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Abstract

Atmospheric airborne measurements of CO, are very well-suited to estimate the time
varying distribution of carbon sources and sinks at the regional scale. We present here
an analysis of two cross-European airborne campaigns that have been carried out on
23-26 May 2001 (CAATER 1) and 2-3 October 2002 (CAATER 2) over Western Eu-
rope. The area covered during CAATER 1 (respectively CAATER 2) was comprised be-
tween longitude 4° W to 14° E and latitude 44° N to 52° N (respectively longitude 1° E to
17° E and latitude 46° N to 52° N). High precision in-situ CO,, CO and Radon 222 mea-
surements have been recorded. Flasks samples have been collected during both cam-
paigns to cross-validate the in-situ data. During CAATER 1 (respectively CAATER 2),
the mean CO, concentration was 370.1+4 ppm (respectively 371.7+5ppm). A HYS-
PLIT backtrajectories analysis shows that during CAATER 1, dominant winds were
blowing from the north-west. In the planetary boundary layer (PBL) airmasses got con-
taminated over Benelux and Western Germany by pollution from these high urbanized
areas, reaching about 380 ppm. Air masses passing over rural areas are depleted in
CO, because of the photosynthesis activity of the land cover vegetation, as low as
355 ppm. During CAATER 2, the backtrajectory analysis shows that airmasses were
distributed among the 4 sectors. Airmasses got enriched in CO, and CO when passing
above polluted spots in Germany but also in Poland, as these countries are known to
hold part of the most polluting plants based on coal consumption, the so-called “dirty
thirty” from WWF. Simultaneous measurements of in-situ CO, and CO combined to
backtrajectories helped us to discriminate the role of fossil fuel emissions from over
CO, sources. The ACO/ACO, ratios (R2=0.33 to 0.88, slopes=2.42 to 10.37), calcu-
lated for polluted airmasses originating from different countries/regions, matched quite
well national inventories, showing that the airborne measurements can help to iden-
tify the role of fossil fuel sources even several days/hundreds of kms further in the
PBL. CO, observations have been compared to surrounding ground stations measure-
ments, confirming that the stations located near the ground (ex. CBW, WES, HUN)
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are representative of the local scale, while those located in the free troposphere (FT)
are representative of atmospheric CO, on a regional scale of a few hundred kilome-
ters (ex. CMN). Stations located several 100 km away measure CO, concentrations
different from a few ppm, indicating the existence of a gradient of a few ppm in the
free troposphere. Observations at stations located on top of small mountains (ex.
SCH, PUY) match or not the airborne data whether they sample air from the FT or
air coming up from the valley. Finally, the analysis of the CO, vertical variability con-
ducted on the 14 profiles recorded per campaign shows that is at least 5 to 8 times
higher in the PBL (4 ppm and 5.7 ppm for CAATER 1 and CAATER 2, respectively)
than in the FT (0.5ppm and 1.1 ppm for CAATER 1 and CAATER 2, respectively).
The CO, jump between the PBL and the FT equals 3.7 ppm for the first campaign
and -0.3 ppm for the second campaign. A very striking zonal CO, gradient of about
11 ppm could be observed in the mid-troposphere during CAATER 2, with higher con-
centrations in the West than in the East. This gradient could originate from differences
in atmospheric mixing, ground emission rates or a earlier beginning of the Fall in the
west. More airborne campaigns are currently under analysis in the framework of the
CARBOEUROPE-IP project to better assess the role of these different hypothesis. In
a companion paper (Xueref-Remy et al., 2010), a comparison of vertical profiles from
observations and several modeling frameworks is conducted for both campaigns. An
attempt to calculate CO, fluxes during CAATER 1 using CO, and Radon-222 observa-
tions and modeling tools is also carried out.

1 Introduction

Atmospheric greenhouse gas concentrations have been increasing since the pre-
industrial era, due to human activities such as the combustion of fossil fuel compounds
and deforestation. CO, is the main additional gas, its atmospheric concentration hav-
ing increased of more than 30% during the last 150 years. Political decisions have been
made in the aim of reaching a stabilization of atmospheric CO, concentration through
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the United Nations Framework Convention on Climate Change. Such decisions require
an independent verification of anthropogenic and natural fluxes of each country, which
represent a huge scientific and political challenge (IPCC, 2007).

The atmosphere is a strong integrator of CO, surface sources and sinks. Obser-
vations can thus be used to quantify surface fluxes over more or less large scales by
matching them with modelled fields simulations from transport models. This method,
known as inverse modelling, is the approach the most used to quantify CO, fluxes at
regional or global scales. However, the flux partition, especially at the regional scale
(100—1000 km) is still poorly known. 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 CO, but they show very large differences, with a mean annual flux of 0.6 Gt
C/yr and a standard deviation of £0.4 Gt C/yr i.e. 66% of the mean.

Briefly, these large differences originate from several reasons, among which a lack of
measurements over the continents to constrain fluxes calculations by inverse modelling
(Geels et al., 2007). Also, models have difficulties to represent atmospheric transport
in the continental planetary boundary layer (PBL) (Gerbig et al., 2003). Several inter-
comparison studies have been made to make progresses in the modeling of the fluxes
and especially on the seasonal scale (e.g. Gurney et al., 2004; Baker et al., 2006; Law
et al., 2008; Patra et al., 2008; Carouge et al., 2008a, b).

Globally at this stage, reducing inverse modelling uncertainties requiere to better
characterize atmospheric CO, vertical and horizontal variability through in-situ obser-
vations. Over the 10 past years, the global monitoring network of atmospheric CO,
has been largely used to retrieve the large scale distribution of sources and sinks at
the surface. The most recent studies have demonstrated the need for more data over
the continental region, to make feasible robust estimations of the biospheric contribu-
tion to the regional carbon budget. In a recent paper, Stephens et al. (2007) have
especially put in light the need for in-situ vertical observations to better constrain CO,
fluxes. Indeed, because of the large space they can span within a reduce time, air-
borne measurements are very well suited to study the atmospheric CO, variability at
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the regional scale, vertically and horizontally, and can especially give crucial informa-
tion on the gradients between the PBL and the FT. Over Europe, airborne campaigns
conducted in the boundary layer are very poor 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 opportunity to perform two
intensive airborne campaigns over Western Europe in May 2001 and October 2002.

The aim of these campaigns were: 1) to validate a new airborne in-situ CO, an-
alyzer; 2) to characterize the CO, variability in the low troposphere above Western
Europe; 3) to evaluate the respective contributions of anthropogenic and biospheric
fluxes to this variability; 4) to assess the representativness of ground stations; and
5) to better characterize the gradients of CO, between the boundary layer (PBL) and
the free troposphere (FT).

In this paper, we show the results of these campaigns that occured in the low tropo-
sphere (<4000 m) aboard the Falcon 20 of the Deutsches Zentrum fur Luft und Raum-
fahrt (Oberpfaffenhofen Germany). During this experiment the Falcon was equipped
with a continuous CO, analyser (CONDOR), a continuous CO analyser (MOZAIC CO
analyser, Laboratoire d’Aérologie, France) which was used as a combustions tracer
and a sequential Radon 222 analyser (AVIRAD) which was used as a tracer of conti-
nental airmasses.

The campaigns conditions and the instrumentation are presented in Sect. 2. In
Sect. 3, we conduct an analysis of air mass origins using backtrajectories. In Sect. 4,
we analyse the contribution of polluted air masses in CO, variability using CO data.
In Sect. 5, we assess the representativness of ground stations measurements using
aircraft observations. Finally Sect. 6 focuses on CO, vertical variability, especially on
characterizing CO, gradients between the PBL and the FT in function of the airmass
origins. In a companion paper (Xueref-Remy et al., 2010), we conduct a comparison
between observations and models: first to assess the performances of a global model
versus a mesoscale model to reproduce the observed gradients, testing also several
biospheric fluxes. And second, to present a comparison between model-based fluxes
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obtained from a new method coupling backplumes and a priori fluxes, and observation-
based fluxes calculated with the Radon method (Schmidt et al., 2003).

2 Description of the campaigns and of the instrumentation
2.1 The CAATER campaigns

The CAATER aicraft measurement (Co-ordinated Access to Aircraft for Transnational
Environmental Research) programme is coordinated by the German DLR, French
INSU/CNRS and Météo-France, and by the UK Met Office. This programme has been
funded between 2000 and 2003 by the European Commission to provide access to
research aircraft facilities to research laboratories for pilot projects and new studies.
The objectives of the CAATER Carbon Dioxide pilot project detailled in this study is
to measure the vertical and horizontal variability of CO, over Western Europe during
two contrasted seasons. We used the DLR-Falcon 20 jet aircraft (http://www.dIr.de/
fb/en/desktopdefault.aspx/tabid-3714/5789_read-8405/) equipped with 1) a CO contin-
uous infra-red analyzer, 2) a CO, non dispersive infra-red gas analyzer, 3) a 222Rn
sequential sampler instrument, 4) a flask sampling unit and 5) standard meteorogical
parameter sensors.

Two airborne campaigns were carried out in May 2001 and in October 2002, here
called CAATER-1 and CAATER-2, respectively. The two flight routes are different, but
they both extend roughly across a domain of roughly 20° in longitude between Western
France and West Hungary. The Falcon-20 flights of each campaign are shown in Fig. 1.
The CAATER-1 campaign consists of 5 flights for a total of 14 h during 23—26 May 2001,
and the CAATER-2 campaign consists of 3 flights for a total of 8 hrs during 2—-3 October
2002 (Tables 1 and 2). Vertical CO, profiles (and in CAATER-2 additionally of CO and
222-Rn) were collected between the ground and 4000 m during each campaign. We
have in total 14 profiles for each campaign.
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Because the focus of this study is to analyze the variability of CO, across Western
Europe, it is important to have information of the underlying fluxes, which we provide in
this section. Figure 1 shows the average CO, flux maps over Western Europe during
the sampling interval of each campaign. The net CO, flux is the sum of fossil fuel CO,
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 during May than during October (see Appendix A), but vege-
tation index is not easy to translate into a CO, source/sink map. We show in Fig. 1,
overlaid with the campaign flights, the Net Ecosystem Exchange (NEE) fluxes given by
the process-based ecosystem model ORCHIDEE (Krinner et al., 2005) with a spatial
resolution of 0.35° x 0.35°; also described in the companion paper (Xueref-Remy et
al., 2010) forced by synoptic weather data with a 3 h resolution, averaged on the days
of the campaign (the diurnal cycle thus being smoothed), as well as annual fossil fuel
(FF) emission maps with a spatial resolution of 1° x 1° from Andres et al. (1996) up-
dated to the year of each campaign and oceanic fluxes from Takahashi (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 in this period of May 2001, Europe was
mainly acting as a CO, sink (reaching about —1g C m™2 day'1) while early October
2002 it was acting more like a source of CO, northern of 47° N (about 1g C m™2 day_1)
and a tiny sink southern of 45° N (about 0.4g C m™2 day'1). Largest fossil fuel emis-
sions occur from London megacity, Benelux, Ruhr, Berlin megacity and Varsow city re-
gions. They are identified to hold part of the most polluting power plants based on coal
consumption (the so-called “dirty thirty” from WWF: http://www.panda.org/what_we_do/
knowledge_centres/climate_change/problems/cause/coal/dirty_30/, that represent 10%
of european CO, emissions].

The paper is also using a dataset from different in-situ sampling sites that are de-
scribed in Table 3.
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2.2 Synoptic weather conditions

Synoptic weather conditions encountered during both campaigns 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 defines the mean
aircraft altitude during the campaign. No major cloud system was present over Europe
during the campaign. During 23—24 May 2001 a flow from the North East prevailed over
the campaign domain in Northern France, established around a high-pressure system
located over the British Isles. During 25 May, as this high-pressure moved towards
southern Scandinavia, north-easterly winds prevailed.

During CAATER 2, dry conditions were encountered, appart for 3 October 2002
when a few showers occured over Thiringen, in Eastern Germany. By 2 October
2002, a small high-pressure system over Norway induced a flow from the North into
the aircraft route over Southern Germany. But another high-pressure placed over the
Balkans region creates a second flow from Southern Europe into the aircraft route over
France. We thus expect a drastic change in air mass origins at the boundary between
these two different flow regimes. On 3 October 2002 two high-pressure systems can
be observed, respectively West and East of the aircraft route, one over France and
another over Greece. This situation gives rise to complex wind patterns, as further
evidenced from the backtrajectory analysis in Sect. 3.

2.3 Instrumentation
2.3.1 In situ continuous CO,

In addition to standard meteorological parameters (wind, relative humidity, tempera-
ture, pressure) with a 1-Hz acquisition, the CO, concentrations were measured with
a continuous 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
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acquisition), with temperature, pressure and flow rates of air being regulated at con-
stant values (Table 4). Outside air is pumped and dried by a magnesium perchlorate
cartridge before being analyzed. More details can be found in Filippi (2002).

Airborne CO, measurements are useful for carbon cycle studies (inversions) if they
have a precision better than 0.5 ppm (Gloor et al., 2000). Frequent calibrations (each
30 min) allow to reach an instantaneous precision of 0.1 ppm, but slow instrument
drifts due to changes in surrounding physical parameters such as pressure and tem-
perature require frequent calibrations during flights. We used two calibration gases
in high-pressure cylinders of 2L, with concentrations in the NOAA X-93 scale of
365.92+0.045 ppm (Low) and 401.29+005 ppm (High). Each standard is passed dur-
ing 3min in the analyzer, and only the last minute of acquisition is kept to calculate
outside air CO,. Given the limited volume of each cylinder, the time taken for calibra-
tion and the sought precision, an optimal compromise had to be found. We carried out
~30 calibrations during each campaign. The average stability (1-c std. deviation on
1-Hz data) was 0.03 ppm during the last minute of each calibration passage. To com-
pute the instrument accuracy, each calibration gas was treated as an unknown target.
The difference between the true and the measured target value is 0.1 ppm for the high
standard and 0.08 ppm for the low one. Also, we tested that, even when using one
single calibration result before each flight, the instrument accuracy is still greater than
0.2ppm.

Figure 4 provides CO, as a function of altitude, longitude and latitude to give a 3-D
view of the CO, concentration measured during both campaigns. The content of this
figure is analyzed in the following at two places: first in Sect. 3, we make an analysis of
the CO, horizontal distribution through a projection of Fig. 4 on the latitude-longitude
plane. Then in Sect. 6, an analysis of the CO, vertical distribution through a projection
of Fig. 4 on the altitude-longitude plane is developed.
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2.3.2 Flasks

To independently assess the instruments accuracy, about 50 1-L glass flasks have
been sampled during each campaign. After 5 min of flushing, the sampled air is com-
pressed at 1 bar above atmospheric pressure to avoid any contamination due to leak-
age. The CO, concentration was determined at the LSCE by gas chromatography with
a precision <0.1 ppm (Pépin et al., 2001), each flask being measured twice. A flask
concentration was systematically rejected if both measurements were different by more
than 0.1 ppm (3.2% of the samples). The mean difference between the in-situ NDIR
and the flasks is less than 0.2 ppm for both campaigns (see Appendix B, Fig. B1).

2.3.3 In situ continuous CO

The CO instrument is the same analyser than the one developed for routine mea-
surements 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 summarized in Table 4. The analyser (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 Environment Instruments (TEI,
USA). It is a Gas Filter Correlation instrument on the principle of infra-red absorption
by the 4.67 um fundamental vibration-rotation band of CO. Radiation from an infrared
source is chopped and passes through a gas filter which alternates between CO and
N, due to rotation of the filter wheel. The radiation then passes through a narrow band
pass filter and a multiple optical pass sample cell where absorption by the sample gas
occurs. The IR radiation exits the sample cell and falls on a PbSe 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 specification of the commercial instrument is 10 ppbv
CO for 300s integration time. Major improvements have been brought by Nédélec et
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al. (2003): periodic accurate zero measurements, new IR detector with better cooling
and temperature regulation, pressure increase and regulation in the absorption cell,
increased flow rate to 4 1/min, water vapour 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 instrument has been cal-
ibrated before and after the campaign with a traceable CO cylinder from the National
Institute of Standards and Technology in Boulder, Colorado, USA.

2.3.4 Semi-continuous Radon-222 daughters sampler

Radon has been measured with the AVIRAD instrument (Filippi, 2000), which consists
of an isokinetic probe fixed on the fuselage and of a filtration unit located inside, with
limited and straight tubing between the probe and the filter. The isokinetic probe was
built by Sextant Avionique Corporation on the same design used for the NASA C-141
(Kritz et al., 1998). The radon measurements are made with alpha spectrometry of the
radon progeny products deposited on the collected aerosols. The Paper Filtering Unit
is provided with 4 Si detectors in order to measure the alpha activity of each sample at
4 successive decay times. The Data Acquisition System runs 4 alpha spectrometers
allowing implementation of different methodologies to validate the radon concentration
data. The probe includes a stagnation reservoir, the null-type air inlet and a flow line
sensor. It was mounted on the cargo window, under the airplane. At the location of the
probe, the boundary layer of the plane was expected to be less than 10 cm. Thus in or-
der to keep the air inlet beyond the boundary layer of the plane, it was fixed at the tip of
a 29-cm long mast. The null-type nozzle operates by measuring static pressure on the
outside of the probe nozzle, and static pressure inside the inlet opening of the nozzle.
When zero pressure differential is developed between the inside and outside pressure
taps, the isokinetic velocity is obtained. This null differential pressure is automatically
adjusted in real-time. The null-type nozzle was calibrated in wind tunnel for the Mach
number range of the aircraft, between Mach number 0.6 and 0.7. At the rear part of the
air inlet, a flow line sensor made of 4 dynamic pressure taps is used during test flights
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to make sure that the angle of attack of the isokinetic nozzle was as close as possible
to zero. The flow line sensor was also calibrated in wind tunnel for the Mach number
range of the aircraft. Except during turns and turbulences, the angle of attack of the
probe was less than 2 degrees, even during ascents and descents. The Filter Unit
used a continuous paper filter strip which is advanced by a motorysed take-up spool at
programmable time intervals. To preserve the collected samples, a blank strip is rolled
up along with the filtering strip on the take-up spool. Different paper filter media can
be used depending on subsequent analytical procedure. The number of samples per
spool is about 70. The active area of each sample is 1700 mm?. The precision of the
measurement is 30%.

3 Origin of sampled air masses
3.1 Mean CO,, CO concentrations and backtrajectories

The CO, distribution observed over the European continent results from the mixing
of oceanic background air with continental signals from fossil fuel emissions and bio-
spheric sources and sinks. The lower tropospheric CO, mean concentration between
0—-4000m is 370.1+4 ppm during CAATER-1 (May) compared to 371.7+5 ppm during
CAATER 2 (October). Thus, despite a stronger biogenic uptake in Spring, reducing
both background CO, over the whole Northern Hemisphere and CO, over the Euro-
pean continent, the lower troposphere mean level in May is roughly similar to October.
For CAATER-2, the mean CO concentration was 177+61 ppb.

As a reference for our analysis, we give the marine background value of CO, and
CO (averaged over each campaign duration), determined from the record of the Mace-
Head station located on the West coast of Ireland (marine sector clean-air selec-
tion) (GLOBALVIEW-CO2, 2006, and GLOBALVIEW-CO, 2006): CO, marine back-
ground concentration were 374.5+0.3 ppm during CAATER 1 and 367.9+0.2 ppm dur-
ing CAATER 2, and CO marine background was 131.1+0.2 ppb during CAATER 2.
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In order to better investigate the origin of the sampled air masses, we computed
for each flight a set of 5-days backtrajectories using the Hysplit-4 model (Draxler and
Hess, 1998). The wind fields are the 6-hourly archive data from the NCEP operational
model analysis (FNL archive data) with an horizontal resolution of 1° x 1° and 14 vertical
levels.

3.2 Air masses sampled in May 2001 during CAATER-1

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

On 23 May 2001 (Fig. 5a), between 2° W and 4° E, the back-trajectories indicate a
continental origin from the north-east, with air masses being advected in the bound-
ary layer (<2000 m) and carrying low CO, values of ~360ppm. These low values
likely reflect recent plant uptake. As the aircraft moved west of 2° W, the sampled
air mass became exposed to fossil fuel emissions over urbanized parts of Netherlands
and southern Germany (Ruhr), and thus got suddenly enriched in CO,, (reaching about
380 ppm). Roughly speaking, the signal of this high emission region of Europe as com-
pared to the “biospheric” minimum further east is hence on the order of 20 ppm in the
whole boundary layer.

On 24 May (Fig. 5b) over the Sea of Biscay, air masses were locally polluted near the
surface close to BZH (~378 ppm). The aircraft flight over the sea of Biscay first sampled
air advected from the Channel sea at ~4000m with oceanic CO, concentrations of
372-374 ppm, and then more continental air from north eastern Europe, with CO,
depleted by plant uptake down to 360 ppm.

On 25 May (Fig. 5c), the air mass was first oceanic (374 ppm). Moving eastwards
between 3° W and 1° E, continental air masses were sampled with CO, ~ 360 ppm, then
oceanic air, followed again by polluted air over the Ruhr region with CO, ~ 380 ppm.
The polluted and biospheric CO, values are extremely similar to those sampled during
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May 23 on roughly the same route westwards.

On 26 May (Fig. 5d), we measured at 12° E the lowest CO, concentrations (355 ppm)
of the whole campaign into an air masses that clearly came from the East. In contrast,
air masses coming from the west and north-west, which were exposed to more ur-
ban areas are associated with CO, higher by 25 ppm above this minimum. Note that
the easterly flow which was associated with minimum CO, values corresponds to air
masses advected into the boundary layer, and thus directly exposed to continuous
biospheric uptake.

3.3 Air masses sampled in October 2002 during CAATER-2

The CAATER 2 back-trajectories are shown in Fig. 6 (a projection of Fig. 4 for
CAATER 2 in the horizontal latitude-longitude plan): 33% of the sampled airmasses
are from the south west, 26% from the south east, 22% from the north west and 19%
from the north east. The source regions influencing the CAATER-2 campaign are thus
more diverse than for CAATER 1. Figure 7 shows CO and CO, aircraft observations
as a function of time (~800 km between OBP and PDB via ORL for 2 October, and
~1500 km between THU and OBP via HUN). Due to anthropogenic combustions, the
observed European lower troposphere CO concentration equals 160 ppb (from the sur-
face to ~1200 m), being 30 ppb higher than the MHD marine background.

On 2 October, in the flight from OBP to ORL (Fig. 6a), a pollution plume is sam-
pled after take-off (event C1 in Fig. 7) with a significant positive CO, vs. CO corre-
lation (Table 5). Between 10 and 8°E the sampled air mass origin is from the north
east, associated with highly variable CO, and CO (Fig. 7). During the B1 ascent over
South West Germany (Fig. 7; above SCH mountain station) the aircraft flying altitude
increases from 1000m to 1800 m. In parallel, CO is dropping from 130 ppb down to
110 ppb and CO, is increasing from 363 ppm up to its background value (370 ppb). The
corresponding CO levels match with observations made the same day above Minchen
(germany) within the MOZAIC program, where concentrations of CO dropped down
from about 200-300 ppb below 1 km to about 100-110 ppb around 1.5 km of altitude
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(P. Nedelec, personal communcation). Crossing the polluted air mass C2 near 5.5°E,
a high correlation between CO, and CO is observed (Fig. 7). Hysplit-4 backtrajectories
show that airmasses sampled in C2 were originating from the north east, then over
Germany they looped before reaching the aircraft position by passing over the Rhone
valley at a low altitude level (about 500 m a.s.l.). The air mass sampled in C2 is thus
likely impacted by anthropogenic CO and CO, emissions from the Rhone valley. West
of 5.5° E, back-trajectories indicate air masses from Southern France.

On 2 October, during the flight from ORL to PDB (Fig. 6b; Table 2) a vertical profile
is sampled over ORL (event B2 in Fig. 7). In this B2 profile, CO, is vertically homoge-
neous at ~374 ppm but CO decreases above 1km from 180 ppb to 70 ppb at 4000 m,
i.e. to a value much lower than the marine background value. Backtrajectories show
that this air originated from higher levels. Indeed, on 2 and 3 October, profiles recorded
in the region of Minchen in Germany between the ground level and about 12 km of al-
titude in the framework of the MOZAIC project show a dramatic decrease of CO from
200 to 300 ppb below ~1 km of altitude to less than 80 ppb above that level (P. Nedelec,
personal communication). Thus we likely sampled air from the background mid to high
troposphere. East of ORL (event M3 in Fig. 6), elevated and variable CO, and CO
concentrations are observed with a south-western, and then a southern, low altitude
origin. The air mass sampled in M3 is likely influenced by pollution sources from the
Rhone valley and from urban regions of the French mediterranean coast. There is no
strong correlation, however, between CO and CO, in the M3 event (R2=—0.42). Dur-
ing the aircraft route over South-Germany (event B3 in Fig. 7) the aircraft climbed up
and we observe again background values of CO, and CO. During the last part of the
2 October flight, East of 6.5° E and mostly in the boundary layer (event M4 in Fig. 7)
CO varies from 140 to 305 ppb and CO, from 358 to 385 ppm. This huge horizontal
variability is associated with an air-mass descent from the North-East passing over a
cities and rural regions in Denmark and Eastern Germany (see Fig. 6).

On 3 October, during the flight from OBP to HUN (Table 2; Fig. 6¢) a vertical profile
is sampled over a rural location in the Tharingen area (event B4 in Fig. 7). This profile
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shows CO, and CO values close to background. The same tropospheric values at
4000 m than those measured one day earlier over ORL shows that the signal of sources
and sinks is mainly confined into the boundary layer during the CAATER-2 campaign,
because of anticyclonic conditions and reduced mixing. A pollution event (event C3
in Fig. 7) is recorded between 12° and 13.5° E, with some positive CO-CO,, correlation
(R2=0.26, slope=1.78). In this C3 event, the air masses origin can be traced to the high
emission Ruhr industrial region. Over HUN at 17° E (event C4 in Fig. 7) we encountered
another well-defined pollution plume (R2=0.47, slope=3.2) during the vertical profile
over the tall tower of Hegyatsall.

On 3 October, during the (return) flight from HUN to OBP (Fig. 6d), the aircraft
climbed above 4000 m (event B6); background values of CO, CO, at 4000m are
checked to be unchanged from the flight above Orleans’ forest (event B2). Then, an
horizontal route is followed in the boundary layer (mean altitude 300 m; event C5 in
Fig. 7). Near-surface pollution sampled West of HUN (RZCO-COZ:O.S& slope=10.37)
is most likely of local origin, from the Graz city (it is the second city of Austria with
300000 people and an international airport). Finally, the airplane crossed Eastern
Germany westwards to OBP at 2200 m altitude. Surprinsingly low CO, values being
recorded for the month of October (360 ppm) are observed during that last flight, as
well as low CO values (110 ppb). The backtrajectories of this flight show a complex
pattern, with air partly coming from the Alps before reaching the aircraft position.

4 Relationship between CO and CO, in polluted air masses

We now analyze the relationship between CO and CO, observed during the CAATER 2
campaign (unfortunately, no CO data available for CAATER 1). We expect a positive
correlation between CO and CO, in air masses influenced by combustion processes,
which in turn should open the possibility to separate fossil fuel CO, from total CO,
in sampled air masses (e.g. Levin and Karstens, 2007). This (too) simple theory is
however complicated by 1) different CO:fossil CO, emission ratios determined by the
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efficiency of various types of combustion, 2) mixing of fossil fuel CO, rich air with
oceanic or vegetation fluxes, a process that changes CO, without changing CO, and
3) chemical production of secondary CO from biogenic organic volatile compounds,
which in summer can contribute as much CO as anthropogenic combustions (Rivier et
al., 2006); this process acts to increase CO and not change CO,. In pollution loaded
air masses sampled downwind of China or the US, a strong positive relationship be-
tween CO and CO, has been characterized by aircraft campaigns (Crawford et al.,
2003; Suntharalingam et al., 2004; Paris et al., 2008). In some cases, the observed
linear regression slope between CO and CO, can even be used to constrain the flux
of one tracer, knowing the one of the other (Palmer et al., 2006). Here in Western Eu-
rope for the CAATER-2 campaign domain, the three above “complicating” processes
(different mix of combustion, mix of oceanic, vegetation and fossil fuel CO,, secondary
CO production) are unfortunately at work. This in principle conceals the separate infer-
rence of fossil CO, very difficult, as already noted when using ground-based stations
records (Karstens et al., 2006; Levin et al., 2007). In this context, it is interesting to
check in the CAATER-2 campaigns which sampled diverse air masses (see Sect. 3),
the relationship between CO and CO,.

First, we identify in the CAATER-2 dataset the different air masses classified from
their distinct origins in Fig. 6. Then we compute for each air mass the linear regression
correlation (/?2 determination factor) and slope (S) of ACO, vs. ACO (delta stands for
the difference to background concentration). The results are presented in Fig. 8. The
R? and slope values show a wide range of variation when all air masses are considered
without distinction (Table 5). We then select only the well-identified polluted air masses
diagnosed from back-trajectories (events C1 to C5). These polluted air masses all
show high R? values (0.33 to 0.88), but their slope varies from 2.42 to 10.37 (Table 5).
These slope values are compared below to the CO:CO, slope p given by emission
inventories (EMEP, 2008) in the region of influence of each air mass.

Air mass C1 is exposed to fossil fuel emission fluxes in Eastern Germany/Western
Poland/Southern Sweden (see Sect. 3). It has the highest R? and a slope S=6.38
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higher than the mean inventory derived slope in Germany (0=5.1). One can see in
Fig. 6a that C1 is not only influenced by Eastern Germany, but also by industrial regions
(Malmo) in Southern Sweden and in Western Poland, where the CO:CO, emission ratio
are regionaly higher (range 11.1 to 12).

Air mass C2 is exposed to Rhone valley emissions as well as to vegetation CO,
uptake in that region (Sect. 3; see also the high NDVI values in Fig. A1). This air
mass shows a weak CO,-CO correlation (R2=0.65) and a lower slope (3.52) than ex-
pected from fossil fuel addition alone (France CO:CO, emission inventory ratio p=14),
indicating a strong biospheric contribution reducing CO, while leaving CO unaffected.

Air mass C3, sampled at ~900m, is exposed to South Germany emissions (Fig. 6c).
The R? factor is not very high (0.26) and the slope is 1.78, quite low compared to 5.1
for the emission inventory ratio for Germany, meaning that these emissions have been
likely diluted.

Air mass C4, sampled at low altitude (~400 m), shows exposure to fossil fuel fluxes
in Austria and Czech Republic (Fig. 6c). The mean observed slope is 3.2, close to
the emission inventory ratio value for Czech Republic (4.4), while less close to the
one from Austria (10.4). Thus, fossil fuel CO, from Czech Republic must dominantly
influence these air masses. However, the large scatter around the linear regression
line (E’2=0.47) indicates interplay of distinct combustion sources with different ratios.

Air mass C5 was sampled at quite low altitude (~400 m) over rural west Hungary. It
is influenced by fluxes in West Hungary (local sources), as well in Austria, Switzerland
and Southern Germany (remote sources). Despite the rather complex spiraling back-
trajectories shown by Fig. 6d for C5, this air mass keeps a tight positive correlation
between CO and CO,, and the measured slope (8.93) is actually close to the regional
inventory ratio (Hungary, Austria and Switzerland: p=10.1, 10.4 and 8.3, respectively).

In summary, this analysis shows that despite mixing of fossil CO, fluxes with bio-
spheric CO, fluxes (which can be >0 in the North and <0 in the South in October;
Fig. 1), and despite spatially and temporally variable CO:CO, fossil fuel combustion
ratios in the different countries (which reflect different reliance on fossil fuel for energy
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production), it is still possible at the scale of few days/hundreds of km to use the ob-
served CO:CO, slope in atmospheric measurements to verify the contribution of fossil
vs. other sources of CO,. Here the integrative properties of synoptic atmospheric
transport somehow help to average the contrasted CO:CO, ratios of local emissions.

5 Comparison of aircraft with surface stations measurements

Here we compare the aircraft measured CO, distribution with ground based station
records. The goal is to produce a consistent 3-D picture of the CO, field, and to analyze
the sources of concentration differences between altitude and ground level. We have
the opportunity to use available CO, data from several ground based observatories
at the time of the campaigns (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 are selected from 12:00 to 18:00 UTC to filter out night-time and morning data,
that are not representative of regional scale conditions (regional respiration fluxes).

Figure 9 provides a projection of Fig. 4 on the vertical longitude/altitude plan. It has
been interpolated to produce vertical 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 is applied (function TRIANGULATE of IDL package). After
triangulation, the values are interpolated onto a regular grid (function TRIGRID of IDL
package) at resolutions of 200 km in horizontal and 100 m in the vertical. In Fig. 10,
the marine background value (let us recall these values: 374.5ppm for CAATER-1;
367.9ppm for CAATER-2) is removed from all the data. Figures 11 and 12 show a
comparison between ground stations values and the mean profile recorded during each
campaign.

The CO, vertical cross-sections (Fig. 10) show a strong variability into the atmo-
spheric boundary layer (ABL) and more homogeneous values in the free troposphere
(FT). This is true for both campaigns but even more for CAATER-1 than CAATER-2
(Figs. 11 and 12). Figure 10 shows that CO, into the CAATER-1 domain is globally
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below the MBL value (374.5ppm), whereas it is above the MBL background curve
during CAATER-2 (367.9 ppm). One can also observe that CO, measured at the CAR-
BOEUROPE stations CMN agrees better with the aircraft observation than the other
stations, even if it is located outside the campaign domain. CO, at CMN (2165 m) com-
pares within 0.7 ppm (0.3 ppm) to the CAATER-1 (CAATER-2) interpolated data at the
stations location. During CAATER-1 (May 2001) the high diurnal cycle amplitude of
CO, at CMN (http://gaw.kishou.go.jp/wdcgg/products/cd-rom/cd_14/A/metadata/co2/
data/200612120073.html) reveals that this station lies within the ABL. However it is
located at relatively high altitude and remote from local anthropogenic sources. During
CAATER-2 it was located in the free troposphere and receving similar airmasses from
the West, as the ones recorded during the closest profile around 12° E by the aircraft,
on which mostly relies the interpolation at CMN. Interestingly, at PRS (4000 m) which
was located in the free troposphere during both campaigns, interpolated airborne data
and station observations are different from about 3 ppm and 0.5 ppm for CAATER-1
and CAATER-2, respectively. Indeed, the CAATER-1 interpolation lies on one profil
done above northern Germany with air masses coming from the North (Fig. 5) while
PRS is located much Southern and has encountering airmasses as well from 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.

CO, at surface stations CBW and WES is influenced by large nearby urban emis-
sions, Amsterdam urban area and Northern Germany cities, and decoupled with the
aircraft observation. CO, at CBW and WES (resp. WES and HUN) is more than 4 ppm
higher (resp. 11 ppm) than the ABL value sampled by the aircraft during CAATER-1
(resp. during CAATER-2).

Comparison of aircraft data with mountain stations PUY and SCH is a little bit
more complicated. Both stations are located on the top of mid-elevation mountains
(1205m a.s.l. and 1465 m a.s.l., respectively, for SCH and PUY) above urbanized val-
leys. During the morning and early afternoon, in spring and summer, SCH receives air
advected by up-slope winds, delivering pollutants from valleys that have accumulated
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during the night; and in the late afternoon, air is cleared out of this local influence
under windy days (Schmidt et al., 2001). Therefore, CO, concentrations at SCH av-
eraged between 12:00 UTC and 18:00 UTC will be less contaminated, but not exempt
of urban pollution from the Rurh region cities. It matches very well the aircraft data
during the CAATER-2 campaign (no data was available during CAATER-1). At PUY,
local mesoscale circulations can either deliver pollution from Clermont-Ferrand city, or
air from rural areas, depending upon the wind direction. Both at SCH and PUY, mixing
of surface air with tropospheric air masses is thus always present, explaining why CO,
at these stations are in-between the ABL and the FT (Fig. 10).

6 Analysis of the vertical variability

The CO, gradient between the boundary layer and the free troposphere is a key pa-
rameter to optimize fluxes with inverse methods. For each profile, the PBL height has
been determined as the altitude at which the vertical gradient of the potential tempera-
ture begins to decrease, and where CO, and H,O present step changes (Gerbig et al.,
2003).

To illustrate the CO, vertical variability, the altitude of each single profile has then
been normalized versus the PBL height; the normalized profiles are shown on Fig. 11
for CAATER 1 and CAATER 2. To improve readability, data have been averaged over
50 m layers.

As already noticed in the previous section, CO, shows a strong variability in the
PBL comparing to the FT. The mean and standard deviation (std) computed on all
data within the PBL are, respectively, 369.92 ppm and 3.99 ppm during CAATER 1;
371.55ppm and 5.70 ppm during CAATER 2. In the FT, these values are 373.62 ppm
and 0.49 ppm for CAATER 1; 371.2ppm and 1.1 ppm for CAATER 2. In other terms,
the atmospheric CO, variability over Europe is at least 5 to 8 higher in the PBL than in
the FT.
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The PBL variability is higher during the spring 2001 than during the fall 2002. In-
terestingly, the mean CO, jump is 3.7 ppm during CAATER 1 and —-0.3 ppm during
CAATER 2, with a similar FT averaged CO, concentration. Also, the mid PBL shows a
minimum during CAATER 1 comparing to CAATER 2. These 2 points are the result of
a higher photosynthetic activity during spring than during fall.

To go deeper into the variability analysis, on Figs. 12 and 13, all individual profiles
have been plotted and colored in function of the location they have been recorded in
and according to the origin of the air masses they come from as deduced from back-
plumes obtained with the LMDZ model, described in the companion paper (Xueref-
Remy et al., 2010).

For CAATER 1, the CO, variability is very high in the first half of the PBL (355 to
378 ppm), with highest CO, values in the Brittany region due to local pollution from
the Brest city area, and lowest values in the North of Germany with air depleted by
the photosynthetic activity. In Southern and Eastern Germany, the vegetation seems
less active but the signal does not contain urban pollution. In the mid troposphere,
profiles recorded in Brittany come from air masses that travel between the ocean, the
Channel sea and rural regions from North-West of France. CO, concentration range
between 362 and 368 ppm, in function of the relative importance of continental air
masses depleted by the photosynthetic activity comparing to oceanic air masses. In
the FT, the atmosphere does not interact as much with ground sources and sinks, and
the signal is thus constant.

For CAATER 2, the CO, variability in the first half of the PBL is lower than for
CAATER 1 (364 to 381ppm). The impact of the pollution from the Ruhr region is
visible on profiles recorded near the German-French border. Profile recorded in East
Germany, close to Berlin, also show some local pollution. In the mid PBL, no depletion
linked to the biospheric activity can be observed, as a difference from 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, re-
vealing: 1) a weaker biospheric activity i.e. a Fall in advance in the West part of Europe
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comparing to the East, 2) a higher mixing of continental and oceanic air in the West of
Europe; and/or 3) higher CO, emissions in the West part of Europe such as in France
comparing to the East part. Inventories from UNFCCC (2002) give 403.15 Mt CO,/yr
emitted by France against 863.88 Mt CO,/yr emitted by Germany: this goes against
hypothesis 3). However, inventories give 70.99 Mt CO,/yr for Austria, 57.7 Mt CO,/yr
for Hungria, 16.29 Mt CO,/yr for Slovenia, and 20.91 Mt CO,/yr for Croatia. No data
are available for the Federal Republic of Yugoslavia and Bosnia-Herzegovinia, but it
is very likely that the total of the emissions from these countries (covered by the red
region on Fig. 13) is less than the one from France: hypothesis 3) stands in this case.
To infer the relative part of each hypothesis, we conclude that more regular aircraft
measurements are needed in different sites of Europe. Such a program has been re-
cently undertaken within the CARBOEUROPE-IP project (www.carboeurope.org) and
upcoming publications on this will help to highlight our understanding of CO2 gradients
in Europe.

7 Conclusion

This paper focuses on atmospheric CO, variability observed during the CAATER cam-
paigns that occured above western Europe on 23-26 May 2001 (CAATER 1) and 2-3
October 2002 (CAATER 2) between the ground and 4000 m a.s.l. The instrumenta-
tion provided measurements of in-situ CO, (precision of 0.2 ppm), CO, flasks samples
(precision of 0.1 ppm), Radon-222 (precision of 30%) during CAATER 1, and in-situ CO
(precision of 5ppb) during CAATER 2. Despite a stronger biogenic uptake in Spring,
the lower troposphere mean level and the mean variability in May (370.1+4 ppm) is
roughly similar in October (371.7+5 ppm). However, this mean value is lower than the
marine background concentration for CAATER 1 (374.5 ppm) and higher for CAATER 2
(the marine background being more depleted, equaling 367.9 ppm). A backtrajectory
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.
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During CAATER 1, the action of the biospheric sink over rural areas produced at-
mospheric CO, minima as low as 355 ppm, while the emissions from polluted regions
such as Benelux and the Ruhr valley increased atmospheric CO, concentration to
about 380 ppm around 1000 m a.s.l. above these regions.

During CAATER 2, CO, has been recorded simultaneously to CO (precision 5 ppb),
which helped us to trace for fossil fuel emissions. After a classification of airmasses in
function of their origin,we have calculated the ACO to ACO, ratio (A stands for the dif-
ference to the marine boundary layer concentration) and selected only well-identified
polluted airmasses diagnosed from bak-trajectories. The polluted air masses show
high R? values ranging from 0.33 to 0.88 and a large range of slope (2.42 to 10.37).
Comparing these slopes to the ones from EMEP inventories for Western Europe coun-
tries, we have observed that it is possible to verify the contribution of fossil vs. other
sources of CO, even at the scale of a few days or hundred of km.

Aircraft data have been compared to surface stations observations (CBW, PUY, CMN
and PRS for CAATER 1; WES, HUN, SCH, PUY, CMN and PRS for CAATER 2). Only
afternoon values have been selected to get data representative of the regional scale.
Urban stations such as CBW and WES are strongly influenced by local emissions and
decoupled with the airborne observations. Depending the time of the day and the
meteorological situation, stations on top of small mountains such as SCH and PUY are
located in the boundary layer (PBL) or in the free troposphere (FT); they match the
airborne observations if in the FT and not contaminated by air uplifted from the valley.
Stations in the FT and close to aircraft measurements such as CMN match quite well
airborne measurements, as the atmosphere is well mixed at that altitude. However,
PRS which is in the FT but a few 100 km further from the aircraft path differs of 3 ppm
from the airborne measurements, which puts in light the existence of a CO, gradient of
a few ppm above Europe in the FT.

As the gradient between the PBL and the FT is a key parameter for inverse modeling
we have also analyzed CO, 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,
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and the variability is at least 5 to 8 times higher in the PBL than in the FT. Very striking
is a strong zonal gradient during the CAATER 2 campaign in the CO, mean mid-PBL
concentration (about 11 ppm), with higher concentrations in the west. This gradient
could originate from a transport effect (a better mixing in the West of Europe), a Fall
in advance in the West compared to the East, or higher emissions in the western
countries than in the eastern countries of Western Europe. To better understand this
gradient and discriminate correctly beween these hypothesis, more regular airborne
vertical profiles are needed. Such a program has been undertaken in the framework of
the CARBOEUROPE-IP project in 5 sites (Griffith, Scotland; Orleans, France; Hegy-
hatsal, Hungria ; Bialystok, Poland; and La Muela, Spain), with one flight every 5 days.
The data are currently being analyzed and future publications on the way. In the com-
panion paper (Xueref-Remy et al., 2010) we conduct a comparison of vertical profiles
between models and observations. We also attempt to calculate CO, fluxes during the
CAATER 1 campaign using the so-called “Radon method” based on simultaneous CO,
and Radon-222 observations (Schmidt et al., 2003) and modeling tools.

Appendix A

NDVI maps for Western Europe during the CAATER campaigns

See Fig. A1.

Appendix B

Validation of the CO, in-situ analyser

As explained in Sect. 2, flasks measurements were compared to CONDOR mea-
surements. We show here such a comparison for 26 May 2001 over Thuringen at
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14:30 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 (triangles) and CONDOR (plain line) data agree within 0.2 ppm.
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Table 1. Airport acronyms and geographical information.
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Code Name Country  Latitude Longitude Altitude (m a.s.l.?)
BZH Brest France  48°26'N 04°25'W 99
HUN Hegyhatsal Hungary 46°58'N  16°39'E 250
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

% m a.s.l.=meters above sea level
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Table 2. Flight information for the CAATER 1 and CAATER 2 campaigns.
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Date Time range (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 Oct 2002 08:48-11:10 OBP-ORL 5
2 Oct 2002 11:10-13:16 ORL-PDB 6
3 Oct 2002 10:02-12:20 PDB?-HUN 7
3 Oct 2002 14:19-15:52 HUN-OBP 8

& No data available between PDB and THU.
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Table 3. Ground station acronyms and geographical information.
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Site Name Country Latitude Longitude  Altitude Type
(m a.s.l.?)

CBW Cabauw Netherlands 51°58'N  04°55'E 213 Tower (20 m)
CMN  Monte Cimone Iltaly 44°11'N  10°42'E 2165 Moutain
HUN Hegyhatsal Hungary  46°57’N  16°39'E 115 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 Moutain
PUY  Puy-de-Dome France 45°45'N  03°00'E 1465 Mountain
SCH  Schauinsland Germany  47°55'N  07°55'E 1205 Moutain
WES  Westerland Germany 54°56'N  08°19'E 12 Surface

% m a.s.l. = meters above sea level
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Table 4. Characteristics of the CO, and CO analyzers.
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Parameter CO, analyzer (CONDOR) CO analyzer
Precision <0.20ppmfor1s +5ppbv for 30 s
Sampling frequency 1Hz 0.03Hz
Power supply 18-32V DC/15 A max 24V/10 A max
Cells pressure 1080 hPa 2532 hPa
Flow rates 50 sccm (Reference cell) 400 sccm (Sample cell) 4000 sccm
Temperature 35°C 30
Calibrations 1 calibration (6 min) every 30 min Before and after each campaign
Volume 95x55x40 cm® 60x31x43cm®
Weight 80 kg 45kg

5698

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/5665/2010/acpd-10-5665-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/5665/2010/acpd-10-5665-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 5. Evaluation of the correlation level between CO, and CO for the different events se-
lected from Fig. 7. Each event has been attributed to a class according to its backtrajectories

location and direction (from Fig. 6) as explained in the text.
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Event Determination Slope Day
factor R? S5ACO/SACO, (in Oct 2002)
C1 0.82 6.38 2
c2 0.65 3.52 2
C3 0.26 1.78 3
C4 0.47 3.2 3
C5 0.69 8.93 3
M1 0.13 0.9 2
M2 0.35 0.76 2
M3 -0.42 -2.88 2
M4 -0.06 -0.36 2
B1 -0.67 -11.4 2
B2 0.54 12.1 2
B3 -0.41 -10.1 2
B4 0.15 3.56 3
B5 -0.56 -7.15 3
B6 -0.43 -2.56 3
B7 -0.73 -2.36 3
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(a) CAATER 1 (d) CAATER 2
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Fig. 1. Averaged flux maps (on the days of the campaigns) and flight patterns (red: 1st day,
green: 2nd day, pink: 3rd day, blue: 4th day of the campaigns) in function of latitude, longitude
and altitude (in km). Net Ecosystem Exchange (NEE) fluxes are from ORCHIDEE and fossil
fuel (FF) fluxes from ANDRES (left: CAATER 1, right: CAATER 2). Oceanic fluxes are almost
zero and thus do not appear in the figure.

5700

ACPD
10, 5665-5716, 2010

Variability and
budget of CO, in
Europe — Part 1

I. Xueref-Remy et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/5665/2010/acpd-10-5665-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/5665/2010/acpd-10-5665-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 2. Meteorological maps showing mean sea-level pressure (in hPa) and wind speed (in
ms™') at 850 hPa for each day of the CAATER campaigns at 12:00 GMT (http://weather.ou.
edu/~cgodfrey/reanalysis/). Latitudes (horizontal scale) are given in ° E and longitudes (vertical

scale) in °N.
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Fig. 3. Schematic of the CONDOR analyzer.
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Fig. 4. CO, concentration 3-D distribution in function of longitude, latitude and altitude.
The flight patterns are projected on the latitude/longitude plane (top: CAATER 1, bottom:

CAATER 2).
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Fig. 5. Backtrajectories computed over 96 h for flight 1 and flight 2. The distance between 2
triangles is 24 h. Left panels show CO, concentrations along the flight path and backtrajec-
tories. Right panels show the altitude of the flight, and backtrajectories colored in function of
the air mass altitude. Black circles represent ground stations which names are given in Fig. 1.
Altitude is given above sea level (a.s.l.). Note that some of the backtrajectories go outside of
the latitude and longitude chosen borders, but these are so much diluted that they do not give
any relevant information. 5704
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c- Flight 3 (25/05/01) : BZH - PDB

m)

380 3400 E 45 ©
i s = b3
§ SPE v e Bt 3000 = 16 T
Sant [ [T KB I
oaesE | ‘-\J‘VW'L:’””/ \ P42 2 22 3
! = . 2
8 a0p | T T 1003 3% %
385E Lo o EOES
15 120 125 13.0 135
utC (h)
5 3 K
'@7 ¢ ’{ N ¢
6 6
p: Y

s )

2 4 4 (1)‘42 M -2 -4 4 (1)‘42 M

™
Longitude {deg)

APan 8 o te 4 o4 sdtan

[ ) [—— ]
304 380 367 373 360 0 500 1000 1500 2000
GO, concentration (ppm) Altitude .51 {m)

Fig. 5. Backtrajectories computed over 96 h for flight 3 and flight 4. The distance between 2
triangles is 24 h. Left panels show CO, concentrations along the flight path and backtrajec-
tories. Right panels show the altitude of the flight, and backtrajectories colored in function of
the air mass altitude. Black circles represent ground stations which names are given in Fig. 1.
Altitude is given above sea level (a.s.l.). Note that some of the backtrajectories go outside of
the latitude and longitude chosen borders, but these are so much diluted that they do not give
any relevant information.
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Fig. 6. Backtrajectories computed over 96 h on the 2 October 2002 flights (a before 11:10,
b after 11:10). The distance between 2 triangles is 24 h. Left panels show CO, concentrations
along the flight path and backtrajectories. Right panels show the altitude of the flight, and
backtrajectories colored in function of the air mass altitude. Black circles represent ground
stations which names are given in Fig. 1. Altitude is given above sea level (a.s.l.). Note that
some of the backtrajectories go outside of the latitude and longitude chosen borders, but these
are so much diluted that they do not give any relevant information.
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£ as0f | 8 ! S U0 E ey
! v $ 3 Wl ] ‘,r' i . D

5 [N Y. 3000 % 16 2
g e LA e A
= a0 W “"W ; \ﬂf'\ur//—?‘,l""’“v’% 2000 ¢ 1 8
8 sl B 1000 3 =
£ 360 A DL -} v - £ 12§
< —

d- Flight 8 (03/10/08) : HUN - OBP

BE o5 [y

£ a0 4000 € E
: Z 168
s ,.“,,L.‘\’\_\ i o 3000 3 16 2
g S?0E W/ b *.:;,\0 Y, 20005 g
8 a0 »\‘M N 21000 2 ‘g
o £ s

145 15.0 15.5

uTC (h)

-

8 *

G

i

s

374 4 ip 1
[ S | [— ]
355 382 370 377 385 4 500 1000 1500 2000
GO, coneentration (ppm) Altitude as 1. {m)

Fig. 6. Backtrajectories computed over 96 h on the 3 October 2002 flights (¢ before 12:30,
d after 12:30). The distance between 2 triangles is 24 h. Left panels show CO, concentrations
along the flight path and backtrajectories. Right panels show the altitude of the flight, and
backtrajectories colored in function of the air mass altitude. Black circles represent ground
stations which names are given in Fig. 1. Altitude is given above sea level (a.s.l.). Note that
some of the backtrajectories go outside of the latitude and longitude chosen borders, but these
are so much diluted that they do not give any relevant information.
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Fig. 7. CO, CO, and altitude time series during the CAATER 2 flights (top: 2 October; bottom:
3 October). Striking events have been selected with colorbars (pink is for C: high CO and
CO, correlation level events, green is for M: mixed determination factor events, blue is for B:

tropospheric background events).
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Fig. 8. ACO (i.e. CO minus CO MBL background) versus ACO, (i.e. CO, minus CO, MBL
background) for the CAATER 2 flights (left: 2 October 2002, right: 3 October 2002). Colors
represent correlated events C1 to C5 defined in the text.
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Fig. 10. Interpolation of the CO, concentrations for the whole campaign and for each leg in
function of altitude and longitude during the CAATER 1 (left) and CAATER 2 (right) campaigns.
The concentration scale is referred to the MBL background concentration of each campaign,
as defined in the text. Flight paths are shown in black. Ground stations concentrations, aver-
aged as described 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 on the max-
imum of the chosen concentration scale, while indeed they show even higher concentrations
(respectively: 12.72 ppm and 38.47 ppm above MBL background concentration).
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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 profiles has been normal-
ized to the relevant PBL height. The plot shows the mean and standard deviation (1-s) of CO2
concentration over layer of 1/10th of the PBL height. The global mean and variability (+1-s
standard deviation) in the PBL (upper grey bar) and FT (lower grey bar) are shown according
to the CO, concentration scale of the plot.
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Fig. 12. CAATER 1 vertical variability analysis. Left panel: all CO, profiles binned over 50 m
layers and standardized to their respective PBL height. Right panel: schematic of the regions
covered by the backtrajectories of the profiles (profile locations are indicated by circles). Colors
of right and left panels correspond one to each other.
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Fig. 13. CAATER 2 vertical variability analysis. Left panel: all CO, profiles binned over 50 m
layers and standardized to their respective PBL height. Right panel: schematic of the regions
covered by the backplumes associated to the profiles (profile locations are indicated by circles).

Colors of right and left panels correspond.
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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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