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Abstract. The project CARIBIC lgttp://caribic-atmospheric. data of selected NOAA stations in NH tropics. Correlations
com) aims to study atmospheric chemistry and transportbetweers13C(CO,) and CQ are observed both within single

by regularly measuring many compounds in the free tro-flight(s) covering long distances and during certain seasons.
posphere and the upper troposphere/lowermost stratosphefiéne overall variability in de-trendett3C(CQO,) and CQ for
(UT/LMS) by using passenger aircraft. Here we presentCARIBIC-1 and CARIBIC-2 are similar and are generally in
CO, concentrations and isotope results, and analyze the datagreement, which underscores agreement between high and
together with supporting trace gas data. 509 CARIBIC-2low resolution sampling. Based on all correlations, we in-
samples (highest precision and accuraéjC(CQO,) and  fer that the CQ distribution in the NH troposphere along
§180(Cp) data) from June 2007 until March 2009, together CARIBIC flight routes is chiefly regulated by uplift and pole-
with CARIBIC-1 samples (flights between November 1999 wards transport of tropical air up to approximately® 50

and April 2002, 350 samples in total, 270 for NH, mostly The main reason for variability of signals in the troposphere
$13C(COy) data) give a fairly extensive, unique data set for (which is larger for the higher resolution sampling during
the NH free troposphere and the UT/LMS region. Total un- CARIBIC-2) is mixing of different tropospheric air masses
certainty of the data is the same as reported for the globaaffected by different C@ sources and sinks. The effect of
monitoring program by NOAA-ESRL. To compare data from stratospheric flux appears to be limited. All in all it is demon-
different years a de-trending is applied. In the UT/LMS re- strated that CARIBIC produced new important and reliable
gion $13C(COy), §180(COp) and CQ are found to correlate  data sets for little explored regions of the atmosphere. A log-
well with stratospheric tracers, in particulas®; 180(COy) ical next step will be global scale modeling’dC and espe-
appears to be a useful, hitherto unused, tracer of atmospherigally 180, which is linked to the hydrological cycle.

transport in the UT/LMS region and also inter-hemispheric
mixing. By filtering out the LMS data (based onp® dis-
tributions), the isotope variations for the free and upper tro-
posphere are obtained. These variations have only small lat-

itudinal gradients, if any, and are in good agreement with theThe global cycle of C@is of extraordinary complexity and
importance. The atmospheric G@eservoir is coupled to
those of the oceans, soils, and vegetation and is increasingly

Correspondence tdS. S. Assonov burdened by emissions from the combustion of fossil fuel.
BY (assonowsergey@yahoo.com) The significance of C®as a GHG has made documenting
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and understanding its atmospheric concentrations, sourcesated stations in continental South America, Africa and Asia.
and sinks crucial to understanding its influence on climate.One of the contributions to help to close the gap is to use
Since the extensive paper by Callendar (1938) that dealt withaircraft observation platforms (Expert Group Recommenda-
several aspects of the G@ycle including climate effects, tions of 13thWMO/IAEA _Meeting). In fact, already in 1966
many more publications treat nearly all aspects of the CO Bischof and Bolin (1966) reported on aircraft based,CO
problem” in ever greater detail. measurements.

Large numbers of observations of g@oncentrations at CARIBIC (Civil Aircraft for the Regular Investigation of
ground-based stations and from ships, aircraft and satelthe atmosphere Based on an Instrument Contaiweny.
lites are made with the goal to tackle the problem of thor- caribic-atmospheric.coyruses a passenger aircraft that on
oughly understanding and quantifying the large fluxes be-a monthly basis conducts long distance measurement flights
tween the atmosphere and the other reservoirs. The need farsing an automated laboratory for real time measurements
large numbers of measurements of atmospherig &3 re-  of trace gases and aerosol and the collection of whole air and
sulted in, for instance, the North American Carbon Programaerosol samples for laboratory analysis. Included in the mea-
(http://www.nacarbon.org/nagp/which involves numerous surement package are measurements of, @@ich, in view
projects providing a large number of in situ measurementof its great importance as a GHG, have their own weight to
and also vertical profiles provided by tower and aircraft mea-help to tackle the “C@problem”.
surements. Besides concentration measurements, flux mea- CO, and GHG measurements in CARIBIC were, and to
surements are carried out, other trace gases are measured Botarge degree still are, based on the analysis of air samples,
use as proxies of fossil fuel GQLevin et al., 2008), the although an in situ analyzer for GGs tested in CARIBIC-2.
O2/N2 ratio is measured (Bender et al., 2005), and isotopeHaving air samples available, it is a logical step to conduct
measurements are conducted. These compfi®, mea-  stable isotope measurements. Why? First, the overall project
surements (Levin and Karstens, 2007; Turnbull et al., 2006yepresents a significant technological, logistical and scien-
and stable isotope measurements (Allison et al., 2007; Whitgific effort. As such, the optimization of the scientific pay-
and Vaugh, 2009; Vaugh et al., 2010). load and its use is essential. Second, to our knowledge there

There are only a few parameters which, being related taare no other large scale, high accuracy precise systematic
the CQ cycle, can be measured directly. Source and sinkCO;, isotope measurements in the tropical free troposphere
processes are accompanied by stable isotope fractionatiomnd UT/LMS. Conversely, it is also evident that air samples
thus, isotope measurements may provide information aboutollected at large distances from sources and sinks mostly in
sources and sinks. The first concurrent measurements of abackground air where signal variability is not large require
mospheric C@ and13C(CQy) date from before 1960 (Keel- high quality analyses.
ing, 1961). The dominant signals contained in the major iso- We measured and here present and discuss in detail the re-
tope ratios (i.e. disregardinO and clumped isotope sig- sults of accurate and precise CARIBIC giSotope analyses
nals) are that th&*C/12C ratio is dominated by photosynthe- of a wide range of representative air masses, primarily en-
sis, respiration and combustion whereas@/160 ratiois  countered in the northern hemisphere. To generalize this in-
strongly affected by isotope exchange with water, predom-formation and to organize the CARIBIC data set, we describe
inantly leaf and soil water. For instance, the large carbonthe method of grouping the data according to air mass chem-
sink of the terrestrial biosphere in the Northern Hemisphereical composition and origin (meteorological regime). Anal-
(NH) was confirmed by analyses of gradients'#C(CQy) ysis of CQ» data for a similar aircraft project, CONTRAIL
(Ciais et al., 1995). Fol*C(CQy) even a “flying carpet” or  (Matsueda et al., 2002, 2008) appears to be less complicated
“isolandscape” is available (Vaughn et al., 2010), constructechs CONTRAIL flights do not cross the UT/LMS region. Be-
by the smoothing and interpolation of many such data (Dlu-cause the isotopic variability of signals at flight altitudes is
gokencky et al., 1994; Masarie and Tans, 1995). A recentather limited and the type of platform is not used on a large
paper by Rayner et al. (2008) reports on inverse modeling usscale either, we present here a more extensive description of
ing 13C(CO,) and CQ mixing ratios, and communicates that our methods, uncertainty and the data handling than would be
model improvements and lardéC data sets hold promise necessary for discussions of atmospheric constituents more
here. Howevert80 data have not been generated and used taoutinely measured. In the following we first give basic
the same degree, and contain different, perhaps more convaaformation about the CARIBIC platform, followed by de-
luted information that, however, ought to be fully understood tails about the mixing and isotope ratio measurements. Sec-
and may hold useful applications (Still et al., 2009). ond, we show how the time series spanning 1997-2008 can

When endeavoring to estimate €®uxes and transport be de-trended, after which we explain those air masses that
mixing with confidence, the number of atmospheric obser-are sampled and, third, we apply tracer-tracer correlations to
vations available worldwide is still limited for crucial re- demonstrate the effect of UT/LMS mixing by optimal usage
gions. Based on data from G@bservational networks (Pa- of chemical stratospheric tracers. Fourth, we discuss the data
tra and Maksyutov, 2002; Patra et al., 2003) concluded thabf the free tropical troposphere and UT region followed by a
there exists a need to extend the network by optimally lo-comparison of the CARIBIC time series with the extensive
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data available from NOAA-ESRL. We demonstrate which ninkmeijer et al., 2007). Here 28 samples are collected each
details of global C@distribution can be recorded by aircraft. month, with the samples being collected during all 4 flight
Finally, we discuss future data use in models and addegs or only during the first 2 flight legs. Under typical sam-
dress certain aspects of sampling and model resolution, agling conditions, these samples are collected over a period
well as the quality of analytical data. Comparison betweenof ~45s, corresponding to a sampling distance=df5 km.
CARIBIC-1 and CARIBIC-2 gives a good example of differ- Details of the sampling system and procedure are given by
ent resolution approaches. Further developments of isotop8chuck et al. (2009). Like in CARIBIC-1 the collection of
measurements by CARIBIC are briefly discussed. samples and all (online) measurements are fully automated
with air sampling conducted at fixed time intervals fairly
evenly spaced along the flight track. Details of isotope mea-

2 Experimental surements and calibration for CARIBIC-2 are published by
Assonov et al. (2009a). CARIBIC-2 data from between April
2.1 The CARIBIC observatory 2007 and March 2009 (21 flights which is the subset used for

CO, isotope analyses), represents the latitudes 14 tdN55
CARIBIC (http://caribic-atmospheric.coninvestigates at-  with some flights to North America and one to South Africa,
mospheric chemistry, transport and composition by measurbut mostly flights to the Philippines and India.
ing many compounds (long and short lived trace gases and
aerosol) using an automated laboratory aboard a passenggr2 Concentration and isotope measurements
aircraft, which travels from Europe to a number of different
regions of the globe. The monthly flights have taken placeThe CQ mixing ratios are based on gas chromatography
over a number of years and cover large regions while measutGC) with simultaneous measurement of N,O and Sk.
ing many species simultaneously, ultimately providing dataThe analytical procedure and performance for CARIBIC-2
sets that are not otherwise available. are given in detail by Schuck et al. (2009). The measurement
The flight tracks, dates and sampling locations are showrprecision (as based on measurement repeatability) and com-
in Fig. 1. Nearly all information obtained is for cruise alti- bined measurement uncertainty (obtained using individual
tude, i.e. between 9 and 12km. (The lowest sampling alti-measurement uncertainties and those associated with calibra-
tude was 7 km). From such altitudes little regular, detailedtion, instrumental and other corrections) for £8&re about
isotope information is available. Each long distance flight 0.15 and 0.20 ppm respectively. For CARIBIC-1 no account
covers a wide range of atmospheric regions/regimes, oppohas been published. Based on years of the GC performance,
site to land-based stations. Cruising in the mid-latitude up-the precision and combined measurement uncertainty for that
per troposphere/lowermost stratosphere and the tropical trogperiod are assessed to be 0.20 and 0.25 ppm.do@centra-
posphere means that sampling is remote fromp GQurces  tion measurements are traced back to the WMO X2007 scale
and sinks. However, convection and the larger scale upliftfor CO,-in-air using NOAA-ESRL primary standards.
of air masses can at times deliver air parcels with a certain The CQ isotope analyses for CARIBIC-1 and CARIBIC-
surface air affected component to cruising altitude. To give2 differ in many aspects, namely the aircraft sampling sys-
a number/ 35% of samples analyzed for 2007—2008 weretem, sample size, mass spectrometry and correction pro-
from the UT/LMS at extra-tropical mid-latitudes. An inven- cedures. CARIBIC-1 samples were analyzed at MPI-C,
tory of air masses probed by CARIBIC-2, based on clusterMainz (Assonov et al., 2009b), 100% efficiency of the LO
analyses is given by &ppe et al. (2009). Schuck et al. (2009) extraction procedure demonstrated by Pupek et al. (2005);
presents C@and other greenhouse gas data, whereas a brieEARIBIC-2 samples were analyzed at JRC-IRMM, Bel-
overview for CARIBIC-1 is given by Zahn et al. (2002). gium (Assonov et al., 2009a). In both cases proper calibra-
CARIBIC-1 operated from late 1997 until April 2002, us- tion vs NBS-19-CQ was confirmed by excellent agreement
ing a Boeing 767 (LTU, Germany), sampling on routes to with NIST RMs CQ and NARCIS-CQ. For CARIBIC-2,
and from the Maldives, Sri Lanka, Southern Africa, and thean inter-comparison with MPI-BGC demonstrated a small,
Caribbean. Each month 12 large air samples of nominallyconsistent scale discrepancydt°C(CQO;) of —0.04%0 and
~340L STP were collected during one flight leg (Bren- §180(CQ,) of —0.06%0 (Assonov et al., 2009a). This is much
ninkmeijer et al., 1999). Each air sample represented a flightess than the variability discussed in the present paper, and
distance of~250km. An initial overview of CARIBIC-1 less than inter-laboratory scale discrepancies recently pub-
isotope data was given by Assonov et al. (2007), whereas ddished, which reach 0.08%. fo8'3C(CQ,) and 0.4%o for
tails of isotope measurements and calibration are published®0(CQy) (e.g. Levin et al., 2007).
in (Assonov et al., 2009b). Typical combined measurement uncertainties of the
CARIBIC-2 started its operation in early 2005 and is basedCARIBIC-1 and CARIBIC-2 CQ data (obtained using the
on an Airbus A340-600 from Lufthansa Airlines equipped measurement uncertainties associated with uncertainties of
with a sophisticated air inlet system and carrying a totally individual measurements, calibration measurements, instru-
new container (1.5 ton) with a multitude of analyzers (Bren- mental and other corrections, the uncertainty budget given by
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Fig. 1. () CARIBIC-1 and CARIBIC-2 sample distribution used for g@otope analysegb) CARIBIC-2 flight routes.

Assonov et al. (2009a) based on Brand et al., 2010) are giveR, o 1 Typical combined uncertainty (&- values) of the

in Table 1. Though the combined uncertainty for our isotopecaRr|gIC-1 and CARIBIC-2 CQ measurements and for measure-

data exceeds the inter-laboratory compatibility targets set afyents at NOAA-ESRL (Conway et al., 2009; White and Vaughn,
0.01%o for §13C(CO,) and 0.05%. fors80(CO,) (Expert  2009).

Group Recommendations of 13#WMO/IAEA _Meeting),
the data appear to be one of the best achieved to date. NOAA- Co, s18c(coy), §180(COp),
ESRL have measurement precision of 0.01%. and a com- ppm %o %o
bined measurement uncertainty of 0.02%.f8tC(CQy) (all
values given as &), with the values of 0.03 and 0.07%o for CARIBIC-1 0.25 0.022 0.063
§180(Cy) correspondingly; thé3C(CO,) accuracy esti- CARIBIC-2  0.20 0.020 0.030
mated on inter—laboratory. cp_mparisons (the meaning appears  \opA-ESRL 0.20 0.020 0.070
to be close to the compatibility of measurement results as in-
troduced by VIM 3) is 0.03%. (White and Vaughn, 2009). All
in all, the combined measurement uncertaintysfdC(CO,)
ands180(CO,) for CARIBIC data (Table 1) is the same as  Isotope exchange between g@nd traces of KO is
the uncertainty obtained at NOAA-ESRL. a known problem that leads to artifacts of more negative
8180(COy) values (e.g. Masarie et al., 2001). In CARIBIC-
1 where stainless steel canisters of 20 literdt?7 bar were
used the data showed the problem of exchange. This im-
proved in time, but persisted for some cylinders. The
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CARIBIC-1 results used are filtered according to negativeThe typical pressure altitude for CARIBIC-1 (Boeing 767)
8180(COy) deviations (Assonov et al., 2009b). As the re- was 266+ 25 hPa (Median and 1 StDev). For CARIBIC-2
maining §180(CQ,) data still might have been affected to (Airbus A340-600) this was 23% 33 hPa. Most CARIBIC

a small but undefined degree (after October 2000 data arastruments operate only at pressure altitudes of 500 hPa or
more reliable, see Assonov et al., 2009b), the CARIBIC-1less (higher altitude) to avoid contamination of the sensitive

§180(COy) data are used qualitatively only. analytical systems and for this reason limited vertical profile
In CARIBIC-2 glass flasks &t 4 bar are used and no ef- information is available.
fects of180 exchange between G@nd HO were detected. At mid-latitudes, flights cross the tropopause and low-

Only two samples were suspect at the beginning of measureesrmost stratospheric air is frequently sampled. At lower
ments at IRMM (presumably problems of gas extraction) andlatitudes where the tropopause is higher, free tropospheric
their data rejected. Independent proof of absence of isotopsub-tropical and tropical air is encountered. We note that
exchange in glass flasks under aircraft conditions would rethe return flights over Europe reach deeper into the LMS
quire tests for which the means were not available. The frethan forward flights (due to altitude increasing during the
quency distribution of the values obtained and the literatureflight). During return flights meteorological conditions are
on the use of glass flasks, given the fact that air at cruise altiusually similar to those of the outbound flights, so that
tude is very dry, lend credibility to the assumption that no ex-GHG and other profiles of forward and return flights nearly
change in excess of measurement error has occurred. Morerirror each other. Relevant meteorological parameters (5
over, several longer term storage tests showed only smalllay back trajectories, potential vorticity cross sections along
8180(COy) shifts. the flights, etc.) for all CARIBIC flights are available at
Scale consistency for 813C(CQ;) is a great the KMNI web-site bttp://www.knmi.nl/samenw/campaign
concern (Expert  Group Recommendations  of support/CARIBIC]). An example of analyses of meteorolog-
13th WMO/IAEA Meeting, 2005; Allison and Francey, ical parameters, and chemical tracers by CARIBIC-1 is given
2007; Vaughn et al., 2010). All CARIBIC-2 data are on the in (Zahn et al., 2002).
VPDB-CO, scale (linked to NBS-19-C§) by using the!’O Many trace gases are measured from the air samples,
correction by Assonov and Brenninkmeijer (2003) which is but here we discuss, in addition to §0$13C(CO,) and
currently being officially recommended (Brand et al., 2010). §180(CQO,) and where applicable, only the main greenhouse
The NOAA-ESRL data used in the paper being producedgases namely CiH N2O and Sk. Figure 2a, b gives the
using thel’O correction by Allison et al. (1995) and the 4 scatter plots for CARIBIC-2 againstz@or which the data
CARIBIC-1 data (Assonov et al., 2009b) produced using thefrom continuous recording were integrated over the sampling
samel’O correction are now corrected for the differences intervals. For C@, CHa, N>O and Sk one can discern mix-
between the algorithms (Assonov — Allison) which can being trends towards LMS air (high £ with a large variabil-
approximated by ity for tropospheric air masses §Qvalues typically below

13 18 . 100 ppb). For NO tropospheric variability is lowest. For
A[$7C(CO2)] = —[0.0031: 577O(COy) +-0.030%q (1) SKg the relative uncertainty is lowest, but the scatter for tro-

From 2009 onwards NOAA data are generated using theposp.heric samples is large, mostly due to the effect of its
170 correction by Assonov and Brenninkmeijer (2003), seel0Calized sources.  For that reason £&iso shows tropo-
(Vaughn et al., 2010). spheric scatter, but otherwise has a compact UT/LMS mixing

Finally, 28 samples from a flight in March 2009 were line. CG, concentrations demonstrate the largest variability
analyzed at MPI-BGC using the same method as used Jpr tropospheric air masses mainly due to its seasonal cycle.
JRC-IRMM: the data obtained are corrected for the inter-All these gases but methane have increasing trends. The sea-

laboratory scale discrepancy we have observed. sonal variability propagates into the lowermost stratosphere
while being continuously attenuated by ongoing mixing with

_ LMS air. Below we demonstrate how G@sotope data re-
3 Observational data flect the two dimensions of variability, namely in the mixing

3.1 Meteorology and trace gas measurements: aspects tre\Tvd tolwardhs LMSF"’,‘" zizndénbtropqspher|c ‘?'r masses.l_
specific for civil aircraft sampling with an overview € &S0 showin Fg. =c, d by Using sampiing Interva .lnte-
of GHG data grated continuous CO values, thg €xcess vs. the chemical

tropopause as defined by Zahn et al. (2004b) ap@ Kte-
CARIBIC data are gathered at different latitudes and longi-trended data) vs. CO as well as histograms efa@d NO
tudes (Fig. 1a, b) within a narrow range of altitudes. One sin-distribution (Fig. 2e, f). For discriminating between tropo-
gle flight covers a wide range of meteorological regimes suchspheric and stratospheric samples one can, in principle, use
as mid-tropospheric air in the tropics or upper troposphericphysical tracers (e.g. PV values) or one of the chemical trac-
air and lower stratospheric air in mid- and high-latitudes. ers NO, Sk, CHs and G. Later in the manuscript we will
The cruise altitude during a single flight usually increasesselect the most suitable tracer for this purpose, namely de-
with fuel consumed, and typically ranges from 9 to 12 km. trended NO data.
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Fig. 2. (a—b) GHG data (NO, Sk, CHy and CQ) for CARIBIC-2 flights from April 2007 to March 2009 (period covered by £0

isotope analyses) plotted against ozone. The data are not de-trended and all samples (tropical free troposphere, UT and LMS) are all plotte
together. (c—d) Comparison of stratospheric tracerg &d N>O. De-trended MO data vs. CO demonstrate a more compact distribution

for tropospheric air masses $8 above 320 ppb) than the distribution 0§ @s. CO. (Tropospheric air may be distinguished as havigg O

excess vs the chemical tropopause above zéed).histograms of @ and N,O distribution.

3.2 Data de-trending years of interest (J. White, personal communication, 2009)
with deviations between-1 to 0.5ppm. Therefore higher

For comparing CARIBIC-1 and CARIBIC-2 COdata, order fits (Masarie and Tans, 1995) are not applied.
which together cover 10 years with a break of about 5 years, As trends in CG and 613C(C()2) are caused by com-
a de-trending is necessary to account for the trends ip, CO mon source and sink processes, tHEC(CO,) decrease
813C(COp) and NO. We base the de-trending factors (Ta- myst be consistent with the inferred g@crease. Plot-
ble 2) on the NOAA flask data obtained for remote stations integ ares13C(COy) vs. the inverse of the COconcentration
the NH tropics. (We use thed® obtained by NOAA onthe  (Fig. 3b) for representative background stations MLO and
same flask samples as used forC@ds1*C(COy)). First,  KUM, which have uninterrupted records. Combination of
monthly means were used to obtain annual averages, UpoOjpis $13C(COy) trend and the C@increase rate (Table 2) re-
which, for CG and NO, the average slopes of the linear fits syits in an annua$'3C(CO,) decrease rate. The trends for
are established. In this way all CARIBIC data are de-trendeqhese remote stations agree well (for MLO and KUM the in-
to 1 January 2007. tercepts of-14.2 and—14.0%). Plottings*3C(CQy) vs year
The de-trending procedure introduces errors which argnot shown) gives basically the same slope but this can-
manifest as deviations from the fit lines (Fig. 3a, b, ¢). Thenot demonstrate a consistency betwé&tC(CO,) and CQ
linear fit for CO, captures nearly all of the variance over the increase rates. Because trends in ,Cahd §3C(COy)
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Fig. 3. Linear fits through annual means of g(), 613C(COZ) (b) and NO (c) for selected background NOAA stations (see Table 2).
Residuals are shown in lowermost panels. To demonstrate the consistency betwdee(86,) increase rate with the GOncrease, the
s13C(COy) trend vs. 1/CG has been used, see text.

Table 2. Annual increase rates (linear fits) for the NOAA stations.

Variable Stations Data source Years Increase rate
CO MLO, KUM, MID NOAA ftp server 1999-2007 2.04 ppmly
(Conway et al., 2009)
s13c(co,)  MLO, KUM NOAA ftp server 1999-2007 —0.032%oly
(White and Vaughn, 2009)
N,O MLO, KUM, I1ZO, AZR NOAA 1999-2002 0.909 ppbly
(flask samples) (Dlugogencky, 2009) 2006-2008 0.811 ppbly

are linked by source/sink processes, and because analyttations (a range from 0.76 to 0.85), with a global cosine-
cal errors ins13C(COy) are close its annual change, the weighted average of 0.80 (Jiang et al., 2007). Devia-
813C(COy) decrease must be checked for consistency withtions from the linear fits do not exceed 0.5 ppb (Fig. 3c).
the CQ increase. For the same reason de-trending canno€CARIBIC-1 data being first de-trended for 1 January 2002
be applied for the years of CARIBIC-1 and CARIBIC-2 sep- were then shifted to a common level with CARIBIC-2 (de-
arately — slopes of trends for 3—4 years vary significantly,trended for 1 January 2007), by applying the shift determined
depending on the years included. Only 6 year or a longerfrom station data. De-trended monthly means for the stations
trends can give a robust slope estimate. MLO, KUM, 1ZO, AZR (years 1999-2002 corrected for the
Errors for thes13C(CO) de-trending are not easily quan- shift between de-trending for 11 January 2002 and 11 Jan-
tified. First, the annuab3C(CQ,) decrease is nearly of uary 2007) show nearly identical distributions, with Medians
the same magnitude as the long term measurement accwf 320.8 ppb and 1 StDev. of 0.3 ppb (Fig. 4a). The distribu-
racy. Second, the variability of seasonal circulation pat-tions are slightly skewed, possibly due to the anomalous in-
terns (e.g. discussed for G@t Mauna Loa, Lintner et al., crease of MO in 2000 and 2001 (Fig. 3c, see also Jiang et al.,
2006) causes variability in air mass composition and, CO 2007). Here, variability in air mass composition (e.g. Mauna
signals at stations. The first estimate of errors may be givertoa, Lintner et al., 2006) may also play a role. The dis-
by 813C(CO,) deviations relative to the linear fit, which are tribution widths include both seasonal variations and errors
mostly within 0.025%., with one value deviating by about introduced by data de-trending. The fact that several stations
0.05%o (Fig. 3b). in the NH tropics have narrow and nearly identical distri-
Two linear fits for N O station data (Fig. 3c) were applied, butions of NO, with maximal deviations from the Median
separately for the years of CARIBIC-1 and CARIBIC-2 (Ta- within 0.9 ppb (3e), implies that the NO distribution can
ble 2). The mean fit slopes are 0.909 and 0.811 ppb/y (Tabe used to construct the filter applied to separate tropospheric
ble 2, years 1999-2002 and 2006-2008) appears to agrear from the LMS air discussed in the following.
with values obtained over 1994 to 2006 for several NOAA
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Fig. 4. (a)Distribution of de-trended, monthly mearp® data for NOAA stations in the NH tropics, 1999 to 2002 (in red) and 2006 to 2008
(in black). The distributions have the same Median at 320.8 ppb and very similar wibitfe.Distribution of ozone data and de-trended
N,O data for CARIBIC-1 and CARIBIC-2. Majority of samples represent tropical free tropospheric and UT air masses anghabewe
320.0 ppb; the tailing to lower O values is due to the contribution of LMS air masses.

3.3 Use of tracers to distinguish LMS air masses from cally giving the compact curvilinear mixing relationship, in
tropospheric air masses UT/LMS publications often named L-shape mixing plots,
cf. Oz vs. CO, Fig. 2c), Zahn et al. (2004b) introduced an
In order to analyse the results, the CARIBIC-1 and ozone based chemical tropopause with a seasonally varying
CARIBIC-2 data are separated in two pools representinghoundary level of @. Different groups (Pan et al., 2004;
(i) tropospheric air, i.e. free troposphere plus upper tropo-Hoor et al., 2004, 2005) also demonstrated that use of chem-
sphere air masses, and (ii) LMS air and air masses resultinga| tracers and the chemical tropopause is truly informa-
from UT/LMS mixing processes. Because CARIBIC cov- tive to describe mixing of air masses of different origin in
ers different latitudes, altitudes and seasons, and high resghe UT/LMS region. The applicability of chemical tracers
lution samples are collected, choosing an appropriate sepawas even proven in case of double thermal tropopause occur-
ration criterion is not trivial. CQis a long lived tracer and  rences in the extra-tropics (Pan et al., 2007).
each sample typically contains an air mixture of different his-
tory. Back-trajectories of 5 or 8 days as commonly used in For discrete UT/LMS events of CARIBIC-1 it was shown
CARIBIC chemical studies are not sufficiently informative, that§3C(CQ) correlated well with the @ excess vs. the
whereas prolonged back-tracking of air masses makes littlehemical tropopause (Assonov et al., 2007). However, due
sense in view of uncertainties in transport and mixing. Usingto a limited data set, low sampling resolution and problems
modeled PV values demonstrates a large scatter (not plottedyyith flasks, the same was not shown for different seasons
with occasional values of up to 5 PV for air masses which areands80(CQOy). In particular, Q variability and seasonality
considered to be tropospheric based gnb®@ing below the in the LMS as well as mixing structures (stratospheric intru-
chemical tropopause and high®. sions and fine filaments of stratospheric air) may play a role.
Whereas pure meteorological tropopause definitions (likeFor such mixing structuresglata may not be a sensitive in-
PV) may not have the required resolution, the chemicaldicator (e.g. Hocking et al., 2007). When aiming to construct
tropopause is an operational concept based on gradients afrobust filter to separate LMS air masses for the high resolu-
contrasting tracers measured in situ. Using the stratospheritton CARIBIC-2 data set, the use ok@eeds to be compared
tracer @Q and the contrasting tropospheric tracer CO (typi- with another suitable candidate, namelgON An obvious
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reason to consider4O is that its lifetime better matches that and the maximal seasonal variability of® in the NH trop-

of CO, than that of @; besides, NO was measured directly ics (3o of 0.9 ppb, Fig. 4a). CARIBIC-1 data (de-trended as
from the air samples. At the outset there are some disadvardiscussed above) show the same features.

tages associated with the use of. @) Stratospheric @ has

a seasonal variability due to production changes (e.g. Hed4 Discussion

glin and Shepherd, 2007), whereas the long lifetime g®N

results in a gradual destruction only. IndeegONplotted 4.1 CO; isotope data for LMS air masses

vs. Oz for CARIBIC-2 (Fig. 2a) shows a clear variability

of slopes at higher ©values; ii) Photochemical production 4.1.1 Examples of flights that sampled LMS air masses

and destruction of @in the troposphere (Zahn et al., 2002) i . )
leads to variability as well. This is visible in Fig. 2c—d and CARIBIC-2 flights crossing LMS air masses have recorded

histograms (Fig. 2e—f) — the peak at @elow the ozone detailed correlations for a range of trace gases (Fig. 5). Such
tropopause level is not as compact as the peak@tabove ~ €Vents are well recorded by concomitant CO angval-
320ppb. Some samples having low Gccordingly clas-  UeS reflecfmng UT/LMS mixing (compact curvilinear mixing
sified as UT air) also have low4® (not plotted) and must  "elationship), but also by lower 20D, CHy and Sk values.
actually be considered to be LMS air. Conversely, some samAt times detailed and clear compact curvilinear mixing rela-

ples with @, in excess of the chemical tropopause level, alsotionships (similar to the curvilinear mixing relgtionship, also
have high NO, and thus are definitely tropospheric. known as L-shaped §vs. CO plots) are obtained for GO

13 18 ; :
In contrast to @, N,O demonstrates a compact and nar- 9 C(CQ) and fors0(COy), (Fig. 5, data given vs. Y0

row peak at high MO above 320 ppb (Fig. 2d, f) with tail- reversed scale_) implying that UT/I__I_\/IS mixing can be re-

ing towards lower values corresponding to the LMS contri- flected by CQ isotopes. (Compositions of UT and tropo-

bution. This as well as the narrow distribution 0@l for spheric end-members define the compact curvilinear mixing

background air at tropical NH stations (Fig. 4a) implies that relationship, namely a folded trend line). Such correlations
a certain NO level may be used as a cut-off providing a due to UT/LMS mixing have been observed for 14 out of 21

robust filter for LMS and LMS-affected air masses. There flights. ) _ _

are compelling reasons to use®l i) N>O has been suc- As pointed out, outward and corresponphng return flights
cessfully used to describe the UT/LMS mixing (Hoor et al., usually cross nearly the same stratospheric structures (folds,
2004), we cite: “... troposphericdD is well mixed giving a intrusions and filaments), resulting in nearly symmetrical
rather constant tropospheric mean value... It's major sink is irf” ¥ @nd GHG profiles. In such cases the UT/LMS mixing
the tropical stratosphere where it is destroyed via photolysidines for CQ, §7°C(CG) and for5=*0(CQ) (or some of

and reaction with d@)_ The long local photochemical life- the signals) start from the same stratospheric er_1d-member.
time... leads to much weakepR-gradients at the tropopause l\!otably, GHG plots for outlward and corresp_on(.:l!ng- return
than for G, but makes it ideal to trace stratospheric transport{lights mirror each other (Fig. 5). A large variability in the
since NO is not affected by local photochemistry...”; iy GO Composition of tropospheric air masses over a single flight
oxygen isotope changes in the stratosphere correlate bettéf Often observed, implying a variety of air masses taking
with N»O than with G (Boering et al., 2004). These authors part in the LMS ventilation and/or the UT air masses mixed-
consider NO as a tracer giving an effective reaction time 'n/transported directly to this region.

for CO, oxygen isotope changes; iii)J0 data are obtained  BY Pinning CARIBIC-2 flights that probed the UT/LMS
from the same air samples as used for,G€btope analy- " 4 seasons (Fig. 6', o'nly.latltudes aboveé Bhare plqtted),

sis, which excludes any uncertainty related to integration ofoN€ ¢an observe a similarity of the stratosphere-enriched end-
continuous ozone data over the sampling interval. member’'s composition, with somewhat variable degree of

Despite NO offering advantages, its application has beenthis enrichment (lowest 30 in different seasons is differ-
limited for chiefly two reasons: (i) high precisiornp mea- ent), while the variability of the slopes of the mixing trend

surements, being lab based using flask samples, are rarl1€s is large. The latter strongly depends on the variability
whereas @ data are obtained routinely at high resolution; @nd/or seasonality of UT component(s), while also a variable
(ii) the ratio of O variability to precision is about 500 (range "€9ime of LMS ventilation (Zahn et al., 2004a) plays a role.
500 ppb, precision 1 ppb), whereas the ratio feONs only Thus d|ffer(_ent stratospheric enrlch_ment rgcorded in different
about 80 (range 25 ppb, precision 0.3 ppb). seasons m|ght. also be c_iue to vgnable thickness of the LMS
When using NO one has to decide on the appropriate MXing reservoir and variable altitude of the tropopausg. The
cut-off level. The distribution for CARIBIC-2 (de-trended C©2 and813Q(QOZ) plots appear to be nearly perfect mirror
to 1 January 2007) has a distinct peak with the Median aiMmages, which is expected becauiééC(COz)_ vs. 1/CQ in
321.2 ppb (Fig. 4b, c). Although a cut-off of 320.0 ppb is tqg troposphere are linked _b_y source and sink processes. The
selected arbitrarily, this is a safe approach — the distancd  Q(CO2) plot shows positive slopes for all seasons (rea-
(the peak Median minus the cut-off level) being 1.2 ppb SONS Will be explained below).
slightly exceeds both the half-width of the CARIBIC peak
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Fig. 5. Flight Frankfurt-Denver-Frankfurt (17-18 December 2007, latitudes 41 ¥1dNpBrossing the tropopause and demonstrating anti-
correlations between ) CO and GHG data. ThedO vs. CQ isotope data demonstrate the same compact curvilinear mixing relationship
(due to UT/LMS mixing) as typically recorded bysGnd CO. The CQ isotope data plotted vs. CQgive linear mixing trends. The
correlation between isotope data and stratospheric tracef3 éNd Q) is observed for majority of flights that crossed the UT/LMS mixing.
Data in the green boxes show UT samples.

4.1.2 General picture of UT/LMS mixing years of observation. The largest variability of £@nd
isotope signals is within a narrow range of (highyQN

As CARIBIC-2 covered different flight routes (Fig. 1a, b), values (Fig. 7a, b) which corresponds to tropospheric air

we can conclude that CARIBIC has recorded rather generamasses. This is due to both seasonal variations of the signals

features of UT/LMS mixing in large parts of the NH. To of UT air masses (Fig. 6) and different degrees of mixing of

demonstrate a more general picture of d€btope distribu- ~ air masses affected by sources and sinks and background air

tion in the UT/LMS region and similarity of the stratospheric masses as discussed below.

component over different seasons (note, data coverage for Towards the stratospheric end member (lowQ), the
some seasons is limited), we plot the data of all CARIBIC yariability in all signals diminishes, apparently indicating a
flights crossing the UT/LMS (Fig. 7a, b). On this plot we sjngle end member mixing ratio (Fig. 7a, b). (All data are de-
separate data for latitudes35° N affected by UT/LMS mix-  trended to 1 January 2007). This reflects.G@ynatures of
ing and latitudes< 35° N which are not affected direCtly. ascending tropica| air (examp|es are KUM and MLO, F|g 9)
Triangle-shaped mixing areas observed for CO that enters the stratosphere and returns at NH mid-latitudes
§13C(COy) and §180(CO,) are formed by seasonally with somest80(CO,) modifications. In fact, the back-flux of
variable signals of UT air masses (Fig. 6). The variability stratospheric air into the UT does not constitute a single com-
in CO, and$13C(CO,) demonstrated by CARIBIC-2 (high- ponent because it consists of a mixture of air masses having
resolution) is larger than that of CARIBIC-1, whereas the had different stratospheric residence times (age distribution)
general relationships are very similar, exceptdlO(CQOy) (Appenzeller et al., 1996; Hall et al., 1999; Andrews et al.,
(negative shifts due to exchange in canisters). This agree2001; Engel et al., 2009) with a tailing towards older strato-
ment exists despite of different flight routes and different spheric air. The stratospheric circulation also attenuates the
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with O3 due to photochemical interaction via gQvhich re-
sults from excited D) radicals reacting with C© The
isotopic changes are more clearly correlated wifoNom-
pared to @, the linear trend is valid for fD down to 150 ppb
(Boering et al., 2004). Although th€O(CQ,) increase is
closely coupled with'®O(CQ,) (Lammerzahl et al., 2002),
AO(COy) is more robust to analytical artifacts and thus
better documented. Therefore, to estimate the stratospheric
trend (Fig. 7a, b, lower plots), we first use thé’O(COy)-
N2O trend (Boering et al., 2004), and subsequently the
AYO(COy)/ATBO(COy)-ratio of 1.7 (Lammerzahl et al.,
2002). Thes80-N,O ratio thus constructed characterizes
the trend slope towards lowJ®, taken as 150 ppb.

For fitting CARIBIC-2 observations, the starting point of
the stratospherid®0-trend was selected to fit CARIBIC-2
observations, being + 0.5%0. Overall the CARIBIC-2 data fit
the estimated trend well (Fig. 7a, b), with negative deviations
being expected due to mixing of air masses having been in
contact with land surface. Given that our calibration agrees
with NOAA-ESRL (agreement with NIST RMs and NAR-
CIS CO, was demonstrated for CARIBIC-1 and CARIBIC-2
(Assonov et al., 2009a, 2009b) whereas consinstent}?®
calibration at NOAA-ESRL with other laboratories has been
achieved only recently, when NOAA-ESRL corrected their
data (White and Vaughn, 2009), the value of +0.5%o. corre-
sponds to a significant contribution of equatorial/tropical air
transported to the LMS mixing reservoir (the annual mean in
NH tropics, e.g. at MLO over 2001 to 2007 gives + 0.49%o).
The tropical air contributes to the LMS region by air enter-
ing the stratosphere where it resides and certain signatures
are modified which trace the age (also leadin§’®@ modifi-

CO, seasonal cycle of ascending air by mixing during trans-cations). The (direct) contribution of tropical air to the LMS
port (Andrews et al., 2001; Strahan et al., 1998). The meammixing reservoir via complicated transport is discussed by
of the age distribution can be approximated by an apparenSTART group members (e.g. Pan et al., 2009) and would cor-

age, which is defined by decreases of tracers (such,@s N

CO, and Sk) vs. the signals measured in tropospheric air.

The highest apparent gkage for stratospheric samples of

CARIBIC-1 is up to 2 years (Assonov, unpublished data).

Given that the lowest pD values for CARIBIC-2 (Fig. 7b)

are about the same as for CARIBIC-1 (Fig. 7a), the apparen{Fig. 7a, b, lowest plots).

ages are to be the same.

respond to data points being close to t@-trend.

The low latitude samples presumably containing a con-
tribution of SH tropical air (which bears mosd80(COy)
higher than +0.5%. , see Fig. 13a) form a cluster with
N,O > 320.0ppm ands'®O(COy) higher than +0.5%o
(No other known process can
bring 5180 to higher values and preserve highQ\as typ-

The stratospheric flux at mid latitudes is first transported toical for the troposphere; contribution of SH air is the only
an intermediate reservoir, namely the LMS as recognized byexplanation.) Besides higt80(CQy), the free troposphere
using CO and @correlations (e.g. Zahn et al., 2004b; Hoor air masses influenced by SH air have lower,Gdd higher
et al., 2004; Pan et al., 2004). This mixing reservoir hass13C(CQ,); however, by using C®and §13C(COy), one

a variable ventilation regime, with contributions of strato-

cannot unambiguously recognize the SH influenced samples,

spheric air, UT air and tropical air masses and exhibits seaenly §80(CQy) gives clear a indication (ranges of g@nd
sonality. There are numerous studies concerning the LMS13C(CO,) in the equatorial zones of the SH and NH are
ventilation (e.g. Zahn et al., 2004a; Hoor et al., 2005; Pan esimilar, whereass'80(CO;) has a clear SH-NH gradient).

al., 2000; Stohl et al., 2003). The range gibetween 295

Contribution of SH tropical air to the UT/LMS mixing re-

and 320 ppb (Fig. 7a, b) clearly reflects this complex mixing; gion in the NH can be excluded on meteorological grounds,

the variability is indeed visible for different seasons (Fig. 6).

Next we consider thé180(CQOy) data. Whereas Cand
s13C(COy) are inert tracers in the stratosphes&/O(COy)

and indeed there are only a few positive deviations above the
$180(COy) trend given by the line on Fig. 7b (lower plot).
The same is demonstrated by CARIBIC-1 showing however

ands180(COy) are not. CQ does exchange oxygen isotopes more positive deviations vs. th&t8O(CO,) stratospheric
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Fig. 7. The UT/LMS mixing trends for CARIBIC-1a) and CARIBIC-2(b). For CARIBIC-2 the trends are visible both in GG13C(COy)
and in818O(COZ). The CARIBIC-18180(COZ) data are qualitative only. UT/LMS mixing trends form triangle-shaped areas; this mixing
affects latitudes above 3 only. The trend line fos180(COy) is evaluated based on the data for stratospherig, GEe text.

trend (note that positive values of CARIBIC-1 are reliable, can list fast uplifted (up to 15km altitude) plumes even
Assonov et al., 2009b). These positive deviations are likelycrossing the tropopause (e.g. Rhee et al., 2005) as well as
due to much lower sampling resolution during CARIBIC- isentropic mixing/transport of UT air masses into the LMS

1 so that very distinct air masses (SH-affected and LMS-(Zahn et al., 2004a) .

affected) could have been sampled together. Clearly, the news13C(CO,) and 5180(CO,) data appear
CARIBIC-2 demonstrates numerous deviations below theto reflect air mixing in the free troposphere and UT/LMS
estimated®0-trend, thus forming the mixing triangle. There region in a similar way as other tracers such a0
is a third component (or components), characterized by higrand Sk do. The CQ isotope signals in the UT/LMS mix-
N>O combined withs180(CQ,) values below +0.5%., with  ing region resemble signals of tropical air that entered the
variable, mostly low CQ@. The largest number of samples stratosphere about 2 years prior, accompanied by systematic
(highest density of all the triangle areas) appears to havenodifications o6180(C,). §180(CO,) appears to be prin-
$180(COy) = 0.25%0 and low CQ with §13C(COy) values  cipally a (new) tracer different from other long lived chemi-
close to its highest values, arounr®.2%. on the de-trended cal tracers (such as GON2O, Sk) and also different from
scale (Fig. 7a, b). At a first glance this may be interpreteds3C(CQ). In the boundary layes'80(CO,) has a season-
as air masses affected by the photosynthetic sink and hawality, a clear latitudinal gradient and SH-NH gradient, and
ing being in contact with continental surfaces, which re- a gradient with lower values over continental interiors (see
sults in lowers80(CO,). As candidates of transport we below). Absent, however is a temporal trend. Therefore, the
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distribution ofs180(C0Oy) in the UT/LMS region can be used tion of CO, at mid-latitudes is diluted and too small to have

as independent information to validate descriptions of globalan effect for purely UT air masses. (Note that LMS air may

transport and UT/LMS mixing, as well as inter-hemispheric penetrate deeply in the troposphere as stratospheric intru-

transport in models. Presently tAO(CQy) “back flux” sions and filaments (e.g. Cooper et al., 2004; Hocking et al.,

from the stratosphere is cited as one important unknown ir2007; Stohl et al., 2000), such air masses were filtered out by

models (Ciais et al., 2005), although proper flux descriptionN2O. Here we do not aim to evaluate the total UT/LMS bud-

as well as isotope photochemistry in global circulation mod-get). Some lowes80(CO,) values at 20 to 30N and, and

els certainly should be able to address this issue. The newo a lesser degree at around®dOindicate fresh plumes that

data set provides a means by which one can validate futurb@ad undergone surface contact in summer (discussed below).

models. A few elevated values for botht3C(CQ,) and §180(CQy)
Finally we note that these systematic features illustrate thén the SH and close to the equator can be understood as SH-

successful use of D as a linear tracer of UT/LMS mix- affected air masses, as the £€ycle in the SH differs from

ing for COp, §13C(COy) ands180(COy). Similar plots using  that in the NH with highs80(COy) being typical for SH air.

the O; excess relative to the chemical tropopause level (nofThe CARIBIC-1 data for the SH are also given in Fig. 8 to

shown) show more scatter. o[ mixing trends (on the de- exemplify typically high SH180(COy) values.

trended data scale) could be translated into mixing propor- Concerning NO the situation is different asd® has dis-

tions of UT and LMS air (if most enriched stratospheric air tinctly lower mixing ratios at mid- and high NH latitudes,

is defined by a certain #0 mixing ratio). This feature may which is clearly due to the influx of air from the LMS hav-

be particular useful to describe other chemical tracers in théng lower NbO mixing ratios (discussed in Sect. 4.2.2). In

UT/LMS region. contrast to C@, N>O seasonality is small and observed vari-
ations are mostly due to different air masses mixing, imply-
4.2 Variability in CO , and §13C(CO5) for tropospheric  ing that this small gradient is real. Some positive devia-
air masses tions above the main O cluster are due to fresh plumes,
whereas negative deviations may indicate the presence of
4.2.1 Latitudinal distribution LMS-influenced samples. As stratospheric back flux does

take place at these latitudes, such air masses do play a role in
For the analysis of tropospheric G@e use the CARIBIC-2 3 total balance.
data set (latitudes between 14 and B because sampling ~ Methane (not shown) has a more or less uniform distribu-
is at a higher resolution, the data are more regular comparegon, with high values at about 20 to 38 due to monsoon
to CARIBIC-1, and high quality*80(CQy) are available for  plumes (Schuck et al., 2010). TheSfata (not shown) show
all samples. LMS-influenced air masses have been filteregome scatter due to inhomogeneous distribution of sources
out using the NO data. located in the NH.

The de-trended C®data demonstrate no gradient over Next we revisit the latitudinal distribution of CO
the latitude range 14 to 8% (Fig. 8). Such was also (Fig. 8). To understand the latitudinal distribution of the
noticed by analyses of gradients of @Geasonality over CONTRAIL aircraft CQ data obtained at similar flight al-
NH latitudes (10 to 59N, binned in 10 latitudinal bands) titudes, Miyazaki et al. (2008, 2009) applied a global atmo-
(Schuck et al., 2009). Conversely, at the surface sig-spheric transport model. They concluded: “In the NH sub-
nificant gradients are caused by especially the large vegtropical upper troposphere, the formation of the latitudinal
etation cover at mid to high latitudes in NH, also re- CO, gradient is mostly attributable to the upward and pole-
sulting in pole-wards increased seasonality (see also “carward (adiabatic) transports of GO” Based on their model
pet” plots by NOAA, http://www.esrl.noaa.gov/gmd/Phato results, the C@ concentration gradient at flight altitudes of
Gallery/GMD_Figures/ccgdigures). At altitude however, 300 to 200 hPa is very limited or, in some months negligible.
the outflow of the summer monsoon can play a role (SchucKkThat agrees with the similarity of the range of £@nd iso-
et al., 2010), be it with a restricted geographical footprint.  tope signals over the corresponding NH latitudes observed

Tropospherics13C(CO,) does not demonstrate a lati- by CARIBIC (Fig. 8).
tudinal gradient, which is expected because of the lack The strongest gradient in the Gatitudinal distribution
of a clear gradient in C® This is again in contrast at flight altitudes appears in summer, at latitudes 45 td\r5
to gradients for surface stations in the NH representing(Fig. 5 in Miyazaki et al., 2008 and also Fig. 3 in Miyazaki
background (well-mixed troposphere) boundary layer airet al., 2009). Here lower COis expected due to uplift of
(see plots by NOAAhttp://lwww.esrl.noaa.gov/gmd/Phato  strongly depleted continental air in summer. Though the
Gallery/GMD_Figures/ccgdigures). However, the limited model of Miyazaki et al. (2008, 2009) does not include
number of isotope data we have precludes us making ahe stratospheric flux at mid-latitudes, the effect on con-
detailed analysis as done for the g£titudinal gradient  centrations (not directly in UT/LMS structures) cannot be
(Schuck et al., 2009)180(CO,) does not show a gradient, large, about 2% of the maximal LMS/UT variability (see
meaning that influx of the photochemically driven modifica- Sect. 4.2.2), which corresponds to up to 0.2 ppm. The model
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Data from CARIBIC-1 for SH air samples are shown for comparison.

results by Shia et al. (2006) show that cross-tropopause exfluence in the NH significantly contributes to seasonal and
change is pronounced in certain seasons, but the results doter-annual variations of §O and CFCs with long lifetimes
not allow evaluating this contribution correctly. A recent having a strong stratospheric sink. These conclusions are
study by Boenisch et al. (2008) aimed to model Cand based on surface data, thus an effect at flight altitudes is cer-
SFs in the extratropical UT/LMS, including STE flux, has tainly expected. Although we do not intend to evaluate the
demonstrated little gradient at the CARIBIC flight altitudes total NoO balance in the UT/LMS, one can give some es-
in the NH latitudes (14 to 55N), also with an increased gra- timation for the dilution brought about by the LMS influx.
dient in summer. The NyO latitudinal gradient (Fig. 8), namely lower,® at
Recapitulating, pertinent features of the latitudinal distri- high NH latitudes, implies a contribution of diluted strato-
butions are: (i) the absence of gradients inCE3C(COy) spheric air to UT air. Note that in Fig. 8 LMS air penetrating
and 8180(CO,) over latitudes of 14 and B8. This is  deeply in the troposphere (e.g. Cooper et al., 2004; Hocking
in contrast to the clear latitudinal gradient demonstratedet al., 2007; Stohl et al., 2000) as stratospheric intrusions and
by the NOAA NH surface stations accompanied by in- mixing filaments was filtered out by XD. We estimate this
creased seasonality (see Fig. 13a, see also surface plots Bjratospheric contribution to UT air to be about 2% (latitude
NOAA, http://www.esrl.noaa.gov/gmd/Pho@allery/GM.  gradient of 0.5 ppb (Fig. 8) andJ® range in LMS of 25 ppb
Figures/ccgdiguresy; (i) the gradient for NO, with high  (Fig. 7a, b).
latitude values lower by about 0.5 ppb. These features appear By using the range of C®signals observed over the
to be in agreement with results of simplified transport mod-UT/LMS mixing regime (Fig. 7a, b), the above estimate may
els, though stratospheric back flux, UT/LMS mixing struc- be translated for the CQisotope budget. The 2% influ-
tures and isotope distribution are not modeled yet explicitly. ence means up to 0.01%. of unresolved shifts’f0(COy),
which is well below analytical uncertainty. The effect on
4.2.2 Effect of LMS on the CQ; isotopic compositionin  §13C(CQp) is even lower, within 0.005%., and cannot be re-
the troposphere solved. Because we have htD determination for CQ the
unavoidables'3C(CQy) analytical artifact/bias arising from
The next issue to address is the effect of the stratospherestratospheri¢’O(CQ;) enrichment is about 0.04%. for the
troposphere flux on tropospheric air masses. It has beemost enriched samples §8 about 295 ppb) and is diluted to
shown (Nevison et al., 2004, 2007) that the stratospheric infmerely 0.001%. for the 2% influenced UT-samples. Though
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these estimations are crude, they show that the stratospheveard transport of tropical air (which forms major features of
back flux at high latitudes has negligible effects’8@ and  isotope signals in the troposphere), with significant contribu-
180 isotope signals in purely tropospheric air masses. tion of plumes.

. . . 4.2.4 Carbon cycle and isotope signals
4.2.3 Comparison of tropospheric CQ isotope data 4 pesig

with those from tropical NOAA stations To better understand signals observed by CARIBIC, we
briefly summarize the carbon cycle. In the troposphere CO
Figure 9 gives the seasonal cycles for free and upper troconcentration and3C(CQy) reflect the variability, both in
pospheric CQ, §13C(CO,) and §180(COy) as time series  time and space, of C&Bources and sinks (respiration, photo-
with the CARIBIC data (not separated in latitude bands).synthesis, ocean uptake, fossil fuel and biomass burning). As
CARIBIC CO, ands13C(CO,) data indeed agree well with  source and sink processes cause isotope fractionation, varia-
those from the selected representative stations in the NHions in CQ and§*3C(CQ,) are closely linked and largely
tropics (MLO and KUM) and capture the amplitudes and thein anti-phase. Photosynthesis produces biomass depleted in
seasonality. This agrees with the uplift and poleward trans>C with remaining air C@ becoming enriched. The iso-
port of tropical NH air (see above). NOAA stations located tope fractionation varies between C3, C4 and CAM plants
at higher latitudes and/or on continents show much largerand also depends on water availability (e.g. Bowling et al.,
seasonal variability (MHD is shown as example). Though a2008).
certain phase shift between @®ackground/marine bound- One can presume that respiration and combustion of fossil
ary layer data from selected stations and signals in the tropofuel and biomass accumulated by photosynthesis will tend
sphere at the flight altitude can be expected, these aspects ae bring air $13C(CQ,) back to initial values, opposite to
not addressed in this manuscript. the photosynthesis fractionation. This is only partly true be-
CARIBIC-1 and specifically CARIBIC-2 demonstrate a cause of a disequilibrium effect — recently formed biomass
larger spread of values than results from tropical stationsis linked (by overall photosynthesis fractionation) to modern
There may be two separate reasons. For the stations, besides 13C(CO,) (around—8.3%o), whereas part of respiration
being representative for more homogeneous air masses ovand all combustion releases carbon accumulated in the past
the Pacific, monthly mean values are given. The high altitudevhens3C(CO;) was heavier by up to about 2%, (Francey et
air probed by CARIBIC does not demonstrate the strong seaal., 1999).
sonal amplitudes typical for the NH stations directly affected Anthropogenic effects on the GCcycle include fossil
by continental air masses. Even Mace Head (Fig. 9), whichuel burning, increased biomass burning, change of land use,
has a limited direct impact of continental air masses com-deforestation, erosion, cement production etc. Fossil fuel
pared to truly continental NH stations, demonstrates a muckcarbon is characterized by negaté#C(CQO,), e.g. around

larger seasonal amplitude than CARIBIC. —24%o for coal, oil from—30 to —26%o., combustion of nat-
Regardless of the fact th&t®O(COy) is governed by addi-  ural gas mix (biogenic and thermogenic methane) of about

tional processes compared to £8nds13C(COy), the simi-  —44%. (e.g. Ciais et al. (1995) and references therein). On

larity between C@ands13C(COy) from CARIBIC and trop-  average fossil fuel has #3C(CQy) value of about—28%o,

ical stations implies the same to be expectedst§O(COy). being close to an overall biomass signature.

The CARIBIC-25180(CO,) values mostly agree with those  The gross ocean fluxes exceed the net uptake many times.
from tropical marine background stations, although someOcean uptake has a disequilibrium effect of the same na-
systematic, mostly negative, deviations occur (Fig. 9), chieflyture as outlined above for photosynthesis — the dissolved
at latitudes of 14 to 30N (Fig. 8). The deviations in autumn- CO; pool has been in equilibrium with the atmosphere for a
2008 mainly correspond to monsoon outflow crossed duringong time, when atmospheritt3C(CQ,) was higher. Thus
flights to India. Negative deviations arise from air massesthe exchange back-flux from the ocean returns; @@th
that had been in contact with the surface of continents wherg3C(CO,) values higher than the value of the modern,CO
intensivel®0 exchange with soil and leaf water takes place uptake (e.g. Quay et al., 2003).
(Ciais et al., 1997). Such CARIBIC-2 signals are similarto  The important CQ@ sources and sinks of different
(but more positive than) the data of Mace Head (Fig. 9), as13C(CQ) signatures can be traced using Keeling plots,
station affected both by marine and continental air. Positivewhich are based on the assumption of the admixture of air
8180(COy) values (years 2008 and 2009) of up to 1.0%. cor- with CO, affected by source and sink processes (accompa-
respond to samples containing SH air which bears more posaied by isotope fractionation) to background air (e.g. Pataki
itive 8180(CQy) values (see also Fig. 13a) due to the muchet al., 2003; Miller et al., 2003). The Keeling plots for the
smaller land cover. Positive values were also observed byemote stations MLO and KUM give th#-3C(CQp) inter-
CARIBIC-1 close to the equator and in the SH (Fig. 8). cepts of —14.2 and—14.0%0 (Sect. 3.2), that corresponds
Thus, comparison of CARIBIC data and the data of to the global inter-annua'3C(CQ,) trend. Trend lines for
NOAA stations in NH tropics agrees with the uplift and pole- other remote stations (not given) give very similar intercepts,
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Fig. 9. COy, §13C(COp) and§180(COy) data of CARIBIC-1 and CARIBIC-2 (only tropospheric samples, 3at4° N) as time series
together with data for the stations (MLO, KUM, 1ZO and MHD, White and Vaughn, 2009). (At the moment of revision, June 2010, NOAA
has not released isotope data for 2008.)

e.g. for SPO and BRW at13.0 and—13.7%.. Though it  of variable origin and history and a number of trace gases,
is not within the scope of this paper to explain these inter-for instance CH, showed considerable variability. How-
cepts, we point out that in the absence of the ocean exchangaver, §13C(COy) correlates extremely well with GOover
fluxes one would expect the inter-annual trend towards thehe 8000 km flight route. The isotope data reveal this corre-
overall CQ sources resulting in CQincrease (fossil fuel lation for 13C within a total range of merely 0.1%. thanks to
and biomass burning), the value abet28%.. The agree- their high precision. This snapshot of a single flight demon-
ment between the remote station trend and the CARIBIC-strates large scale similarities of source and sink processes
1vs. CARIBIC-2 trend (see Sect. 4.2.5, also Fig. 11) impliesover inter-continental distances.

that the intercept o —14% has the global meaning. We emphasize that these compact correlations during sin-

425 Variability in CO » and §13C(CO5) of tropospheric gle flllghts reflect.sourc.:e/smk balance for air masses during

. specific seasons; the intercept of trend lines for such corre-

air masses ) : .
lations changes during the seasons. Winter and summer cor-

Despite the long distances covered during a single CARIBICrQIZag;[Ions ZdE/monlstrate staglsncalgy dlﬁerﬁnt mt_erk(J:Ie pgs l(from
flight (up to 8000 km), good, at times excellent, correlations __ t0 —24%, plots not s own) due to the variable balance
between813C(C02) and CQ are evident for many flights of the most significant sources and sinks of G@different
(Fig. 10). As an example we show the flight Frankfurt- seasons.
Toronto-Frankfurt on 17-18 September 2007 with sam- Although a similarity between CfQand §13C(COy) for
pling latitudes from 43 to 53N and 8 day back trajecto- the CARIBIC time series and data for NH tropical stations
ries reaching from 20 to 7N (http://www.knmi.nl/samenw/  (Fig. 9, see above) is observed, the variability of Cand
campaignsupport/CARIBIC). After filtering out the LMS  §13C(CQ) during a single flight is large. For remote NOAA
contribution using NO as described before, GHG and other stations the variability is mostly seasonal, being observed as
tracers confirm that we are dealing with pure tropospherictime series (the location is fixed and only representative air is
air masses. These tropospheric air masses were neverthelesampled). For CARIBIC (moving platform) the variability is
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Fig. 10. For a single flight (Frankfurt-Toronto-Frankfurt, September 2007, latitudes 44°th)bdn excellent correlation with an extremely
narrow range o$13C(COy) values was observed for tropospheric air masses. The correlation exists despite the influence of different air
masses, evidenced by the variability in methane. Right, GHG data for the same flight plottegddesn@nstrate stable levels ob® and
variable methane.

a fine structure, witl13C(CO,) and CQ being correlated.

T I T I T
1 5 e ] Such close correlations between £@nd §3C(CQO,) are
78— "kum, 1995 to 2007 similar to that of Fig. 10. The slope is roughly similar to
L= MHD. 2005 that of the annual cycle at any NH station with pronounced

d'°C(CO,), %o

1
1000/CO,, ppm

Fig. 11. Keeling plot for CARIBIC-1 and CARIBIC-2 (data not de-

seasonality, e.g. MHD (Fig. 11). (Seasonal variability of
slopes cannot be resolved in Fig. 11). The shift between
CARIBIC-1 and CARIBIC-2 clusters agrees with the global
trend demonstrated by background stations MLO and KUM;
intercept for the stations trene; —14%o, (Sect. 3.2) mainly
characterizes the global G@end.

Only few CARIBIC data points reach beyond the range
of MLO and KUM (Fig. 11). Low values indicate more
pronounced effects from respiration, fossil fuel and biomass
burning. At times fresh plumes are intersected; for in-
stance the data across biomass burning plumes over China
(Lai et al., 2010) demonstrate some correlations between in-
creases in CO and GQand negative shifts id13C(COy)

trended) including data for KUM (1993 to 2007) and MHD (2005). (data not plotted). Monsoon plumes were also crossed which
The two enveloping lines correspond to the slope of the KUM inter- Were identified by increases in methane and some (negative)
annual trend, and give upper and lower limits of the variability. $-80(COp) shifts. Highs'3C(COp) values are indicative of a
CARIBIC data agree well with the range demonstrated by the trop-large impact of photosynthesis, also some contribution of SH
ical station. air cannot be excluded, either. (As @ a long lived gas,
one cannot make a simple mass balance of SH-HN air based

observed both in time and in space, without visible latitudi- €-9- O back-trajectories).
nal gradient in CQ@ (Schuck et al., 2009) and GQ@sotopes Furthermore, de-trended data 6f3C(CQ,) and CQ
(see above). Thus, along with the seasonal variability, anshow also a good correlation (Fig. 12) and the fit lines for
other reason for the variability detected by CARIBIC is the CARIBIC-1 and CARBIC-2 agree surprisingly well. The
spatial variability (inhomogeneity) in tropospheric air massesde-trending procedure applied has already removed the inter-
at flight altitudes. The fact that variability for high resolution annual trend. We interpret the correlated variability in
sampling by CARIBIC-2 is much larger than for CARIBIC-1 §13C(CQ,) and CQ as result of mixing of well-mixed back-
(see Fig. 9) confirms this. ground air masses with air masses affected to different de-
When §13C(CO,) data (only lat> 14° N) of CARIBIC- grees by seasonally varying sources and sinks. Accord-
1 and CARIBIC-2 are plotted vs. the inverse of the £O ingly, the agreement between CARIBIC-1 and CARBIC-2
mixing ratio, generating a Keeling plot (Fig. 11), nearly all de-trended data (Fig. 12) indicates that overall balance of
CARIBIC samples are within the amplitude range demon-all major (global) sources and sinks in NH during the years
strated by tropical stations (plotted are data for KUM). of CARIBIC-1 and CARBIC-2 agrees. On the other hand,
CARIBIC-1 and CARIBIC-2 clusters appear to demonstratethis agreement implies that the de-trending procedure has not
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* cARBICI] T T T T & sesses a strong temperature dependence (Brenninkmeijer et
4+ CARIBIC-2 . al., 1983). The variations i#'80(COy) cannot be detected
CARIBIC-1 by the Keeling plot technique, which is based on the assump-
¥ =6.91(10) X - 26.3(0.3) tion that concentration changes are accompanied by isotope
R"=0.95 . . . .
fractionation by sources or sinks. Only combustion acts as
— a source in that sense. However fossil fuel and biomass
burning combustion constitute a small flux compared to the
gross CQ fluxes, whereby C® undergoest®O exchange.
Consequently$180(COp) is a specific tracer of gross GO
, fluxes. Accurate measurements fO(COp) on a large
CARIBIC-2 .
_ T Y = 6.47(12) X - 25.3(0.3) scale started only years ago (until recently not all NOAA
. R*=0.89 sampling underwent drying, see White and Vaughn, 2009)
-8.6 — T T T and not much data interpretation is available (e.g. Cuntz et
2.58 2.60 2.62 2.64 2.66 al., 2003a, b) reported by a 3-D model describifD(CO,)
on the surface, which they have tested up to 3000 m a.s.l.);
understanding ecosystem-atmosphere exchange processes is
underway (e.g. Still et al., 2009). We also reiterate that

Fig. 12. Keeling plots f0r513C(C02) for de-trended CARIBIC-1 5180(C02) is a tracer of air transport and mixing as we
and CARIBIC-2 data showing close agreement (all seasons, datgemonstrated for the UT/LMS region.

-8.0

d'°c(CO,), %o

1

-1
1000/CO,, ppm

de-trended to 1 January 2007, latitude$4° N). The similarity betwee|613C(C02) and CQ of CARIBIC
and the data of representative stations in the NH tropical
resulted in significant biases. boundary layer implies the same similarity to be expected for

Allin all, we argue that CARIBIC has recorded the main 8'80(CQp). Atafirstglance (Fig. 9, lowest plo)#0(CO,)
features of a global Cfisotope distribution at the flight al- of CARIBIC-1 and CARIBIC-2 demonstrates a scatter, with
titude in the NH. The variability of signals is both due to many negative deviations vs. the NH tropical stations’ trends.
mixing of different air masses affected by sources and sinksVVhen plottings'80(COy) vs. CQ, no structure is discern-
(the matter of atmospheric transport) and the seasonal var@ble (Fig. 13b). The year 2008 demonstrates a larger vari-
ability of sources and sinks in the NH. The shift between ability than 2007 (plot not given), due to different routes and
CARIBIC-1 and CARIBIC-2 data clusters agrees with the the Indian summer monsoon.
global CQ trend; de-trended CARIBIC-1 and CARIBIC-2 The NOAA data help in understanding some characteris-
data agree each other and implies that the budget of majdiics of the CARIBIC's$180(COy) patterns. First, the am-
(global) sources and sinks during the years of observatioplitude of thes!80(COy) seasonal cycle systematically in-
has not changed. The fact that mostly well-mixed air massegreases from the SH to high NH latitudes, whereas the an-
have been sampled magnifies the representativeness of tfigial means decrease (Fig. 13a). Besides this SH-NH gradi-
data. ent due to the NH land masses, there also are significant gra-

On top of the tropospheric variability there is the variabil- dients across continents. The acta#lO(CO,) values de-
ity due to UT/LMS mixing; the latter is well recognized by Pend ons*80 of precipitation, temperature, evaporation and
using stratospheric tracers. We note that the use of isotopegvapotranspiration (see e.g. Ciais et al., 1997). The largest
directly reveals the causes for @@ariability such as SH air  8'20(CQy) seasonal cycle in the NH can be best illustrated
or balance of source and sinks. Without isotopes, one mayy the gradient between MLO and Barrow data (Fig. 13a).
imply rather a similarity of air masses in the troposphere or Thus the CARIBIC$!80(CQ,) data appears to reflect very
data scatter (Schuck et al., 2009), moreover SH air cannoftifferent air masses sampled.
be recognised. However explaining/describing,G@d iso- As exchange with water vapor in air is negligible and
tope signals of the tropical free troposphere and UT region id*20(CQy) is only affected by dilution with background air,
detail and making quantitative conclusions, is not trivial andthe largess80(CQy) variability can be expected in fresh
will require advanced coupled biosphere-ocean-atmospherglumes. Indeed, the most prominent negatvéO(COy)
models; 3-D models are also under development (Cuntz eshifts are in autumn 2008 (Fig. 9) for the flights to India

al., 2003a, b). which crossed large plumes of surface air (Schuck et al.,
2010).
4.2.6 Variability in tropospheric §180(CO») Besides negative deviations from the trend of NH tropi-

cal stations, there are some positive deviations. The high-
Of overriding importance fos180(CQ,) and its variations  est §180(CQOy) values are around +0.9%. in November-
is 180 exchange with water (leaf, soil, and ocean water) viaDecember 2008 at about 28 (Fig. 9) which are believed to
bicarbonate formation. The isotope change depends directlave been due to significant contributions of SH air with high
on thes180(H,0) value while the fractionation constant pos- §180(CQ;) values (Fig. 13a). In fact high values (around
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+1.0%0) were also recorded for samples collected close ta1.3 Future use of data, optimal sampling resolution and
the equator and in the SH (African flights) by CARIBIC-1
(March 3, 2000) and CARIBIC-2 (March, 2009) (Fig. 8).

4.2.7 Seasonal cycle @3C(CO,) and CO, in the

troposphere

Lastly, based on de-trended data, we evaluate the seaso

cycle of$13C(CO,) and CQ in the troposphere. CARIBIC-

1 and CARIBIC-2 data demonstrate basically the same se
sonality and amplitude (Fig. 14a). This agreement implies

sampling and extraction systems, in two different laborato-
ries, with a time lag of 5 years, the agreement gives confi-

aspects of analytical errors

Our expectation is that in the future the data will be requested
and used in global models. We note that data generation al-
ways preceded model developments: although regular CO

ngonitoring began in 1957 (at Mauna Loa, by Keeling), the

data use in models started much later that the data became

ZAvailable. Thus, having the opportunity to obtain reliable

CO, isotope composition by the CARIBIC aircraft platform,

the data to be really representative for remote background? did so in the hope that that data could be useful in global
air. Noting that CARIBIC-1 and CARIBIC-2 have different Models. Capabilities to analyze g&otope composition by

flight routes, that measurements were performed by differenCONTRAIL are under d(_avelopment; to our know_ledge, to-
date CONTRAIL has neither presented nor published CO

isotope data.

dence that representative isotope data of required precision When one intends to obtain representative information on
the global CQ cycle with limited capabilities, optimizing
sampling strategy is crucial. In our case, optimal flight fre-

can be obtained.

After filtering out data of fresh plumes (by totap8 above

2000 ppb and CO above 125 ppb; these levels were selectegliency, the distance covered by a single sample, and the sam-
based on a signal distribution, and only a few data pointspling frequency all need consideration. On the one hand,
were removed), the tropospheric data of CARIBIC-2 are insampling at low resolution, similar to that of most models
line with the phase and the range of values at the NOAA(2 x 2° grid at best) is logical. High-resolution sampling
stations in the NH tropics (Fig. 14b). As discussed abovegives a more detailed picture of mixing effects and struc-
CARIBIC, being a moving platform, demonstrates higher tures involved, but the information, given a certain sample
variability than selected stations where only background aircapacity, is reduced, meaning that some data extrapolation in

masses are sampled. The variability of tropospheric sigmodels will be required.

nals at flight altitudes is due to mixing of air masses af-
fected by sources and sinks with background air; the effectext is useful. Obviously the high sampling resolution by
of UT/LMS mixing is limited. CARIBIC-2 data presented CARIBIC-2 (15km of flight distance per sample) with 14
using the boxplot (Fig. 14b) can be considered as monthlysamples per outward and return flight gives a different pic-
values of background air in the troposphere at flight altitude.tyre than obtained with the low resolution CARIBIC-1 sam-
The agreement with data from NOAA NH tropical stations ples (250 km per sample, 12 samples per flight). This is
supports uplift and transport of tropical air at flight altitudes well illustrated by the UT/LMS mixing trends (Figs. 5, 6
and 7a, b). CARIBIC-2 data clearly demonstrate the com-
pact curvilinear mixing relationship in the UT/LMS region,
which is visible both fors13C(CQ,) and5¥0(COy), occa-
sionally §180(CQ;) shows even more regular patterns than

being the major driving mechanisms.

www.atmos-chem-phys.net/10/8575/2010/
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Fig. 14. (a)Seasonality for tropospheric air masses detected by i8@opes; all flights, latitudes- 14° N. Data de-trended to 1 Jan-

uary 2007.(b) The 1999 to 2007 averaged monthly mean data for KUM and MLO (de-trended data) and tropospheric CARIBIC-2 data
(box-plots). Plumes evidenced by very high water and high CO are filtered eGt£+2000 ppm and CG 125 ppb). Box ranges are at 25,

50 and 75%, Whiskers are at 5 and 95%, square corresponds to the Median and crosses indicate Min and Max values.

813C(COy). In contrast, UT/LMS data from CARIBIC-1 (e.g. Fig. 10) imply that at the moment actual analytical er-
show only linear trends fa¥*3C(CQp) without details or sys-  rors in CQ and §13C(CO,) (at the level of our laboratory
tematic patterns fo8180(CQO,). (Some CARIBIC-1 trends performance) are rather well balanced.

are given Iby AT§OHOV| et _al., 5207)' Iaow and h|3\f/1hresolu- We stress that for meaningful use of such data in mod-
tion sampling ultimately give different data sets. en oneels, data merging between different laboratories is critical.

aim_s to study fr(_aquent tropopause crossings at mid Iatitudesrhe only inter-laboratory comparison performed was with
a higher resolution may be preferable. MPI-BGC, Jena, during which the discrepancies—.04

The data uncertainty needs to be in line with the variabil-and —0.06%. for §13C(CQ,) and §180(CQ,) were docu-
ity detected, to be considered from the point of future datamented (Assonov et al., 2009a). Although this exceeds the
use. At cruise altitudes, the variability detected in tropo- 1-o errors evaluated by the two laboratories and exceeds
spheric air masses (de-trended data) is about 10 ppm for COthe §13C(CO,) compatibility target of merging data from
and 0.4%. fors13C(CO,). Given that total combined uncer- different laboratories (Expert Group Recommendations of
tainty we have reached are respectively 0.2 ppm and 0.02%43th WMO/IAEA _Meeting), inter-laboratory scale discrep-
(1-o values, that is, a 20 ppm variation in the 1.78€ in ancies observed by round robins among other laboratories
carbon), this translates into 2% and 5% relative variability. are, unfortunately, much larger (Levin et al., 2007). Such
This is a rather reasonable balance between signals and ediscrepancies were recognized long time ago (Masarie et al.,
rors. The correlations observed between@8ds13C(CO,) 2001) as having several potential sources (e.g. Vaughn et al.,
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2010); resolving these aspects is beyond the scope of this pa-  has both a seasonality and clear latitudinal gradient, in

per. Importantly, the offset between MPI-BGC and NOAA the absence of a long-term temporal trend. Therefore
being documented is limited and stable in time (Levin et al., the distribution ofs180(CQy) in the UT/LMS region
2007), permitting the reconstruction of a (possible) offset be- can be used as an independent tracer to validate descrip-
tween the NOAA scale realization and the IRMM and MPI-C tion of global (and also interhemispheric) transport and
scale realization. UT/LMS mixing in models.

All the GHG and isotope data obtained by CARIBIC being _ _ _ g
presently stored on the CARIBIC data server are available 9 Climate change will most likely show up 1%0(COy)

upon request to the project coordinator Carl Brenninkmeijer. data. Although it is .a'highly complex sigqal, its link '
to temperature, humidity, soils and vegetation makes it

desirable to monita3180(CQy), not only at the surface,

5 Summary and outlook but also at altitude, in well mixed air masses. Thereafter
the obtained present-day record for the free troposphere
1. CARIBIC provided unique isotope data sets for the and UT/LMS region is an asset to future comparisons.

UT/LMS and free tropical troposphere, with about 1
month resolution. CARIBIC-1, with low resolution 6. Considering future developments of observations by air-

sampling provided high quality'3C(CQ,) data (1999 craft, sampling resolution and optimal analytical uncer-
to April 2002) ands180(COy) data (October 2000 and tainty are critical. While high-resolution sampling is ex-
April 2002). CARIBIC-2 (April 2007—March 2009) re- tremely valuable to study in detail effects of UT/LMS
sulted in precise, accurate and reliabl€C(CQ,) and mixing and inter-hemispheric transport, it may be less
8180(COp) data from high-resolution sampling. For all applicable when one aims at obtaining representative
samples extensive supporting GHG;, @O and mete- signals for the remote troposphere on the global scale,
orological data are available. for use in models.

2. The manuscript presents the first analyses of the 7- The data shown are based on a major research ef-
CARIBIC data for tracer-tracer correlations, distribu- fort (made possible by IRMM in Geel, Belgium for
tion and trends with detailed information for UT/LMS CARIBIC-2), that could not be sustained at present but
COy, 513(;((;02) and8180(COZ). For the first time it should be taken up again in the not too distant future.
is demonstrated that global-scale variability in air mass ~ An 88 sampling system in CARIBIC-2, to operate in
origin and GHG signals are reflected by the variability addition to the 28 sample system, has been deployed
in §13C(COy) and §180(CO,). Besides the UT/LMS since early 2010, marking the next challenging step for

mixing, such correlations arise from different degrees CO; isotope measurements.
of mixing of background air with air masses affected

by sources and sinks, over the distance up to 8000 km
and also over different seasons. The trends and featuréas‘p
demonstrated by CARIBIC-2 are found to agree with
CARIBIC-1 signals attenuated over long sampling dis-

tance. CARIBIC - Civil Aircraft for the Regular Investigation of
the atmosphere Based on an Instrument Container,
www.caribic-atmospheric.com

pendix A

Abbreviations

3. Data de-trending and use of stratospheric tracers is con-
sidered. NO is discussed to be the most suitable tracer
in describing mixing proportions of C{signals in the GHG — green house gases;

UT/LMS region. (NO can also be successfully applied CONTRAIL — Comprehensive Observation Network for

to other chemical tracers in the UT/LMS region.) By TRace gases by AlrLiner, research project by NIES, Japan
filtering out LMS data (using D as a stratospheric | MS — lowermost stratosphere

tracer) and data from fresh plumes, £{@8otope data
tropospheric background air masses were obtained. The ) ) )
data and trends agree well with the data of NOAA sta- MPI-BGC — Max Planck Institute for Bio-Geochemistry,
tions in the NH tropics. This is in agreement with global  Jen&, DE;

atmospheric transport, namely with the uplift and trans- MPI-C — Max Planck Institute for Chemistry, Mainz, DE;

port of tropical air masses poleward. NARCIS — NIES Atmospheric Reverence g@r
Isotopic Studies

LS — lower stratosphere

4. The $180(COy) data reflect well air mixing in the free _
troposphere and UT/LMS regions!80(CO,) appears ~ NH —Northern Hemisphere
to be a fundamentally different tracer than other long NIES — National Institute for Environmental Studies,
lived chemical tracers (such as gN20O, Sk) as it Japan
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NIST — National Institute of Standards and Technology,
USA

NOAA — the National Oceanic and Atmospheric
Administration, USA

NOAA-ESRL — Earth System Research Laboratory at
NOAA, USA

ppb — parts per billion, volumetric

ppm — parts per million, volumetric

RM — reference material

STE - stratosphere-troposphere exchange

SH — Southern Hemisphere

UT — upper troposphere

UT/LMS — upper troposphere-lowermost stratosphere

NOAA stations are given by using the following
abbreviations

AZR — Terceira Island, Azores, Portugal,
38.77N; 27.38 W; 40m a.s.l;

KUM — Cape Kumukahi, Hawaii, USA,
19.52 N; 154.82 W; 3m a.s.l.;

12O — Tenerife, Canary Islands, Spain,
28.3 N, 16.48 W; 2360 m a.s.l.;

MHD — Mace Head, Ireland,
53.33N; 9.9 W; 25ma.s.l;

MID — Sand Island, Midway, USA,
28.2P N; 177.38 W; 7.7m a.s.l.;

MLO — Mauna Loa, Hawaii, USA,
19.54 N, 155.58 W; 3397 m a.s.l.
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