the regional scale. Urban stations such as CBW and WES
are strongly influenced by local emissions and were decou-
pled from the airborne observations. Depending on the time
of the day and the meteorological situation, stations on top
of small mountains such as SCH and PUY may be located
in the boundary layer (PBL) or in the free troposphere (FT);
they match the airborne observations if in the FT and not con-
taminated by air emanating from the valley. Stations when
in the FT such as CMN match airborne measurements quite
well, as the atmosphere is well mixed at that altitude. How-
ever, PRS which is in the FT but a few 100 km further from
the aircraft path differs by 3 ppm from the airborne measure-
ments, which highlights the existence of a CO2 gradient of a
few ppm above Europe in the FT.

As the gradient between the PBL and the FT is a key pa-
rameter for inverse modeling we have also analyzed CO2
vertical variability. The mean jump between the PBL and
the FT is of the order of 3.7 ppm during CAATER 1 and
−0.3 ppm during CAATER 2, and the variability is at least
5 to 8 times higher in the PBL than in the FT. A strong zonal
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Fig. 13. CAATER 2 vertical variability analysis. Left panel: all
CO2 profiles binned over 50 m layers and standardized to their re-
spective PBL height. Right panel: schema of the regions covered
by the backplumes associated with the profiles (profile locations are
indicated by circles). Colors of right and left panels correspond.

gradient of about 11 ppm in the CO2 mean mid-PBL con-
centration with higher concentrations in the west during the
CAATER 2 campaign is striking. This gradient could origi-
nate from a transport effect (a better mixing in Western Eu-
rope), an earlier Autumn in the west compared to the east, or
higher emissions from Western Europe than Eastern Europe.
To better understand this gradient and discriminate correctly
beween these hypotheses, more airborne vertical profiles are
needed. Such a program has been undertaken in the frame-
work of the CARBOEUROPE-IP project in 5 sites (Griffith,
Scotland; Orleans, France; Hegyhatsal, Hungary; Bialystok,
Poland; and La Muela, Spain), with one flight every 5 days.
The data are currently being analyzed and future publications
are planned. In the companion paper (Xueref-Remy et al.,
2011, Part 2) we conduct a comparison of vertical profiles
between models and observations. We also attempt to calcu-
late CO2 fluxes during the CAATER 1 campaign using the
so-called “Radon method” based on simultaneous CO2 and
Radon-222 observations (Schmidt et al., 2003) and modeling
tools.

Appendix A

NDVI maps for Western Europe during the CAATER
campaigns

These NDVI maps provided by the SPOT VGT-4 satellite
system give us information on the photosynthetic activity.
They clearly show a higher photosynthetic activity during
Spring 2001 than during Fall 2002 in Western Europe.
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Fig. A1. NDVI maps on 21 May 2001 for CAATER 1 (left) and on 1 October 2002 for CAATER 2 (right).
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Fig. B1. Coordinated flights over Thringen on 26 May 2001 at
14:30:00 h UTC (in situ: plain line, LSCE flasks: plain circles; Jena
flasks: open triangles).

Appendix B

Validation of the CO2 in situ analyser

As explained in Sect. 2, flask measurements were compared
to CONDOR measurements. We show here (Fig. B1) a com-
parison for 26 May 2001 over Thüringen at 14:30:00 h UTC,
during which the Falcon flight was co-ordinated with those
of a small aircraft equipped with a flask sampler from the
MPI-BGC Jena group. LSCE flasks (circles), Jena flasks (tri-
angles) and CONDOR (plain line) data agree within 0.2 ppm.
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sights from simulations with high-resolution transport and pro-
cess models on sampling of the atmosphere for constraining
mid-latitude land carbon sinks, J. Geophys. Res., 111, D12301,
doi:10.1029/2005JD006278, 2006.

Krinner, G., Viovy, N., De Noblet-Ducoudré, N., Oǵee, J., Polcher,
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