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Abstract. More than 450 air samples that were collected in crobial production of very D-depleted;Hn the wet season

the upper troposphere — lower stratosphere (UTLS) region bynay contribute to this phenomenon.

the CARIBIC aircraft (Civil Aircraft for the Regular Investi- Some of the samples have very higfH>) and very low

gation of the atmosphere Based on an Instrument ContainedD values, which indicates a pollution effect. Aircraft engine

have been analyzed for molecular hydrogen)(hixing ra- exhaust plumes are a suspected cause, since the effect mostly

tios (x(Hz2)) and H isotopic composition (deuterium con- occurs in samples collected close to airports, but no similar

tent,sD). signals are found in other chemical tracers to support this.
More than 120 of the analyzed samples contained air froniThe isotopic source signature of the pbllution seems to be

the lowermost stratosphere (LMS). These show jh@d>) on the low end of the signature for fossil fuel burning.

does not vary appreciably withs@lerived height above the

thermal tropopause (TP), whereéd® does increase with

height. The isotope enrichment is caused yproduction

and destruction processes that enrich the stratospheric HL  Introduction

reservoir in deuterium (D); the exact shapes of the profiles

are mainly determined by mixing of stratospheric with tro- 1.1 Atmospheric Molecular Hydrogen (H;)

pospheric air. Tight negative correlations are found between

D and the mixing ratios of methang (CHa)) and nitrous Molecular hydrogen (b) has been a relatively little stud-

oxide (x(N20)), as a result of the relatively long lifetimes ied atmospheric trace gas for some time, t_)ut over the last

of these three species. The correlations are described bjecades, there has been a steep increase in research efforts

8D[%o] = —0.35- x (CHa)[ppbl+768 andsD[%o] = —1.90- into the global H cycle. These efforts have undoubtedly

% (N20O)[ppbl+745. These correlations are similar to previ- Peen spurred by the possible future use gfas an energy

ously published results and likely hold globally for the LMS. carrier. It is expected that when this technology comes into
Samples that were collected from the Indian subcontinentvide use, it will lead to leakage of Hnto the atmosphere,

up to 40 N before, during and after the summer monsoonWhich may lead to considerably increased atmosphesic H

season show no significant seasonal changg(H), but levels. This may affect the atmosphere’s oxidative capacity

8D is up to 12.3%. lower in the July, August and Septem- and stratospheric ozone levefchultz et al.2003 Warwick

ber monsoon samples. Thi® decrease is correlated with €t al, 2004 Tromp et al, 2003 Feck et al, 2008. A num-

the x (CH,) increase in these samples. The significant corre0er of global H budget estimates have been mabevelli

lation with x (CHa) and the absence of a perceptibiéHy) et al, 1999 Hauglustaine and Ehha002 Sanderson et al.

increase that accompanies #i2 decrease indicates that mi- 2003 Rhee etal.2006h Price et al. 2007, Xiao et al, 2007,
Ehhalt and Rohrer2009 Yashiro et al. 2011, Yver et al,
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2011, Bousquet et al.2011 Pieterse et al.2011 2012. Table 1. The global b budget and isotope budget as estimated by

These estimates agree that the largest source ¢ khe at- Pieterse et al. (2011) in a model study with global model TM5. The

mosphere is oxidation of hydrocarbons, followed by combus-estimated magnitudes, isotopic signatures and uncertainties (super-
tion of fossil fuels and biomass (see TafiJe Production of ~ @nd subscript numbers) of the different surface sources were based
H, during Ne-fixing by microbes on land or in the ocean con- on previous studies. For biomass burning, the estimated source sig-
stitutes aminor source. These source terms are balanced H¢u'e Was based on measurements that were later published in
two sink processes, uptake by soils (and subsequent destruBOCkmann et al. (2010a). The magnitudes and isotope effects of the

. . . hotochemical processes and the soil uptake were calculated from
tion by enzymes) and atmospheric oxidation by the hydroxylthe model output; in this first fHstudy with TM5, no estimates of

radical (OH), of which soil uptake is the largest. Together, ihe yncertainties associated with these terms were made yet. At the
these processes result in typical atmosphetiariking ra-  pottom of the table are estimates by different authors of the global
tios (x (Hz2)) of around 547 ppb (nmole/mole) at ground level averagey (H») andsD(Hy).

(Novelli et al, 1999 converted to the latest(H») scale es-

tablished byJordan and Steinber@011), with on average Sources Magnitude 8D (%o)
3% higher values in the Southern Hemisphere. Model results (TgH,yr~ 1
|r}d|ca_te thaty (H2) may increase slightly le[h height, espe- Fossil fuel combustion 171(2 _19@%251
cially in the Northern Hemisphere extratropi¢tauglustaine Biomass burnin 15th, 6060
and Ehhalt2002 Price et al, 2007 Pieterse et al.2011). Hrming 1 3

) - LT Ocean N fixation 5.0 —628
Despite the qualitative agreement, the uncertainties in the es- 4 N, fixati 05 ) 3
timates of the magnitudes of the different terms in the budget Land N fixation 303 —628 7

Photochemical production  37.3 +116
are large.
Total sources 77.3

1.2 Stable isotope studies of b Sinks Magnitude Fractionation

. . . . fficient
Studies of the stable isotopic composition of BD(H2), (TgHayr—D) z:e_ I,S;n)
or henceforth§D) can provide independent information to 2¥ — f
constrain the K budget. The isotope effects associated with  Photochemical removal 22.1 0.542
sources and sinks of HTable 1) are particularly large due (mainly by OH)
to the large relative mass difference between deuterated hy- Deposition to soils 558 0.925
drogen (HD) and “ordinary” hydrogen (HH). We defidB Total sinks 77.9
as: Global averages x(H2) SD(H»)

R 9
SD = 8D(H2) — ( Sample _ 1) . 1000 %o (1) 547 ppl‘i +124 to +150 /)g
Rysmow

2 Results fromvollmer et al.(2010 indicate that this source signature may be lower

h is th . fth b fd . for modern cars and certain driving conditions. Results from a polluted station in the
w ereRSﬂmmels the ratio of the number of deuterium atoms Netherlands also indicate thiBgtenburg et a]2012. P Walter et al(2011) found this

(D) to protium atoms (“ordinary” hydrogen atoms, H) in the source signature to be-741:+13) %..© Novelli et al.(1999 9 Depending on latitude,
sample H, and Rysmow is this D/H ratio in Vienna Stan- ~ Batenburg etak201)
dard Mean Ocean Water. Recently, isotope effects in the pro-
duction processes ofthave been studiedserst and Quay
2001 Rahn et al. 2002h 2003 Rockmann et a). 2003 be one of the main processes that enrich the global tropo-
Rhee et al.2006a Feilberg et al. 2007 Rhee et al.2008 spheric B reservoir. BothPrice et al.(2007) and Pieterse
Rockmann et a).2010ab; Vollmer et al, 2010 Walter et al, etal.(2011) estimated that STE contributes several tens of %o
2011 Haumann et al2012), as well as the isotope effects in to the global tropospheri#éD average. Furthermor®jeterse
the H uptake by soilsGerst and Quay200% Rahn et al. et al. (201) found that the magnitude of the contribution
2002a Rice et al, 2017). was highly sensitive to th&éD value assumed for the strato-
Two chemical transport models have been adapted to insphere. A good parameterization of the isotope effects of
corporate the stable isotopic composition of, thamely  STE is therefore necessary to reduce the uncertainties in the
GEOS-CHEM Price et al. 2007 and TM5 Pieterse et al.  modeled isotope budget, which is, in turn, necessary to be
2009 2011, 2012, and many morgD data have become able to use the isotopes to constrain the globabtidget. A
available for the validation of such modelRi¢e et al, number of investigations have been conducted in the strato-
201Q Batenburg et al.2011). However, for obvious prac- sphereRahn et al.2003 Rockmann et 22003 Rhee et al.
tical reasons, most of these data were collected at groun@0063, but only three of the samples analyzed for these stud-
level, and yield little information about processes higher upies were sampled below 14 km altitudehee et al(2006h
in the atmosphere, particularly in the Upper Tropospherepresented data from three previous CARIBIC (Civil Aircraft
Lower Stratosphere (UTLS) region. This is problematic sincefor the Regular Investigation of the atmosphere Based on
Stratosphere-Troposphere Exchange (STE) in the UTLS magn Instrument Container) flights, but focused only on the
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tropospheric samples, and actually omitted those samples ; ‘ ; ; ;
near the tropopause (TP) or in the lowermost stratosphereg sonl . oo oege o @ o o
(LMS) from further analysis.

Not only are some altitudes underrepresented in the pub-
lishedéD data, also some regions of the world are not well 23.5°Nj=
covered. Previously published data were mostly from sam-
ples collected at two stations at the west coast of North Amer- : : : : :
ica and on Pacific Ocean transed®e(st and Quay200Q 23.5°5 o troposereric IR - A

Guangzhou

o aoc . A Chennai |

Rice et al, 2010, or at stations in Europe and the polar re- ‘ ; . “CapeTown

gions Batenburg et al2011). Data from other regions, such 90°wW  45°W 0° 45°E 90°E

as South Asia, are scarce.The aim of analyzing data from the o 1120 1130 B 1150 1170 1;0 T
CARIBIC program is to close both the altitudinal and the re- SD(H,)[%o]

gional gap in the observations.

The CARIBIC project uses a passenger aircraft to makeFig. 1. Sampling locations of all samples. The color scale indicates
in-situ measurements and to sample air and aerosol at aircraffté measured value 6D. The destination airports of the flights are -
cruise altitude, generally between 9 and 11 km. At this alti-'t:‘;";ztrid |\:9V|'t2 t?cl)acozcﬁffgf ;”gtrr;?gei'e 'r\'/lci;) kegstﬁi‘ié:‘rgfﬁgzes if

. . i i icd), i
tude, the aircraft mterc.epts both L.Jpp(.ar FrOpOSpher.e and IO\.NBy the Cg-derivedphe?ght above the trogopause (T8prung and
ermost stratosphere air masses in similar quantities at m'dZahn 2010. Some polluted samples are off the scalB &100 %o)
latitudes. CARIBIC is therefore a very suitable platform to
study the UTLS region. The obtained information is some-
what Eurocentric, because the aircraft is based at Frankfurt
airport (Fig. 1). Nevertheless, a large region of the globe stratospheric transport are shorter than the chemical lifetimes
is covered, including the Indian subcontinent where air wasof (relatively) long-lived trace gases. Due to this, all the data
sampled before, during and after the summer monsoon sedrom Rahn et al(2003, Rockmann et al(2003 and Rhee
son. To our knowledge, this paper presents the §ibsob- et al. (20063 show a compact inverse correlation between
servations that have been made in or over India. The resultD and methane (Ck mixing ratios ( (CHy)). So, as the
of measurements of greenhouse gases (GHGS) in the Soutir ages, CH is destroyed, and #is both produced and de-
Asian samples discussed here have been published prevstroyed by processes that cause a net D-enrichment.
ously by Schuck et al(2010. These revealed an increase  H, removal by OH has a strong preference for removal
in greenhouse gas mixing ratios during the monsoon seaef HH over removal of HD Talukdar et al1996 see also
son, especially for methane (GH This was attributed to in- Table 1) and therefore enriches the remaining te¢servoir.
creased Chlemissions from rice paddies and wetlands, andHowever, to explain the total observed enrichments, also the
increased convective transport that brought the, @Hair- H> produced from Chl must be D-enriched. The first step
craft cruising altitude. ThéD data from these samples pro- in the chain of reactions that leads from £k H, is the
vide a unique opportunity to study possi§le effects in the  abstraction of an H atom from Ciland the last step is pho-

convective monsoon system. tolysis of the intermediate product formaldehyde (HCHO).
Both these steps proceed more slowly for the deuterated than
1.3 6D in the stratosphere for the non-deuterated speci&afider et a).2006 Feilberg

et al, 2007 Rhee et a].2008 Rockmann et a).20108, but

H> mixing ratios vary little in the stratosphere, but isotope these effects are offset by D-enriching effects in the other
information reveals that #lis involved in stratospheric re- reactions in the chairNjlsson et al.2007). For the total pro-
actions. Deuterium enrichments of more than 250 %. abovecess, stratospherié@) source signatures between +130 and
typical tropospheric values{+130 %o) were found during a +370 %0 were reportedRahn et al.2003 Rockmann et aJ.
stratospheric research aircraft campaigalin et al.2003 2003 Rhee et a].20068. Results from the TM5 model in-
and stratospheric balloon campaigR&¢kmann et a) 2003 dicate that the source signature is likely in the low end of
Rhee et al. 20063. These are evidence that production this range Pieterse et al2011, see also Tabl). Also, a lab
and destruction of b do take place; thaj (H2) remains  study byNilsson et al(2010 showed that the isotope effects
unchanged means that; Hbroduction (by methane oxida- are pressure dependent.
tion) and destruction (by its own oxidation) are of almost McCarthy et al.(2004) presented parametrizations &
equal magnitude. Sinc&D varies much more in the strato- and the mixing ratio of deuterated hydrogen(KiD)) rela-
sphere thary (H»), it contains much more information about tive to y (CHg), based on the data froRahn et al.(2003.
the stratospheric cycles ofHand other H-containing com-  Pieterse et a(2011 2012 used this to obtain the first results
pounds (CH, HCHO, K0, ...) thany (Ho). with the TM5 model, but had to apply a large correction to

Plumb (2007 found that compact correlations between keep the model results close to observed tropospBBrial-
stratospheric species are common, as the time scales fares. The CARIBIC data presented here allow us to calculate

www.atmos-chem-phys.net/12/4633/2012/ Atmos. Chem. Phys., 12, 46@&3+5 2012
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a new correlation betweetD and x (CHg). As such a cor- Range Weather Forecasts (ECMWF) data. For the calcu-
relation is based on samples collected close to the TP, wéation of the mean trajectory parameters for each sample,
would consider it a very suitable choice for parameterizing 15 five-day trajectories are generated that start at the same
3D from x (CHy) in the LMS in models. time, but at slightly different locations or pressures. These
are combined into one mean trajectory by averaging at each
one-hour timestep; the parameters are then calculated from

2 Experimental the mean trajectory.
2.1 Sampling and in-situ measurements 2.2 GHG analysis

The CARIBIC Airbus A340-600 is equipped with a 35cm The samples that are collected in the TRAC units are rou-

tall inlet system with several intake probes, which is locatedtinely analyzed for Clj, COy, nitrous oxide (NO) and sulfur

underneath just in front of the belly fairingg{enninkmei-  hexafluoride (Sk) mixing ratios ( (CHa), x (COy), x (N20)

jer et al, 2007). Air from the trace gas inlet probe passes and x (SFg)) at the Max Planck Institute for Chemistry in

through heated PFA-lined stainless steel tubirgt@°C) Mainz on a gas chromatography system. This uses an HP

to the equipment in the automated CARIBIC measuremen6890 gas chromatograph with two simultaneously operated

container. Here, whole air samples are collected by the sochannels: one to measux¢CO,) and x (CHy) with a Flame

called TRAC (Triggered Retrospective Air CollectoBrén-  lonization Detector (FID) and one to measyréN20) and

ninkmeijer et al. 2007 Schuck et al.2009. This system  x(SFs) with an Electron Capture Detector (ECD). Four in-

consists of a pumping unit and two separate sample unitgections are made for each sample, and the repeatability

controlled by a computer unit. Each sample unit containsfor each datapoint is determined from the standard devia-

14 glass cylinders with a volume of 2.67 | each that duringtion of the four injections. The measurement of each sam-

sampling are pressurized to an effective pressure of 3.5 t@le is bracketed by the measurement of a laboratory working

4.2 bar. During flight, sampling starts after a pressure cutoffgas to detect any instrument drift. These laboratory working

level (450 mbar) is reached to avoid sampling of low-level gases are calibrated against NOAA standajd€Ha) val-

polluted air in the vicinity of airports. By flushing, the air ues reported in this paper are on the NOAA 2004 scale, and

within each flask is replaced approximately ten times beforex (N20O) values are on the NOAA 2006 scale.

the actual sample is taken. The pressurization of the sample

to the final pressure then takes from 0.5 to 1.5min, which2.3 Analysis ofx(Hz) and 6D

corresponds to a flight distance of 7 to 21 km (this varies as

it takes longer to fill the samples to the required minimum fi- A subset of the samples collected by the TRAC, 490 in to-

nal pressure at higher altitude). A flask is filled every hour ortal, was sent to the isotope laboratory of the Intitute for Ma-

half hour at points evenly distributed over the expected flightfine and Atmospheric Research Utrecht (IMAU). Here, air

time. On arrival back in Frankfurt, one of the sample units Samples are routinely analyzed fgi(Hz) and éD with a

usually contains samples from the first flight leg (Frankfurt Gas Chromatography Isotope Ratio Mass Spectrometry (GC-

to destination) and the other contains samples from the returtfRMS) system as described Wi§hee et al (2004 follow-

flight (destination to Frankfurt). With this method of regu- iNg @ day-to-day procedure as describecBayenburg et al.

lar, automated, non-event-driven sampling, the distribution(2011. Briefly, in each acquisition the Hs separated from

of samples is likely representative of the different air masseghe air matrix and isotopically analyzed in the following 4

encountered by the aircrachuck et al(2009 showed that ~ Steps.

this was the case for carbon dioxide mixing ratigg@0O,)) . _ .

in these samples. 1. Trapping of all air componentexcept helium, hydro-
Ozone (Q) mixing ratios (¢ (Oz)) and carbon monoxide gen, neon and a trace of nitrogen in &0.5L (STP)

(CO) mixing ratios § (CO)) are measured in-flight; (O3) aliguot of sample air by exposure taa0 K cold head.

is measured with a custom made UV-photometgre(-

ninkmeijer et al. 2007, and x (CO) is measured with a 2. Pre-concentratiorof the H, from the head space of the

vacuum ultraviolet fluorescence instrume8tharffe et al. cold head by flushing it with helium through a trap filled
2012. These measurements are integrated over the TRAC ~ With 5A molecular sieve kept at63 K by submersion
sampling times to obtain thg (O3) and x (CO) value for in liquid nitrogen at reduced pressure.

each TRAC sample. The ozone values are then used to es-
timate the height above the thermal TP with the method of 3. Focussingfthe H, pulse in a cryo-focus trap consisting

Sprung and Zah(2010. of a steel-jacketed & molecular sieve capillary sub-
Meteorological plots and trajectory calculations are rou- mersed in liquid nitrogen (77 K) anfihal purification
tinely produced for each CARIBIC flight by the KNMV&n on a 5A molecular sieve gas chromatography column

Velthoven 2009, based on European Centre for Medium kept at 323 K.

Atmos. Chem. Phys., 12, 4633646 2012 www.atmos-chem-phys.net/12/4633/2012/
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4. Injectionof the purified H through an open split inter-
face into an IRMS (ThermoFinnigan Delta plus XL) for

determination of the D/H ratio. 6001 gy

469 samples were successfully analyzedyfor,) andsD. 5501 &

Ten of these samples were collected below 6 km altitude dur- ‘ . ‘ ‘ ‘ ;
ing a special flight to investigate the plume of the 2010 Ey- 500 i
jafjallajokull eruption and are left out of further analysis. ‘ ‘ ‘
Measurements of air from laboratory reference air bottles, 1gol: i B
as well as blank measurements, were typically performedy :
every operational day following the same procedure as for =
the samples. The 5-day moving average values of these refz 149 «Bz:
erence measurements were used to calculate the correcte@ 120}
x (H2) andsD for each sample. From measurements of other
samples on this system it was concluded that measurements
performed from June 2010 onwards had a positive bias in Sampling latitude
3D (Batenburg et al.2011). An empirically determined off- > Apr-09 @@ Jul-09 Ak Jun-10 <4<l Aug-10
set of 9.5 %o was therefore subtracted from all CARIBIC B8 un-09 AA Sep-0 09 0 OO Sep:io

datapoints measured after this time. To jtiél2) data a lin- Fig. 2. Latitudinal distribution ofy (H») (a) andéD (b) data from

ear empirical Correct_ion formula was applied that was de'samples that were collected on flights to Caracas, Venezuela. Strato-
rived from a comparison of the G_C'|RM$ results with re- gpheric samples are indicated with open symbols. Two (polluted)
sults from collaborating laboratories within the EUROHY- samples are off the scales.

DROS project. The estimated standard deviatiopif the

measurements gf(H») is 2.5 % (relative), and the estimated

standard deviation iD is 4.5 %o (absolute). spheric and 25 (out of 336) tropospheric samples were la-
belled as polluted by this process.

x(H,) [ppb]

2.4 Selection of stratospheric and polluted samples

Sprung and Zah010 presented a method to translate the 3 Results and discussion
observedy (O3) for a sample to an estimate of the vertical
distance above the thermal TP by interpolation from verti- The geographical distribution of the analyzed samples is
cal x (Og) profiles observed during balloon soundings at 12 shown in Fig.1. The color scale indicates the measu$&d
ground stations§prung and Zahr2010. This estimate can and the type of marker indicates whether the sample is tro-
be made for any sample withy@Os) higher than at the local pospheric or stratospheric. It can be seen that due to the use
thermal TP. All 123 TRAC samples for which this estimate of one base airport, the area that is covered is not global,
could be made are considered ‘stratospheric’, the 336 otheralthough it is large. Only one of the analyzed stratospheric
are considered “tropospheric”. This selection criterion wassamples was collected in the Southern Hemisphere, and no
chosen to accurately resolve the chemical fine structure ofamples were collected over the Pacific Ocean. Europe and
the TP. the North Atlantic are the best covered regions, and also the
For some samples, often taken close to take-off and landMiddle East and Central Asia are reasonably well covered.
ing of the aircraft, the GC-IRMS analysis yielded very high Except the samples that were collected below 6 km altitude
x (H2) and very lowsD values, indicating that these sam- and left out of the analysis, all samples were collected be-
ples were affected by pollution. Samples were flagged as poltween 6.9 and 12.3km altitude, with an average altitude of
luted by an iterative process that was applied separately to th#0.9 ¢ = 0.8) km. The months in which the largest number of
tropospheric and stratospheric samples, as follows: samplesnalyzed samples were collected are May, July and Septem-
that were more than three standard deviations below the (unber, whereas none of the samples were collected in Decem-
weighted) average value 6D or three standard deviations ber, January and February.
above the (unweighted) averagéH») were filtered out of a As anillustration of the features that are typically observed
list of the data, after which new averages and standard deviin the CARIBIC dataset, Fig2 shows they (H2) and éD
ations were calculated. This was repeated until no new outvalues that were measured on those samples that were col-
lying samples were found, and the resulting averages weréected on flights to Caracas (Venezuela). The flights from
used to label each sample that showeétasalue more than  April 2009 and September 2009 show the pollution phe-
three standard deviations below the nély average, or an  nomenon discussed above; in both return flights, one sam-
x (H2) value more than three standard deviations above thele that is taken close to Frankfurt airport (50M) shows
new x (H2) average as polluted. Three (out of 123) strato- very high x (H2) and very lowéD values (off the scales).

www.atmos-chem-phys.net/12/4633/2012/ Atmos. Chem. Phys., 12, 463+ 2012
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Another feature that is illustrated by these plots is that the — 1 T

stratospheric samples (shown with open symbols) often show 200r
a marked elevation idD with respect to the tropospheric 100F
samples as a result of stratospheric processing, whereas no
difference iny (H2) can be noted by eye. - 0
Averaged over the whole unpolluted dataset, the tro- §_100_
pospheric x (Hz) and D averages and standard errors =
O —200r

(SEM) are (550.5-0.9)ppb (311 samplesy =16.6 ppb)
and (132.8t 0.4) %o (0 = 7.1 %0), respectively. For the strato-
sphere, these values are (552.8.5)ppb (120 samples,

Pearson R = 0.91
| = y=(316 £ 24)x - 420 (£ 31)
B 1g interval around y-axis intercept

-300

0 =16.1ppb) and (1518 1.6) %o (c =17.4 %0). The differ- —400 | @9 First can after takeoff (1 or 15)
) PPP Closest can to touchdown (14 or 28)
ence between troposphere and stratosphere is largébfor : @89 [ntermediate can (2-13 or 16-27)
but for bothy (H2) andsD, the difference is significant with 0.0 0.5 1.0 1.5 2.0
95 % confidence. Inverse x(H,) [ppm ']
o 8.0 8.5 9.0 9.5 10.010.511.011.512.012.513.0
3.1 Pollution signatures Sampling altitude [km]

In the total dataset of 459 successful measurements, 28 sarfid- 3 Keeling plot §D vs. inversey (Hp)) for those samples that

ples were labeled as polluted by the iterative selection proce\_/\/ere labeled as polluted with the iterative selection procedure. The

dure. Nine of these samples were in the first canister (numb srolid line is a linear fit through all the data with the “Williamson-
) P Sorkr (W-Y) algorithm that takes the variance and the estimated

1 or 15) of a TRAC sample unit, and _elght Were.ln the I"J‘Sterrors in both the x- and y-direction into accou@aftrel| 2008.

(number 14 or 28). These two endcanisters are filled closestne 1. SEM (standard error) interval around the axis intercept of

to the departure or destination airport (of the total of 14 canis+ne fit is indicated in grey on the vertical axis. The marker type

ters in a TRAC sample unit). Clearly, this pollution effect has indicates in which part of a flight the sample was taken; the marker

a very strong tendency to occur there. Typically, the first sam-color indicates sampling altitude.

ple in the sample unit is collected at the lowest altitude, as the

aircraft usually follows a slightly upward sloping flight route.

Therefore, pollution from the boundary layer was a suspectedhected to Valco multiposition valves with stainless steel tub-

cause. However, a study of the calculated backward trajectoing. Gerst and Quay2000 found that D-depleted #ican

ries of these samples showed that only a minority of the outform in metal cylinders, possibly associated with water vapor

lying samples (eight, of which five in the first TRAC sample in the sample. However, the surface area of stainless steel in

unit canister) had possible boundary layer influence. the TRAC tubing and valves is very small. So although the
Because of this, and because of the strong tendency to odermation of H from water vapor on the metal parts could

cur in the vicinity of airports where a large concentration of explain why the phenomenon so often occurs at the begin-

airplanes are present, we consider the interception of exhausiing and the end of flights, where the water vapor levels are

plumes of other aircraft in the flight corridor a possible cause.(much) higher than during the rest of the flight (as the flight

As exhaust plumes are occasionally seen by equipment in thaltitude is lower), it is not a likely process. Moreover, the oc-

container as sharp spikes in N@nd NQ, (Ziereis et al, currences of such pollution effects in intermediate canisters
2000, we inspected all data to see if the finding of pol- were not associated with water vapor peaks.
luted H values coincided with N@Qand NG, spikes. Un- To determine the isotopic signature of the pollution source,

fortunately, the NQ/NOy measurements often began (just) a so-called Keeling plot was madéY plotted against in-
after the first canister was filled, and ended before the last, swerse x (H2)) of the datapoints that met the pollution crite-
for the polluted samples in the first and last canisters of therion (Fig. 3). One sample that was taken close to Cape Town
TRAC sampling unit this information was often not avail- and had both an elevategdH») and an elevatedD value
able. For the polluted samples for which NBOy measure-  was left out of this plot. The marker type indicates to which
ments were available, a clear relation between polluted sameategory of can (closest to takeoff, closest to touchdown or
ples and NQ/NOy spikes was not found. Aerosol data were intermediate) the sample belongs, and the marker color indi-
more often availableBrenninkmeijer et a).2007, but no  cates sampling altitude. It can be observed that the samples
clear relation was found with either N4-12, N12 or N18 parti- that have the clearest pollution signatures were in the end-
cle numbers (numbers indicate particle size in nm). Becauseanisters. We also note that the samples closest to takeoff
of this lack of correlation with other species, the origin of are usually collected at lower altitudes (color scale), but that
these pollution signatures cannot be definitively establishedthere is no clear relation between sampling altitude and the
An artifact in the measurement system is unlikely, becauselegree of pollution.
the measurements of these samples proceeded without pe-The linear fit to this Keeling plot was made using the
culiarities. The TRAC samples are kept in glass flasks conWilliamson-York (W-Y) algorithm described byCantrell
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Fig. 4. Distributions ofx (H») (a), D(H2) (b), x(CHy) (c) andsD(H») (d) in the stratospheric samples plotted against height above the
thermal TP (calculated from thes®neasurements following the method3grung and Zah(2010) and mean trajectory latitude (calculated
from the 15 five-day trajectorieg®, b) or time of year(c, d). The rectangles are colored according to the averages of the samples in the
rectangles.

(2008. In contrast to a simple least-squares fit, this algorithmis higher at higher latitudes due to the general poleward pat-
takes the variance and the estimated uncertainties in both thern of stratospheric circulatiomplton et al, 1995.

x- and the y-values of the data into account. This fit yields The average degree of stratospheric processing of air gen-
a very depleted source signature- 420+ 31) %o, y-axis in-  erally increases with distance above the TP, and therefore
tercept) for the H produced by the pollution source. This is stratospheriD values also increase with altitude. For all
very low compared to the commonly accepted values for fos-stratospheric samples, ars-@erived estimate of the height

sil fuel or biomass burning emissions (see Tdhl®Omission  above the TP was available (in fact, this is how these sam-
of the three most polluted data points in the fit increased theples were selected, see Sezi). The -derived altitude
source signature to(364+ 60) %o, which is still quite low. is not the same as the instantaneous altitude above the TP.
No data on the isotopic composition of iHroduced by com-  Instead, it can be considered as a measure of the degree of
bustion of kerosine in jet engines are available, and whethemixing between low-@ air from the troposphere and high-
the deuterium signature ofHproduced by jet engines may Og air from the stratosphere. As detailed®yrung and Zahn

be lower than that of bifrom other fossil fuel combustion (2010, itis a robust method to quantify a “chemical” vertical
sources is unknown. coordinate around the tropopause. Wheii,) andsD are
plotted against mean trajectory latitude and thisderived
height above the TP (Figa and b) it is clearly visible thaD
increases with distance to the TP, whergdkl,) does not.
These figures also show that with the CARIBIC sampling
The sampling location of each of the 123 selected stratomethod, the samples collected at the largest distance above
spheric samples is indicated in Fig.by circles, with the  the TP are generally collected at the highest latitudes. Fig-
color representingD according to the color scale. Most of yre4c shows the seasonal variation in theéCH,) profile in

the stratospheric samples that are at the high end of this scat@e measured samples. In Northern Hemisphere (NH) spring
were taken on a flight to Denver (USA) in May 2009. The subsidence occurs of air masses with Ip¢CH,). This pat-
aircraft reached high latitudes (70° N) en route to this des-  tern is almost exactly inversely mirrored in the seasonal vari-
tination. Samples collected at higher latitudes have on averation in thesD profiles in Fig.4d; in NH spring, subsidence
age highesD values, firstly because the TP slopes down with gccurs of air with D-enriched H

latitude and the aircraft therefore penetrates more deeply into Both Nb,O and CH, have sinks in the stratosphere. £H

the stratosphere at higher latitudes, and secondly because thgs no stratospheric sources;ONmay have a very small
average degree of stratospheric processing of the air masses

3.2 The stratosphere
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Fig. 5. 8D plotted against(N2O) (a) andy(CHg) (b). Solid lines are W-Y fits Cantrell 2008. Different colors and markers indicate
different sampling latitude bands. Open symbols denote outlying datapoints that were left out of the fitting procedure.

Table 2. Campaign description and correlations betwé&Bror x (HD) and methane from different publications. Methane mixing ratio data
(x (CHy)) from Rahn et al(2003 andRdckmann et al(2003 were multiplied by a factor of 1.0124 to convert them to the NOAA2004 scale.
All fits were made with the Williamson-York algorithm described ®sntrell(2008. No error estimates for the individual measurements

were taken into account for the literature values.

Author

Campaign description §D(H2)[%o]- x (CH4)[ppb]

x (HD)[ppb]-x (CHa4)[ppb]

correlation correlation

Research aircraft
11-21km
65-80 N 11-63 E
Jan—Mar 2000

Rahn et al(2003

y = (—0.29£0.02)x

y=(-45.10"5+3.10%x

+627+21 +0.260+ 0.003

Balloon
12-33km
43.PNO.3 W
Okt 2002

Rockmann et al(2003

y = (—0.33£0.0D)x

y=(—555-107+8.10" ")x

+724+7 +0.287+0.001

Commercial aircraft
6.5-12.5km
~global
2007-2010

This work

y = (—0.35+0.01)x

y=(—6.1-10"°+3.10%x

4768+ 25 +0.307+0.004

stratospheric sourceE§tupian et al, 2002. x(CHg) and

and CH, are destroyed, and 4becomes progressively D-

x (N20) can therefore be used as an indicator of averageenriched while its mixing ratio remains almost unchanged.
degree of stratospheric processing that an air parcel haBlumb (2007 showed that tight correlations exist between

undergone. PlottingD againsty (N2O) andx (CH,) (Fig.5)
shows very compact negative correlations §or and these
two greenhouse gases. There are no correlationsitz)
(not shown); no systematic spatial or tempagydHo) vari-
ation is observed in these data. So as the air age§, N

Atmos. Chem. Phys., 12, 46331646 2012

many long-lived stratospheric species, I€H, and NO all

have chemical lifetimes that are longer than the transport
times in the lower stratosphere, and as a result their distri-
butions are determined by transport and/or mixing processes
rather than by chemistry. This explains the tightness of the
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. T T T T T of the slope of theRahn et al(2003 correlation, and vice
200l versa. )
The agreement between the data fr&iickmann et al.
A (2003 and the CARIBIC data is slightly better. At 130 %o,
— 300k close to the tropospheric average, the differencg (@H,)
£ between the two correlation lines 4837 ppb, which is still
iy more than twice the tropospheric Ghhcrease. This may
z 200l S again be partly due to stratospheric age differences in the
Q B B CARIBIC doia A% sampled air. The slopes, however, agree within one standard
y=(-0.35£0.01)x+768%25 ANAY error.
Lol 4 4 Rann etal, 2003 I T R S That relatively good agreement between the slopes of the
— y=(-0.29+0.02)x+627+21 . . . .
© © Roeckmann et al., 2003 ‘ ‘ ‘ correlations oD with x(CHy) is found in samples of two
y=(-0.33%0.01)x+724%7 very different platforms, at different altitudes and in differ-
800 1000 1200 1400 1600 1800 ent regions of the globe (see Tal indicates that these
x(CH,) [ppb] very likely hold globally. We expect, therefore, that the ap-

Fig. 6. D plotted againsj (CHy), together with values frorRahn proach to app.rOXImaﬂD from an empl_rlcal correlation with
et al.(2003 andRockmann et al(2003 for comparison. Literature another speme; (as, for example, Higterse et a_l.201]),
values were multiplied by a factor of 1.0124 to convert them to the Where the relation fromMcCarthy et al. 2004 is used)
NOAA2004 scale. Fits are made with the W-Y algorith@atrel| should give reasonable results as long as the parametrization
2008, without error estimates of the individual measurements for that is used is appropriate.
the literature values. Open symbols denote outlying datapoints that When the average value of(H2) for the dataset
were left out of the fitting procedure. ((559.2+ 1.5) ppb, without the outliers shown in Fif) is
used to calculatg (HD) from theéD data and a straight-line
(W-Y) fit is applied, the CARIBIC data yield:

_ 5 6
observed correlations for both GHwhich has a chemical x (HD)[ppb] = (__6?;07' 107£25-107) - x (CHa)[ppbl
link with H,, and NO, which has none. We note that these +0.307+4.4-10 (2

correlations show thaiD has potential for use as a tracer The slope of the relation proposed ligCarthy et al(2004)

for stratospheric oxidation reactions of H-containing speciesiS (just) in the xSEM interval of the slope of this corre-

(Hz, CHa, HZO’ HCHO). . , lation. We suggest that the relation found in the CARIBIC
Cor_relatlor_ls betweesD a_md mixing ratios of other strato- data discussed here may be the most appropriate choice for

spheric species were previously foundRghn etal(2003, 5 rameterizing théD of the Hy that is mixed into the tropo-

Rockmann et al(2003 andRhee et al(20063. Compar-  gphare from the stratosphere, since all CARIBIC data are col-

isons of the CARIBIC data to the data froRahn et al. |04 close to the region of interest for STE (i.e., just above
(2003 andRodckmann et al(2003 are shown in Tabl@ and the TP).

Fig. 6. Methane mixing ratio data frorRahn et al.(2003

and Rockmann et al(2003 were multiplied by a factor of 3.3 |ndian summer monsoon

1.0124 to convert them to the NOAA2004 scale. In &ie

vs. x(CHg) correlation plot (Fig.6), a small offset occurs Six of the analyzed flights had Chennai (formerly Madras,
between the data froRahn et al(2003 and the new data India) as the destination airport. Of these flights, three took
presented here. From 2000 to 2009, the globally averageglace in the summer monsoon season of 2@#Bwuck et al.

x (CHy) increased by=15 ppb Duglokencky et al.2009. (2010 noted a marked increase in the mixing ratios of green-
The offset between the CARIBIC correlation and the cor- house gases over the Indian subcontinent in the summer mon-
relation fromRahn et al(2003 seems considerably larger soon period. This increase was most promineny (€H4)

than that, and therefore it is likely that the largest part of and was attributed to increased microbial production of,CH
the offset is caused by inter-laboratory differences. A possidin the wet season and increased transport of boundary layer
ble but speculative explanation for part of the offset is thatair to cruising altitude by convection.

Rahn et al.(2003 sampled “older” stratospheric air than = Thesey (CHs) data are plotted in FigZa; the increase of
CARIBIC, as they sampled higher in the stratosphere with amethane levels in the wet season (blue tones) with respect to
stratospheric research aircraft. The air masses that they sarthe dry season (red tones) can be seen clearly.xT&O),

pled may have been introduced into the stratosphere beforg(H2) andsD data are plotted in Figrb, ¢ and d.x (CO)
2000, when tropospheric methane levels were even lowershows an increase of up 30 ppb in the monsoon. An in-
whereas CARIBIC probably samples air masses that wererease iny (H2) is not apparent in these data, but a clear shift
more recently imported into the stratosphere. The slope obccurs insD. Monsoon samples seem at least 10 %0 more de-
the CARIBIC correlation is outside of thexSEM interval  pleted than non-monsoon samples. Figdaeshows theéD
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1920 , , , , , , Rhee et al(20061 argued that in biomass burning plumes
‘ from forest firessD could be depleted whilg (H2) remains
. 1880 almost the same if a sink process such as soil uptake com-
LI; 1840- pensates for the mixing ratio effect of the source. Neither in-
et creased biomass burning nor increased soil uptake are likely
1800 in the Indian summer monsoon. The biomass burning maxi-
mum in India is in winter rather than summent der Werf
120k et al, 2003, and the uptake of His hindered in very wet
soils, as the reactive -destroying sites in the soil pores are
o 100r then covered by layers of wategchmitt et al.(2009 re-
% 8ol ported that soil moisture is the major parameter controlling
H> uptake by soils, with a secondary role for temperature; it
60} is therefore unlikely that an increased enzymatic activity due
to increased temperatures in the monsoon could compensate
600t for the decrease in diffusion of4to the reactive sites.
—~ 560k A second possible explanation is thag flom fossil fuel
= combustion or household biomass burning emissions, that
= 5201 are not expected to vary much with season, is transported
480 much more efficiently to cruise altitude due to the monsoon
increase in convection. This would be in line with the ob-
served increase in CO, which is co-emitted withiH com-
140 bustion processes. To assess this possibility we use the mass
’IE 130+ balance equation for mixing of polluted air wijty(H2) and
é’ 120k apD_Wlth bagkground air withyng(H2) andédpgD, resulting in
a mixture withxpbhg(H2) andsppgD:
1o Xp+bg(H2)8p4bgD = (xp(H2) + xbg(H2))8pbgD

15°N 20°N 25°N 30°N 35°N 40°N
Sampling latitude = xp(H2) - 8pD + xbg(H2) -d0gD  (3)

If the combustion emissions are assumed to have an average

3D of —230 %0 (Tablel), and background values are assumed

to be 556.4 ppb and +134.1 %0 (the averages of the samples

Fig. 7. x(CHa) (a), x(CO) (b), x(H2) (c) andsD (d) for the sam- _taken over In_d|a south of 4(])_\| outside the monsoon _season),

ples taken on flights to Chennai south 040 in the monsoon it can be estimated from this mass balance equation that the

season (blue tones) and outside the monsoon season of 2008 (r@Pserved 12.3%. depletion (the average of the five most de-
tones). The open symbol (16l) indicates a sample with a back Pleted samples in the monsoon system) would in this case be
trajectory originating outside of the monsoon system that was noiaccompanied by ar:19.5 ppb increase i (H2). We note
taken into account in the fits. that this value is of the order of magnitude that would be
expected from the increase j(CO), since typical H/CO
emission ratios of combustion processes are between 0.3 and
plotted againsj (CHg) values for the three monsoon flights. 0.5 (Popa et a].2011, Haumann et a].2012. This increase
A remarkably strong correlation is found between the twois, however, not observed in(Hz). For the same reason as
guantities. The correlation is not as strong as in the stratodiscussed above for forest fires, it is unlikely that soil uptake
sphere, but clearly significant. The strong connection be-is compensating for the increase.
tween the increase inp(CH4) and the decrease #D sug- A third explanation is that extremely depleted #fom mi-
gests that the processes that cause the D-depletion coincidgobial production is added to the mixture. Microbially pro-
in time and space with the processes that cause (0¢ls) duced H has a source signature of {41+ 13) %0 (Walter
increase. et al, 2017). With this, it can be calculated that if the ob-
Changes i8D at cruise altitude can be caused by changesserved depletion were caused exclusively by microbial pro-
in different variables, most importantly the strength and iso-duction, it would be accompanied by aH>») increase of
topic composition of H emissions at the ground and the ef- 8.0 ppb, which is within the error range of op(H>) mea-
ficiency of upward convective transport. Since there are ncsurements. Also the correlation betwesih and y (CHg) is
measurements @D at the surface in India during this sea- in agreement with production of Hn the same wet soils,
son, it is not possible to fully calculate how much each pro-rice paddies or wetlands where gprroduction takes place.
cess contributes to the upper troposphere D-depletion. Nev- If we assume that all of the D-depletion is caused by H
ertheless, we next explore the most likely scenarios. from microbial production, we can use the mass balance

O O Apr *~% Aug @@ Oct
<< Jul >—» Sep & A Nov
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4 Conclusions

T
(a) : < < Jul
140F g o * % Aug|]
> > Sep|]

The large suite of measurements@H,) andsD on samples
taken onboard the CARIBIC aircraft demonstrates the use-
fulness of studyingD of H» in the UTLS region. A few sam-
‘ ‘ ‘ ples had unexpectedly high(H2) and lowsD values. This
120k - o ~—— ] tends to occur close to the departure or destination airports.
‘ ‘ ] We hypothesize that some of these events may be caused by
Y ‘]l’ - B Sew——— : | the interception of exhaust plumes from other aircraft. The
— y=(-0.113£0.014)x + 338+26 source signature of this pollution-420+ 31) %o is on the
o Backaround JD=134 121.1, Source oD=—741213, low end of what is expe_cteq for the cpmbustiqn of fossil
T N Background x(H,)=556.4+3.4 ] fuels. However, no re!atlon is found with species that are
,}- ‘ ‘ ‘ usually expected in aircraft exhaust plumes. Measurement
10p e b S | B — or sampling artifacts are unlikely since the measurements of
‘ ‘ ‘ these samples proceeded without other peculiarities.
More than 120 datapoints were obtained from the LMS,
which greatly expands the existid@ dataset from this re-
gion. ThesD data show a tight correlation witlg (N2O)

130

6D(H,)

Ax( H2)7nicrnh1'al

TP Pearson R = 0.79 b and x(CHg). The relation withx (CH4) follows the line
| | — y= (0.073£0.009) - 132417 5D[%o] = (—0.350.01) - x (CHa)[ppbl + 768+ 25, which

1800 1840 1880 1920 is close to the relation found bRockmann et al(2003,

x(CH,) but somewhat steeper than tHeahn et al. 2003 results.

Since the correlations presented in this paper are compact
flights to Chennai south of 4N in the summer monsoon season. and based on samples from many different locations around

(b): Estimated amount of §i(as ax (Hp) increase) produced by the world in the LMS, they are suitable for parameterizing
monsoon-related microbial processes((H2)microbia) thatwould ~ STE in models.

be required to explain the observed isotope depletions, plotted A D depletion by up to 12.3%. was found in samples
againsty (CH,4). Calculations are done under the assumption thatcollected above India during the monsoon season, without
all D-depletion is caused by microbially produceg With a source  an accompanying increase jn(Hz). Increased convective
signature obD of (—741+ 13) %. (Walter et al, 2011). Solid lines  transport in the monsoon season transports D-depleted H
indicate W-Y fits Cantrell 200§. The open symbol indicates a from surface sources in the boundary layer more effectively
sample with a back traject_ory originatiqg outs_ide of the monsooNq cruise altitude. If only combustion sources were respon-
system that was not taken into account in the fits. sible for the deuterium depletion, then either a concomi-
tant increase i (H2) should be observed, or this increase
would need to be compensated by increased soil uptake. Al-
ternatively, increased microbial production of i the mon-
soon could lead to the observed deuterium depletions, which
would also explain the absence of a simultaneous (percep-
tible) increase iny (H2). This requires further study, and we
recommend investigations into possiblg ptoduction in wet
South Asian soils. Also, regular observations at a ground sta-
(}ion in India would close a geographical gap in the ground
station observations and could provide useful comparison
aterial for the data presented here.

Continuation of thééD measurements on CARIBIC sam-
ples would provide the global coverage needed to validate
global models, and could also resolve the seasonal and lati-
tudinal variation oD in the upper troposphere and the low-
ermost stratosphere better.

Fig. 8. (a) 8D plotted againsty (CH,) for the samples taken on

equation (Eqg3) to estimate thec (Hy) increase that would
be necessary to cause &,y (H2)microbial Figure 8b shows

A x (H2)microbial plotted againsty (CHg). A linear (W-Y)

fit shows that in this case, th%HWZ4 emission ratio is
0.0734+0.009. According to the EDGAR database (V4.2,
edgar.jrc.ec. europa.eu/ datasktsphp?v=42, 8.50Tg of
CH,4 was produced in India in 2008 by rice cultivation and
wastewater treatment. Our emission ratio estimate woul
then imply a concomitant production of 0.62 Tg.H his is

a large number compared to the 3 Tg estimate for the globaﬁn
annual H production from N fixation that is often assumed
in Hy budgets (Tabld), but the uncertainty estimate for this
term is also large (3 Tg). It should also be noted that the es
timates for this term are largely based on a studyoyprad
and Seilel(1980 where B production measurements at two
stations in Germany were scaled up to a global estimate. Lit-
tle is known about the variation in Hproduction between
regions and ecosystems.
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