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Abstract. Despite the potential of isotope measurements toAt the two SH stations, no seasonal cycle could be detected
improve our understanding of the global atmospheric molec4in the 6D data. If it is assumed that the sink processes are
ular hydrogen (H) cycle, few i isotope data have been pub- the main drivers of the observed seasonalityrifH,) and
lished so far. Now, within the EUROpean network for atmo- éD on the NH, the relative seasonal variations can be used to
spheric HYDRogen Observations and Studies project (EU-estimate the relative sink strength of the two major sinks, de-
ROHYDROS), weekly to monthly air samples from six lo- position to soils and atmospheric oxidation by the hydroxyl
cations in a global sampling network have been analysed fo(OH) radical. For the NH coastal and marine stations this
H> mixing ratio ¢n(H2)) and the stable isotopic composition analysis suggests that the relative contribution of soil uptake
of the H (8(D,H2), hereafter referred to @P). The time se-  to the total annual bHiremoval increases with latitude.

ries thus obtained now cover one to five years for all stations.
This is the largest set of ground station observationsof

so far. Annual averagéD values are higher at the South- 1
ern Hemisphere (SH) than at the Northern Hemisphere (NH)
stations; the maximum is observed at Neumayer (Antarcy\olecular hydrogen (k) is present in the atmosphere
tica), and the minimum at the non-arctic NH stations. Theyith a typical mixing ratio £:(Hz)) of more than 500 ppb
maximum seasonal differencesdb range from~18 %0 at (nmole mole’l) (Glueckauf and Kitt, 1957; Schmidt and
Neumayer to~45 %o at Schauinsland (Southern Germany); geiler, 1970; Schmidt, 1974; Ehhalt et al., 1977). Over the
in general, seasonal variability is largest at the NH stations)ast decades, several studies examined the magnitude of the
The timing of minima and maxima differs per station as well. ¢5,rce and sink terms in the globab Hudget (Novelli et

In Alert (Arctic Canada), the variations #D andm(Hz) can 51 " 1999; Hauglustaine and Ehhalt, 2002; Sanderson et al.,
be approximated as simple harmonic functions witk@ >003; Rhee et al., 2006b; Price et al., 2007; Xiao et al., 2007;
month relative phase shift. This out-of-phase seasonal begppa)t and Rohrer, 2009; Pieterse et al., 2011, Yashiro et
haviour oféD andm(Hz) can also be detected, but delayed 51 2011, see Table 1 for the budgets that included isotopes).
and with a~6-month relative phase shift, at Mace Head and these show that the larges ldources are the atmospheric

Cape Verde. However, no seasodBl cycle could be ob-  oyidation of methane and other hydrocarbons, and combus-
served at Schauinsland, which likely reflects the larger in-iqp, processes. Production by nitrogen-fixing bacteria, on
fluence of local sources and sinks at this continental stationigng or in the oceans. constitutes a smaller source. About

Introduction

three quarters of the +thus produced is taken up by soil; the
other quarter is oxidized by the hydroxyl radical (OH). How-

Correspondence toA. M. Batenburg ever, large quantitative uncertainties still exist in the global
BY (a.m.batenburg@uu.nl) H, budget. For example, the estimates for the sink strength
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Table 1. The global budget of atmospherieHvith source and sink strengths and isotopic signatures used by different authors.

\ Rhee et al. (2006) \ Price et al. (2007) \ Pieterse et al. (2011)

Sources Source strength Source signatureSource strength Source signatureSource strength Source signature

(TgHza ) (%) | (TgHza™?) (%) | (TgHza™) (%0)
Fossil fuel burning 15+6 —270 18.3 —-196 17.@'2 —196
Biomass burning 16+3 -90 10.1 —290 15.0fg —260
Biofuel 4.4 —-290
Ocean 6+5 ~700 6 —628 5073 —628
Land N, fixation 6+5 —700 0 3.073 —628
Methane oxidation 64+12 +190 24.5 +162 37.3 +116
VOC oxidation (incl. VOC) 9.8 +162

Sink fractionation Sink fractionation Sink fractionation

Sinks Sink strength factorf  Sink strength factorp  Sink strength factor

(TgHpa™t) (e=knp/Kn,) (TgHpa™ 1) (a=Knp/kH,) (TgHza™ 1) (e=knp/kn,)
Uptake by soils 88+ 11 0.943+0.007 55 0.943 55.8 0.925
Oxidation by OH 19+3 0.58+0.07 18 0.568 22.1 0.542

of soil uptake — the largest term in the budget — vary widely the ratio of the number density of deuterium atoms to the
between these studies. number density of H atoms in Vienna Standard Mean Ocean
Research into the atmospherie Hudget has increased Water, which is (155.75 0.08) ppm (De Wit et al., 1980;
in recent years, because lthay become an important en- Gonfiantini et al., 1993). Note that the %o-sign is explicitly
ergy carrier in the future. In this case, emissions oftbl included in this formula.
the atmosphere are likely to rise as a result of the inevitable Following up the initial work by (Ehhalt, 1966; Gerst and
leakage during production, storage and distribution ef H Quay, 2000, 2001), new analytical techniques that have be-
(Schultz et al., 2003). The associated rise of atmospheric Hcome available recently have significantly simplifiegliso-
levels is expected to affect the oxidative capacity of the at-tope analysis so that many more data have become available
mosphere, with implications for the atmospheric lifetime of jn the past few years (Rahn et al., 2002b; Rhee et al., 2004).
many species, including the strong greenhouse gas methanghis has led to new constraints on the isotopic signatures of
Higher concentrations of i‘lWl” also affect Stratospheric the most important sources and sinks. The isotopic compo-
ozone levels, although estimates of the impaCt vary Signif-sition of H, from CHay oxidation was first examined by mea-
icantly among authors (Tromp et al., 2003; Warwick et al., syrements in the stratosphere (Rahn et al., 2088kRann
2004; Feck et al., 2008). et al., 2003; Rhee et al., 2006a), but also individual steps
Due to the large relative mass difference between deuterin the oxidation sequence have been investigated, especially
ated hydrogen (HD) and non-deuterated hydrogen (HH), parphotolysis of formaldehyde (HCHO) (Feilberg et al., 2007;
ticularly large isotope effects occur in the chemical processesjar et al., 2007; Nilsson et al., 2007; Rhee et al., 2008:
that produce or removezi These result, for example, invery Rgckmann et al., 2010b). Furthermore, more information
different isotopic signatures foraproduced by combustion  on the main surface sources, biomass burning and fossil fuel
processes, by oxidation sources or by biological processegsombustion (Rckmann et al., 2010a; Vollmer et al., 2010)
(see Table 1). For this reason, determination of the isotopiGand the largest sink, uptake in soil (Rahn et al., 2002a; Gerst
composition is a promising addition te(H2) observationsto  and Quay, 2001; Rice et al., 2011), has become available.

distinguish between differentdHsource and sink processes At the same time, WiandsD have been incorporated into

and to constrain the terms in the global budget. In this PaPelehemical transport models (Price et al., 2007; Pieterse et al.,

the folloy\{ing definition ofsD is used to indicate the isotopic 2009, 2011). Until nowsD observations to validate these
composition of the hydrogen: model results have been scarce. Data have been published
from Pacific Ocean transects, the Cheeka Peak observatory
)'1000 960 (1) (washington, US), the Point Barrow observatory (Alaska,
US) and the CARIBIC aircraft sampling program (Gerst and
where Rsampleis the ratio of the number density of “heavy” Quay, 2000; Rhee et al., 2006b; Rice et al., 2010). These
deuterium atoms (D) to the number density of “light” hy- datasets have limited spatial coverage and temporal resolu-
drogen atoms (H) in the Hof the sample, an®ysmow is tion, most notably in the higher latitudes of the NH. Here

RSample 1

8D =8(D,Hp) = (
Rvsmow
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we present observations from six ground stations covering EUROHYDROS 3(D,H, ) sampling stations
high latitudes of both the NH and SH and all seasons, that
contribute to the closing of this observational gap. The in-

O Alert

Mace Head

terpretation of the isotope record we present here is semi- A eehavinsland
quantitative. A more rigorous quantification of the terms in ‘
the global budget will require the use of the aforementioned © Cape Verde

global chemistry models. Our data have already been usec
with the global chemistry transport model TM5 (Pieterse et : '
a|_, 2011) © Amsterdam Island

O Neumayer

2 Experimental

Air samples were collected by the Institiirfumweltphysik ~ Fig- 1. The six EUROHYDROS stations that were used sér

of the University of Heidelberg (UHEI-IUP), the Max Planck ©Pservations.

Institute for Biogeochemistry in Jena (MPI-BGC) and the

La_lboratoire des Sciences du _CIima; et dg I’Enyironnement in The samples were first shipped to the institute that oper-
Gif sur Yvette (LSCE) at the six stations listed in Table 2 and 4 the station, where mixing ratios of land other trace
depicted in Fig. 1. These six stations are part of the EURO-,

) i ases were measured. 7 lixing ratios were determined
pean network for atmospheric HYDRogen Observations anq?v

) “Mwith reduction gas analysers, either the RGA-3 (Trace An-
Studies (EUROHYDROS) (Engel, 2009). 11 or 21 borosili- 4ytics Inc.) or the Peak Performer 1 RCP (Peak Laborato-

cate 3.3 glass flasks with Kel-F (PCTFE) O-ring-sealed stopyjes) (Hammer and Levin, 2009; Yver et al., 2009; Jordan and
cocks (Normag) were used for most of the samples. Thisgieinperg, 2011). Reduction gas analysers separate reduced
type of flask is known to be stable for a number of trace gases,;qes such as;Hrom the air matrix by gas chromatography,
(Rothe etal., 2004). Storage tests performed at the MPI-BGGy then quantify them via a redox reaction with mercuric
indicated that — except for a few individual outliers#H2)  ,xide and detection of the resulting mercury vapour by UV

is also stable in these flasks. Only for Amsterdam Island, ahpsorption. We give mixing ratios in units of “parts per bil-

older type of flask with Teflon PFA O-rings was sometimes |jon» (ppb, equivalent to the Sl-unit “nmole molé”). Al

used until May 2007. Most flasks were covered with a black|apratories used laboratory working standards that are now
shrink hose, and all flasks were stored in closed metal boxeg, the MPI12009 scale, developed at the MPI-BGC (Jordan
when not in use, minimizing photochemicap fgroduction  4ng Steinberg, 2011). The samples were then shipped to
after sampling. _ _ the isotope laboratory at the Institute for Marine and Atmo-
The flasks used for sampling at Alert, Schauinsland andyperic Research (IMAU) of Utrecht University. Typically,
Neumayer (operated by UHEI-IUP) were conditioned Dy ge\era months passed between sample collection and isotope

flushing with dry air (dewpoint 0f-76°C) over two hourson - 551usis. A total of 480 flasks were analysed: the number of
two consecutive days. During sample collection the flask air

) . ; . samples per station is listed in Table 2.
was dried cryogenically, to a dewpoint 6f70°C for Alert In Utrecht, a gas chromatography isotope-ratio mass spec-
and Neumayer and a dewpoint e#0°C for Schauinsland.

) trometry (GC-IRMS) system as described in (Rhee et al.,
The flasks were flushed for at least 15min and then pre52004) is used to separate ffom the air matrix and to de-

surized to~2 bar (absolute pressure) with KNF Neuberger o mine its isotopic composition in a four-step procedure, as
pumps (type N86KNDC with EPDM membrane). follows:

The flasks used for sampling at Mace Head and Amster-
dam Island (operated by LSCE) were evacuated and filled — A ~750ml glass sample volume is filled with sample
with dry air between each sampling round. At the measure- air until pressure in the volume has reachetD0 mbar.
ment sites, they were flushed for 10 min and then filled to This sample air is then exposed to a Cold Head cooled
~2 bar (absolute pressure). For these flasks, more informa- by a liquid helium compressor t840K, so that all ex-
tion can be found in (Yver, 2010). cept the most volatile gases{H1e and Ne) condense.

The flasks used for sampling at Cape Verde (operated by
MPI-BGC) were conditioned by evacuating at°ffor three
days, followed by flushing with 301 of dried ambient air be-
fore the first use, and reconditioned between each sampling
round by flushing with dried ambient air at 1.6 bar. They
were pressurized to 1.6 bar before shipping to Cape Verde,
and flushed with the sample air before pressurizing with a
membrane pump. The sample air was dried with Mg (33O

— The remaining volatile gases are flushed with He carrier
gas to a pre-concentration trap, consisting of a 1/8inch
(3.2mm) stainless steel tube filled withA molecu-
lar sieve, immersed in liquid nitrogen, which is cooled
down to the triple point of nitrogen (63 K) by pumping
off the gas phase.

www.atmos-chem-phys.net/11/6985/2011/ Atmos. Chem. Phys., 11, 6982011
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Table 2. The locations and operating institutes of the six EUROHYDROS flask sampling stations discussed here, and the length, average

values and maximum variations of their m(HandsD sample records.

Station Coordinates Operating  Samples Record Avemage Max. m AveragesD  Max. 6D
Institute length (months) ) (ppb)  (Hp) variation (%o vs. VSMOW)  variation
Alert 82°28 N 62°30 W  UHEI-IUP 194 47 496.9:1.2 131 124.% 0.5 41
Mace Head 530 N 9°54 W  LSCE 71 41 518.3x 14 72 121.2+0.7 34
Schauinsland £#B5 N 7°55' E UHEI-IUP 127 34 523208 67 117.% 0.9 45
Cape Verde 1%2 N 24°52 W MPI-BGC 42 12 538.3 1.3 57 119.9+1.1 36
Amsterdam Island FA8 S7P32E  LSCE 63 38 549.5-0.6 28 143.8- 1.0 32
Neumayer 7039 S 15 W UHEI-IUP 110 59 551.%04 30 149.8: 0.4 18

— After pre-concentration the trap is lifted from the lig- measurement scatter only. The determinatiof(Bf,H,) of
uid nitrogen and the trapped gases are flushed to a crycthe laboratory reference air bottle comprises additional sys-
focus trap. This trap consists of a molsiev& Bapillary tematic uncertainties, e.g. the correctness of the initially as-
column, jacketed in a stainless steel tube and immersedigneds(D,Hy) values of the commercial calibration gases,
in liquid nitrogen at ambient pressure (77 K). After fo- changes of these values in the process of creating calibra-
cussing, the trap is lifted from the liquid nitrogen and tion mixtures with near-ambiemt(Hy), and the calibration
the gases are injected into af6molsieve Gas Chro- measurements themselves. This may lead to an additional
matography column kept in an oven at®D, where the  systematic error of a few %.o.
H» is separated from any potential contaminants. The measurements of the laboratory reference bottles were
used to construct 5-day moving average values of measured
— The purified H is then injected through an open split §D values and the deviation of the measured from the as-
system into the IRMS (ThermoFinnigan Delta plus XL) signedsD value for each measurement day. The moving av-
for determination of the D/H ratio. erage of the laboratory reference bottle measurements was
replaced by the average of an adjusted selection of these mea-
In the IRMS chromatogram, The sample peak was typi-surements for those days around which a relatively sudden
cally bracketed by sevenHaboratory working gas peaks of ~shift in the measured values seemed to occur. An empir-
pure h before and two K working gas peaks after. By the jcal scale contraction factor (1.0613) was determined from
same procedure as for the samples, comparable quantities @ie measurements of the mixtures of synthetic air wittoH
air from laboratory reference air bottles were typically mea- known isotopic composition. This factor was used to deter-
sured twice a day. The4ixing ratio in the laboratory ref-  mine the correctesD value for the sample measurements by
erence bottle that was in use from March 2007 until Februarwnter- or extrap0|ation from the 5-day moving average values
2010 was determined by UHEI-IUP to be (546:2.5)ppb,  of the reference gas results for that day. (It was assumed that
later confirmed by MPI-BGC to be (545400.5) ppb. Its  the GC-IRMS follows a linear response curve.)
sD ((+730:]: 18) %o, Where the error bar indicates one stan- A blank measurement was usua”y performed once a day
dard error from 5 different determinations) was calculatedas well. The blank peak area was usually less than 4 % of
using mixtures of synthetic air with Hof known isotopic 3 typical sample peak area. Due to the small peak area, the
composition (9.5 0.5) %o and (+205 2) %, certified by 5D value of the blank could not be determined reliably from
Messer Griesheim, Germany) that were measured on the GGhese measurements and could therefore not be taken into ac-
IRMS system on the same days as the laboratory referencgount in the calculation of the sampB values. The contri-
bottle. When this laboratory reference air bottle becamepytion of the blank signal to the random scatter is included in
exhausted, it was replaced with two other mixtures of syn-the 4.5 %, reproducibility that is obtained for repeated mea-
thetic air and H ((580.78+ 0.03) ppb and (2442 0.8) ppb,  surements of the laboratory reference air bottle. However,
as determined by BGC Jena) that were regularly measureghe blank may cause an unquantified systematic error.
from December 2008 onward. From measurements during The laboratory reference bottle and blank measurements
the overlap period, the isotopic composition of these newwere used to calculate(H) for the samples as well. Mix-
reference gases was calibrated versus the old reference aifg ratios determined by GC-IRMS measurement typically
bottle ((+207.G:0.3) %o and (+198.2 0.5) %o). Inspection  deviated less than 4 % from the determinations by RGA-3 or
of these measurements also allowed a robust assessmentpgak Performer. They were used for quality assessment of

the reproducibility of our system yielding a standard devia- the data, but are not considered further in this paper.
tion of 4.5 %o inSD. It should be borne in mind that the error

estimates given here are estimates of the random error due to

Atmos. Chem. Phys., 11, 6985399 2011 www.atmos-chem-phys.net/11/6985/2011/
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Despite these calibration measuredf) measurements Least-squares harmonic fits were applied torilfe,) and
from June 2010 onwards seemed to have a positive offsetD data of the three stations that showed the clearest seasonal
with respect to the previously measured samples and an incycles insD. We use the function:
creased scatter. By comparing the respective samples from
stations with long data series (Alert and Neumayer) with”

measuremer)ts from previous years, the offset was empi,ri\'/vherex is the time in years and (amplitude)» (phase) and
cally determined to_be on average 9.5 %.. Unfortunately, 't.m (average value) are the fitting parameters. A term for a
could not be determined whether the offset was caused by sl,sgiple temporal trend is not included in the fit function be-

multanepus driftin the two laboratory reference bottles in use.,se our time series ofHandsD are still relatively short.
at that time or by the replacement of parts of the setup. Atthe resyits (listed in Table 3) were used to construct the el-
present the system is undergoing substantial rebuilding anﬁpses in the phase diagrams in Fig. 6.
further automation in order to be able to accommodate more
reference gas measurements in the future. 3.1.1 Alert

The affected measurements of Alert and Neumayer sam-
ples still showed the same seasonal patterns as the previlert is the station with the largest number of analysed sam-
ous measurements, and were therefore adjusted to fall oples (Table 2) and about four full seasonal cycles of data. The
the same scale as the previous data by subtracting the enannual average values ang(H») = (496.9+ 1.2) ppb, and
pirically determined 9.5 %o offset. The respective data aresD = (124.1+ 0.5) %o, where the error bar indicates the stan-
indicated with open symbols in Fig. 2. Cape Verde sam-dard error of the mean (the standard deviation as a result of
ples that were also measured during this period showed #he variance in the measurements, divided by the square root
more erratic behaviour and were therefore omitted from theof the number of measurements). A difference of 131 ppb is
time series presented here. The Schauinsland samples cdbund between the highest and lowegH>) value, as well as
lected after September 2009 showed strong pollution signaa difference of 41 %o between the highest and lovs&s{ex-
tures (high mixing ratios, as determined by both RGA-3 andcluding the measurements affected by the 9.5 %o offset and
GC-IRMS measurements, and very |é® values), which  outliers forsD).
coincided with CQ contaminations. As a leak or contami- A distinct seasonal cycle is observed for betfH,) and
nation in the sampling system was suspected, these data we8® (Fig. 2). The two quantities clearly increase and de-
also omitted. crease out-of-phase. This out-of-phase timing results from

Some of then(H2) andsD data points seem to fall outside the seasonal variations of the mainly deuterium-depleted
of the normal range of variation at the respective sampling(combustion) sources and the deuterium-enriching removal
station. For several of these outliers, we have looked intoprocesses. Photochemically producegiddn contribute to
back-trajectory calculations (see Sect. 3.1.2) to determine ifn(Hz) changes, but contributes little to changesin since
the origin of these air parcels was unusual, but no clear conits 8D value is relatively close to ambiefD values. So, in
clusions could be derived from this analysis. Therefore, wewinter, H, accumulates from depleted sources, leading to an
have selected outliers based only on visual inspection of thenH, peak and &D minimum in spring, while during sum-
time series. These data points are indicated with open stars imer, the removal processes are strong and the remaining H
Fig. 2. The data indicated with open symbols in Fig. 2 (the becomes enriched, leading toakl, minimum andsD max-
outliers and the samples measured after June 2010) are nohum in autumn. The detailed study of the globalikbtope
used in further calculations. budget with the TM5 model (Pieterse et al., 2011) shows
that the soil sink contributes most to the seasonal cycle of
the mixing ratio, while the smaller photochemical sink has a
slightly larger effect on the isotopic composition, due to the
larger isotope fractionation. The emissions from combustion
sources are not strongly seasonal. Photochemical production
The time series ofz(Hp) and 8D for all six stations are does have a seasonal cycle, but contributes little to the varia-

shown in Fig. 2, and will be discussed individually in the HONS iN4D. o

following subsections. Figure 3 shows the seasonal averages The phase of the least-square harmonic fits to the Alert
from which an annual average was calculated for each stgn(H2) data (Table 3) is similar to the phase reported by Rhee
tion. Using the seasonal averages rather than the raw daf} @- (2006b) for the cycle of NH near-tropopause averages
for calculation of the mean has the advantage that each opf m(Hz) obtained from three flights with a passenger air-
the seasons (DJF, MAM, JJA, SON) has equal weight, whicheraft, whereas the phase found for #i@ cycle is slightly

avoids bias from having more samples from some seasondifferent (the AlersD-cycle is slightly ahead of the (Rhee et
than from others. al., 2006b) cycle). The average mixing ratio is lower. The

most striking difference is in the amplitudes; the amplitudes
of the seasonal cycles found at Alert are larger than for the

=acos27(x —¢))+m (2

3 Results and discussion

3.1 Time series

www.atmos-chem-phys.net/11/6985/2011/ Atmos. Chem. Phys., 11, 6982011
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Station time series

Alert, 82°28' N'62°30' W Mace Head, 53°20' N 9°54' W
550 41180
500 4150
450 1120
400
. 190
350 i 1 1 1 1 1 i 1 1 1 1 1
— Schauinsland, 47°55''N 7°55' E | Cape Verde, 16%52' N 24°52" W
'8_ 550 | 1 AAd 4180
= =
°
= 2901 T 1150 &
o £
o 4501 I {120 &
X 4001 — o
E ] 190
fl 350 i l l l l l i L L L L L
Amsterdam Isl., 37°48' S 77°32' E|  Neumayer, 70939' S 8°15" W
5501 gyl Gmmg® | LY 1180
500  ®E3® # ok {150
450 T 1120
400 | i
. 190
350 i 1 1 iﬁ 1 1 i 1 1 1 1 1
o 4 > ) Q o A > V) Q
L O LN L O LN
LSS LTS

Sampling date

Fig. 2. m(H») (blue squares, measured by UHEI-IUP, LSCE and MPI-BGC) &ihdred circles) measured by IMAU on samples from

the six stations. Solid grey lines represent a harmonic best fit to the data from Alert, Mace Head and Cape Verde. Error bars indicate one
standard deviation for:(H») determined from successive measurements, and one standard esidr(fbe standard deviation of 4.5 %0, as
determined from repeated laboratory standard bottle measurements, divided by the square root of the number of repeat measurements of tt
same flask). Open red circles indicate §ievalues where an empirical value of 9.5 %o was subtracted to adjust for the bias that affected the
GC-IRMS system from June 2010 onward. Open blue and red stars indicate other unexplained out(ides BndsD, respectively. None

of the open-symbol data are used in any further calculations. Some outliers at Amsterdam Island are off the scale.

Rhee et al. (2006b) NH near-tropopause averages, even mosmalysis of Rhee et al. (2006b) is based on fitting a harmonic
so0 since on visual inspection the harmonic fit seems to underfunction to three data points only, whereas the Alert data se-
estimate the amplitudes. The larger amplitudes can likely beaies clearly captures the full seasonal evolution of the isotope
attributed to the larger seasonality in the sinks at higher NHsignal.

latitudes, due to the larger relative soil surface and the sea- Gerst and Quay (2000) published si® measurements
sonal snow cover variation that modulates the soil sink. Ason samples from another high northern latitude station, Point
we will show below, for the high-latitude NH stations, soil Barrow, Alaska, collected in the period from February to Au-
uptake dominates the seasonal cycle more than at lower Nigust 1997. Unexpectedly, th#® values of (+92k 10) %o,
latitudes. It seemingly also dominates the Alert seasonal cy{one standard deviation) at Point Barrow are significantly
cle more than the NH high tropospheric average cycle. In dower than what we find at Alert and other NH stations (see
modelling study that focused onyHiptake by soil, Yashiro  below). The reason for this discrepancy is not understood,
et al. (2011) found that the soil uptake flux for the latitude and the TM5 model (Pieterse et al., 2011) does not predict
range north of 45N has a much larger seasonal variation such a large difference either. It should be noted, however,
than for the 15N to 45° N latitude range, which is in accor- thatin-cylinder growth of His an issue in the early data from
dance with this finding. However, it should be noted that theGerst and Quay (2000). Specifically, four other samples from
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Table 3. The obtained fitting parameters for a least-square fit with a harmonic function to the data from Alert, Mace Head and Cape Verde
(y =aco92r (x —¢)) +m).

Alert Mace Head Cape Verde (Rhee et al., 2006b)
NH hemisphere average
| m(Hz) (ppb) 3D (%0) | m(Hy) (ppb) 3D (%) | m(Hz) (ppb) 3D (%o) | m(H2) sD
Amplitude @) 27.8+1.4 7.3+0.7 20.3+1.9 7.0+£1.0 15.0+1.7 12.0+£1.2 | 18.2+1.6 4.0+0.9
Phase ¢) 0.24+0.01 0.66-0.02 | 0.33+£0.01 0.84:-0.02 | 0.43+0.02 0.94£0.02 | 0.28+0.01 0.85-0.05
Average (n) 497.0+1.0 124.1+05| 517.6+£1.3 121.6:0.7 | 538.4+1.1 119.40.8 | 543.4+0.8 128.3+0.7

Point Barrow in the study from Gerst and Quay (2000) weresiderably between 2007 and 2009, but the same is true for
considered contaminated since their mixing ratios differed bym(H»), so what causes the interannual variations:ifii,)
more than 3 from a multi-year average of NOAA-CMDL likely causes the interannual variationsSib.

data. All samples were measured more than one year after To investigate the origin of the interannual variations,
collection and the discrepancy to the new values from Alertbackward trajectories were calculated with the NOAA HYS-
may indicate that the six samples considered reliable mayLIT model to investigate if the rather high(H,) and low
have been contaminated too. The isotopic composition 06D values in summer 2007 might have been a result of syn-
the cylinder grown contamination was determined by (Gerstoptic conditions that brought more polluted air than usual
and Quay, 2000) to b&D = —614 %o, and thus only a few % to the station. Such an effect was not found. The trajecto-
of contamination from this source could lead to the observedies showed that most air masses that arrive at Mace Head

depletions. come from either the north Atlantic or the NH northern tem-
perate to boreal regions to the west, and air masses that
3.1.2 Mace Head were sampled in summer 2007 were no exception. Grant et

al. (2010) also showed that Mace Head rarely receives air
The time series for Mace Head span more than three year@asses from lower latitudes, supporting our limited trajec-
now. The maximum amplitudes are 72 ppb and 34 %o fortory study. Therefore, transport of,Hich andsD-depleted
m(H2) and 8D, respectively and the annual averages areair from lower latitudes does not seem a very likely expla-
(518.3+ 1.4) ppb and (121.2 0.7) %o.m(H>) shows a clear  nhation. It is more likely that the full interannual variability
seasonal cycle; it increases steadily from autumn until sumin Hz cannot be seen at this station due to the limited time
mer, and then decreases rapidly. Biietime series in 2007  period over which samples have been taken so far.
and 2008 shows a minimum in late spring or early summer,
indicating a seasonal cycle #D at Mace Head, which is 3.1.3 Schauinsland
also predicted by the TM5 model (Pieterse et al., 2011). In
general, théD cycle moves in antiphase to thegH,) cycle, In the time series from Schauinsland station, the max-
as discussed above for Alert. However, it can be seen fromimum differences are 67 ppb and 45%., and the sea-
the seasonal averages (Fig. 3), as well as from the phase oonally weighted average values are (5280.8) ppb and
tained from the harmonic fit (Table 3), that the timing of the (117.140.9) %o. This is relatively similar to the values from
minimum is delayed with respect to Alert. The phase ob-Mace Head, but the seasonal cycles show differences. At
tained from the harmonic fit to the Mace He$d data isin ~ Schauinsland, a clear seasonal cycle is visible irvifidy)
fact closer to the phase found by Rhee et al. (2006b) than thdata, but not in théD data. In 2007, théD signal seems
phase obtained from the Alert cycle. Still, as at Alert, the to trend downward, while in 2008 and 2009 it appears to
amplitude is larger than that from Rhee et al. (2006b). Macetrend upward. These trends are not statistically significant,
Head can still be considered to be in the higher latitude parthough, but they underline that no clear seasonal cyc®in
of the NH (especially since it receives much air from regionsis present at Schauinsland.
to the North-West, see below), and this large seasonal varia- Unlike Alert and Mace Head, Schauinsland is not a coastal
tion can thus be attributed to the large seasonal variation ifbut a continental location, close to anthropogenic sources,
the soil uptake flux at high NH latitudes as well. That this especially in the Rhine valley, and in the middle of a large
isotopic seasonal cycle is not visible in the first year of theland area where deposition to soil occurs. Possibly, signifi-
series (2006) may be due to the small number of samplesant nitrogen fixation by soil microbes takes place in the sur-
in this year. In 2009, there is one hig outlier right in rounding region as well. yproduced by nitrogen fixers has
the seasonal minimum. Th#D seasonal cycles vary con- a very depleted source signature (Table 1), so only a small
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Seasonal averages
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Fig. 3. Seasonal averages af(H>) (UHEI, LSCE and MPI-BGC) andD (IMAU) plotted versus time of year. Error bars indicate one
standard error, which is calculated purely from variance in the values obtained for one season.

amount of this H may have a significant effect on the iso- smaller seasonal cycle 8D for Schauinsland compared to
topic signature of the total ambientHAlthough this was  Mace Head (Pieterse et al., 2011), so a longer time series
not investigated in more detail, interannual variations in mi- may be needed to clearly distinguish the cycle from the data
crobial production may thus contribute to the difference in scatter.

seasonal patterns between years.

The station is usually above the boundary layer at night,3.1.4 Cape Verde
and within the boundary layer during the day, particularly
in summer (Schmidt et al., 1996). The upper edge of theAlthough the Cape Verde time series is the shortest (little
boundary layer generally passes the station altitude aftemore than one year), the data indicate a clearer seasonal cy-
10:00a.m. (CET), so samples collected after this time arecle than at Mace Head. As at Alert and Mace Heaf>)
potentially locally influenced; they may contain boundary and §D vary out-of-phase. The timing of the minima and
layer air that has been in contact with local (anthropogenic)maxima is closer to what is observed at Mace Head than at
sources and the surface. Most of the samples analysed faklert. The mixing ratio peaked at 567 ppb in August and
this record were sampled before 10:00 a.m.; about 10 % wathen decreased by 57 ppb to 510 ppb at the end of the year.
collected later in the day. However, excluding these samplegrom April until August thesD value was rather constant
from the time series did not yield a more distinct seasonal(minimum value of 100 %. in July) and after August it in-
cycle. This indicates that the deviations in the isotopic com-creased until the end of the year (maximum observed value
position are not a product of local factors only. It should 137 %o in November). Seasonally weighted annual averages
be noted that also the TM5 model predicts a considerablyof (538.3+ 1.3) ppb and (119.2 1.1) %. were observed.
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The amplitude found with the harmonic fit to the data is D-enriching effect on the reservoir. That we see no seasonal
remarkably large, larger than for Mace Head and Alert. Thiscycle insD implies that a D-depleting process compensates
contrasts with the TM5 model results (Pieterse et al., 2011}this enrichment. Transport of depleted Fom lower lati-
where the seasonal variation §D at Cape Verde is some- tudes (from tropical biomass burning in SH spring and in-
what smaller than for Mace Head and Alert. However, in terhemispheric exchange) is a likely explanation. The bud-
Alert and Mace Head, the fit seems to underestimate the anget calculations made by Pieterse et al. (2011) suggest that
plitudes of the seasonal variation due to differences betweetransport of depleted $Hfrom lower latitudes is a significant
years. The amplitude obtained from the fit is apparently de-contributor to the seasonaD changes in the extratropical
pendent on the presence of interannual variations that cann@H.
be detected for Cape Verde (because of the limited length of Some unexplained extreme outliers do occur in the mea-
the measurement record). Therefore, it seems more reasosurements. Excluding these outliers, the maximal variability
able in the case of Cape Verde to compareSheariationin  in mixing ratio is 28 ppb, and in the isotopic composition
the original data with the other stations (Fig. 2 and Table 2).32 %.. The yearly average values are (5482.8.6) ppb and
When these are compared, the seaséDalariation does not  (143.84 1.0) %o.
seem exceptionally large in Cape Verde.

The cycles shift to later in the year when moving from 3.1.6 Neumayer
Alert to Mace Head to Cape Verde. This can also be seen
in the phases obtained from the cosine fits (Table 3). It isAt present, the Neumayer time series covers 5 full sea-
possible that seasonal variation in the sources (e.g. tropisonal cycles, and average values are (551014) ppb and
cal biomass burning) or transport (e.g. interhemispheric ex{149.840.4) %.. A clear seasonal variation can be distin-
change) contribute to these shifts. Due to the dominant NNWguished in the mixing ratio data, but not in the isotope data.
wind direction (trade winds), Cape Verde receives much airThe mixing ratios vary by at most 30 ppb over the year, and
from Mauretania and surrounding countries. The biomasghe isotope values by at most 18 %o, making Neumayer the
burning season in this region is in winter, but we do not seestation with the lowest variability idD. A relatively sharp
the expectedn(Hy) increase and concomitadD decrease “dip” appears in thédD values at the end of 2005. This fea-
in this season. Most interhemispheric mixing occurs in sum-ture was not observed in the other years, so we suspect that
mer, when Cape Verde is close to the edge of the ITCZ. Sincéhis is an artefact rather than a real atmospheric signal and
8D values are higher in the SH (Gerst and Quay, 2000, Ricdlagged these data points as outliers.
etal., 2010, see also Fig. 4b below), increased transport from The variation insD at Neumayer is remarkably small, con-
the SH should result in highéD values, but this is not ob-  sidering thatn(H») does show a clear cycle. As in Amster-
served. Therefore, we cannot identify individual source ordam Island, there is an(H2) maximum in austral summer,
transport signatures that cause the cycles in Cape Verde to hiely an effect of photochemical production. That no accom-

delayed with respect to the Alert cycles. panying change idD is observed can probably be attributed
to the same processes that cause the lack of seasonality in
3.1.5 Amsterdam Island 5D at Amsterdam Island: a maximum in photochemical pro-

duction produces pwithout affecting thesD value much,

The time series from Amsterdam Island does not show a verand the D-enriching effect from photochemical destruction
distinct seasonal cycle. Hnixing ratios only vary between  of H, in summer is balanced by a D-depleting process like
537 and 565 ppb, with seasonal maxima in austral summetransport of depleted Hfrom lower latitudes. The timing
and no clear seasonal signal can be identified idheata.  of these processes is, however, somewhat problematic. Ac-
This may be due to the remoteness of this location; it is farcording to the TM5 model calculations (Pieterse et al., 2011),
removed from densely populated areas where anthropogenigorizontal transport has the largest depleting effect on the H
Hz is produced, and far away from large land areas wherejeuterium content south of 38 in the months July, August
deposition to soil can occur. Other(Hy) time series from  and September. This is too early to compensate for the ex-
locations in the Indian Ocean, such as the time series fronpected enriching effect of photochemica Hestruction in
the Seychelles (in Novelli et al., 1999), also show very smallaustral summer. The lack of seasonal variation at Neumayer,
seasonal cycles. and to some extent Amsterdam Island, is therefore not fully

Yashiro et al. (2011) concluded from the timing of the explained and requires further study.
m(H2) seasonal cycle that photochemical production is a
dominant driver of the seasonality #m(H2) south of 30 S, 3.1.7 Seasonal mean variations
which is in accordance with the conclusions that Rhee et
al. (2006b) drew frondD observations. Since tlé® value of  Averages per season (December January February (DJF),
photochemically producedHs close to ambient values, this March April May (MAM), June July August (JJA) and
does not cause a large seasonalit§iin Nonetheless, in aus- September October November (SON)) were calculated for
tral summer photochemicaliestruction will occur, witha each station and are shown in Fig. 3. This averaging
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Gerst and Quay (2000) concluded from their dataset, ob-
tained from a Pacific Transect at the end of 1998 and two sta-
@ | tions in North America, that there was a poleward decrease
= == ] in §D. However, at their northernmost sampling point (Point
Barrow, 7P N), thesD values seem to be exceptionally low.
Whereas the rest of the data agree reasonably well with our
measurements, their measurements from Point Barrow are
o more than 20 %o lower than our data from Alert. The poten-
year average ] tial problems with these Point Barrow measurements have
i ! ! ! ! been discussed above. We note that without this sampling
point, also the data from Gerst and Quay (2000) sh@ a
minimum at temperate northern latitudes.
From Fig. 4, it is clear that the latitudinal gradient varies
with season. As the seasonal variation in ba{i,) andéD
is much larger in the NH than in the SH, the size of the lati-
tudinal gradient is for the largest part determined by the vari-
00°S  80°S  30°S  O°N  30°N  60° N 90° N ation in the NH. Hence, the smallest pole-to-péi differ-
ence (19 %o between Neumayer and Alert) is found wéi@n
is at its maximum in Alert, i.e., in SON. During this season,
Fig. 4. Seasonal averages and seasonally weighted yearly averagé’é(HZ) is lowest in Alert, and_therefo.re the(H;) dlﬁerepce
of m(Hy) (a) andsD (b). is largest (72 ppb). At that time, soil uptake in Alert is past
its summer peak, so thatyHnixing ratios are low and the
remaining b} is isotopically enriched. Reversely, the largest
eliminates the scatter from analytical uncertainty and short3D pole-to-pole difference (34 %o) is found whe is at
term natural variability and allows the general shape of theits minimum in Alert andn(Hy) is at its maximum, namely
seasonal cycles to be compared between the stations. THB MAM, when over winter H from depleted sources has
anticorrelated seasonal cycless@¥ andm(H,) at Alert can ~ accumulated without being absorbed by the snow-covered
be seen very clearly. There is also an anticorrelation at Mac&0il- This is accompanied by the smallest difference {Ai2)
Head and Cape Verde, but the timing of the minima and max{35 ppb).
ima is different from the timing at Alert. Although itwas not ~ The interhemispheric difference reported by Gerst and
visible in the raw data in Fig. 2, the seasonal averages ofuay (2000) was about 15 %o, and Rice et al. (2010) found a
the Schauinsland data seem to show a weak anticorrelatiorgimilar gradient, (16 12) %.. The interpolar difference from
which is primarily caused by th¥D value having a minimum  the EUROHYDROS stations is clearly larger, but we miss a
in Spring, Wherm(Hz) shows a maximum. In Comparison to station at low southern latitudes to be able to make a reli-
the NH stations, the two SH stations have much smaller sea@ble southern hemispheric average and to calculate a reliable
sonal cycles imm(H,) andsD. The sD cycle at Neumayer difference between the two hemispheres.

does not seem well-correlated to #i@ cycle at Amsterdam ) ) )
Island. 3.3 Latitude dependence of the apparent fractionation

factor

Seasonal averages vs. latitude

DJF
500 H MAM

m(H,)[ppb]
N
w

Station Latitude

3.2 Latitudinal gradients
g If it is assumed that the seasonal cycles gfafd its isotopic

Figure 4 shows the latitudinal dependence of the season&®Mposition are primarily determined by the sink processes,
averages. In all seasons, both mixing ratios abdvalues the fractlonatlpn factou, e, the ratio of the removal rate
are higher in the SH than in the NH. The lowest average®f the heavy isotope specieki6) to the removal rate of
mixing ratios are found for the highest-latitude NH station the light isotope speciesi{), can be calculated from the
(Alert) in all seasons. The minimum #D is, however, not time series as for a single stage Rayleigh fractlopatlon pro-
found at Alert for any season, but either at one of the mid-CeSS (see, Rhee et al., 2006b). In such a Rayleigh removal
latitude stations, or, in summer (JJA), at Cape Verde. AsProcessi(Hz) andsD evolve as

anthropogenic bl emissions originate mainly from temper- m(Hp)

ate latitudes (Hauglustaine and Ehhalt, 2002; Price et al.ia—l)m[

2007), and H from anthropogenic source regions is usu-
ally depleted with respect to atmospherig, ithe midlatitude  wherem(H>2, max) is the maximum value fat(H2) found in
minimum can be attributed to anthropogenic influence. Thisthe series and c is a constant. The real situation at the mea-
is also evident in the spatiéD distribution modelled in TM5  surement stations is more complex than this simple Rayleigh
(Pieterse et al., 2011). fractionation model, as will be discussed below. Still, an
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“apparent” fractionation factor was calculated for each sta-robustly on the fractionation factor assumed for the sink, sug-
tion from the slope of a linear fit to the data in a Rayleigh gesting that even if the phase diagram shows a broadened el-
fractionation plot (Fig. 5). This apparent fractionation factor lipse, this slope can provide a good estimate of the fraction-
does not quantify the inherent isotope fractionation in oneation in the sink. The ellipse major axis coincided largely
single reaction, but is calculated from atmospheric data col-with a relationship the authors termed the “KIE line” after
lected in a complex situation that involves more than onethe Kinetic Isotope Effect, which is described by:
sink reaction, as well as other processes such as mixing,
and we denote this apparent fractionation factow To 13 . 13 Am(CHa)
make the straight-line fits, a Weighted Total Leabs?ﬁSquaresM( C.CHa) = €(1430(7C,CH)) mo(CHa)
(WTLS) fitting algorithm (Krystek and Anton, 2007) was . o o
used. This algorithm takes errors in both the x- and the y-With subscript zero indicating a mean valug, indicating
direction into account. The squared correlation coefficientthe difference of a value from the mean(CH,) indicating
(R?) and the F-tesp-value were calculated for each station Methane mixing ratio, and=« —1.
in the same way as they would be calculated for an “ordi- In the case of K, seasonal variation in the sources and
nary” least-squares fit of a straight line. The fits to the Am- Sinks contributes to the ellipse eccentricity, but Rhee et
sterdam Island and Neumayer data yielgesialues above al. (2006b) showed that as long as thg $ystem is in iso-
0.05, suggesting a less than 95 % significance of the correlatopic equilibrium on an annual basis, the isotopic fraction-
tion. The fit to the Schauinsland data did yielg-aalue that ~ ation does not depend on seasonal changes in source emis-
was slightly smaller than 0.05, but ti®#-value for this fitis ~ sions. Since there is no evidence for a tropospheric trend in
very low, which indicates that only a very small part of the €itherm(Hz) or dD, it is reasonable to assume isotope equi-
variation present in the dataset is described by the fit. Thidibrium for the years over which the data presented here were
means that the simple Rayleigh fractionation model may notcollected.
be adequate for evaluation of the time series from Schauins- A factor that could still affect the analysis is a seasonally
land and the SH. This is not surprising, considering that novarying contribution of the two main sinks. However, espe-
clear isotope seasonal cycles were found for these stations.cially in Alert, any variations in the relative contributions of
Of course, the isotopic composition of the Bt the mea-  the two sinks over the year are expected to be small, because
surement stations depends not only on the fractionation in the€ven if soil uptake and atmospheric OH oxidation do not fol-
removal processes, but also on the isotopic composition ofow the exact same seasonal pattern, their patterns are ex-
the sources that influence the sites and their variation over thpected to share the main characteristics, with a minimum in
year. Also the relative contribution of the two sink processeswinter, and a peak in summer. Hence, although the Rayleigh
(atmospheric OH oxidation and uptake by soils) to the totalfractionation model does not represent the full complexity of
sink could conceivably vary with season. In this light, it is reality at the stations, the apparent fractionation constants de-
illustrative to look at the phase diagrand®(plotted against  termined with this model provide a good estimate of the total
m(H>)) of the monthly means that can be constructed fromsink fractionation.
the three stations that show clear cycles (Fig. 6). For Alert, it For Alert, Mace Head and Cape Verde, KIE lines were
is clear that these points do not fall on a single straight frac-calculated with the hydrogew,pp obtained for the different
tionation line, but on the ellipse that is traced by the two har-stations, as well as with the fractionation constants (Rhee et
monic functions that were fitted to the(H,) andsD time al., 2006b) for the two Hsink processes and added to Fig. 6.
series. This shows that in the fractionation plots in Fig. 5, Clearly, for Alert and Mace Head the KIE line of the fit lies
not all of the spread around the fractionation lines is randomclosest to the KIE line of soil uptake, whereas in Cape Verde
scatter; some of this spread is caused by the phase differendgtlies closest to atmospheric OH oxidation. For these three
between then(H,) andsD seasonal cycles. The largest part stationspappis plotted versus station latitude in Fig. 7a. The
of this phase difference is probably caused by seasonal varapparent fractionation factor can be interpreted as a combi-
ation in the sources and sinks. nation of the fractionation factors of the main sink processes.
Allan et al. (2001) described such phase ellipses for modeFor Alert and Mace Head, theapp values (0.905-0.008
results of methane mixing ratio and the carbon isotopic com-and 0.884+ 0.014, respectively) are close to the fractionation
position of methanes(13C,CHy)). In their simulations with  factor assigned to soil uptake £ 0.943+ 0.007). Rhee et
only one source and one sink process, the monthly meanal. (2006b) also concluded from a similar analysis on a small
fell on a straight line. This line broadened into an ellipse set of upper tropospheric air samples that the seasonal cycle
when different sources with different seasonal cycles wereof Hy in the NH is largely driven by soil uptake. Closer to
combined, with the largest broadening effect for the sourceshe equator, at Cape Verdespp (0.7044 0.029) is lower and
of which the isotopic signature differed the most from the closer to the value for oxidation by OHk & 0.58+ 0.07).
isotopic signature of the mean source. However, the differ-This indicates that the relative importance of the uptake by
ing phases of the different sources did not appreciably affecsoil with respect to the destruction by OH increases with
the slope of the major axis of the ellipse: this slope dependedatitude.

(4)
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Fractionation plots per station
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Fig. 5. Fractionation plots of the datasets from the different stations. Plotted @@ +1) vs. Ingn(H2)/m(H2, max)) withm(Ho, max)

the maximum mixing ratio found. Grey lines are the fitted lines obtained from the Weighted Total Least-Squares fitting routine. Error bars
indicate one standard deviation. Indicated errors in the fit parameters indicate one standakPdrdhe squared correlation coefficient

andp is the p-value for the F statistic, both calculated as for an “ordinary” least squares fitted line.

Figure 7b shows the relative contribution of both sinks pro- eral trend towards a higher OH fraction with decreasing lati-
cesses to the total destruction of,Has can be calculated tude is in accordance with expectation and model results. In
from these isotope datadbppis assumed to be a simple mass the TM5 model study, b destruction is clearly dominated
weighted average of the fractionation factors of soil removalby the soil sink in the high northern latitude band {BB-
and reaction with OH. This calculation yields that OH de- 90° N), whereas the two sinks are of comparable magnitude
stroys more than half (66 15) %) of the b at Cape Verde, in the tropical latitude band (8IN-3C° S) (Fig. 8 in Pieterse
but that at Alert~90 % of the H is destroyed by soil uptake. et al., 2011). Therefore, our findings indicate that the NH
This finding of a latitudinal trend in the data presented hereaveragexapp 0f 0.90+ 0.02 found by Rhee et al. (2006b) for
depends heavily on the Cape Verde station, where the formad limited number of samples in the tropopause region and
application of the Rayleigh fractionation model yields a very the associated (8% 7) % relative contribution of the soil sink
low aapp and therefore a large contribution of OH oxidation may be overestimates. This also means that theiifetime
to the total sinks. As discussed in Sect. 3.1.4, if&l,) estimate of (1.4 0.2) years may be too short. To investigate
andéD cycles at Cape Verde are shifted in time with respectthis further, it would be useful to analyse samples from sub-
to Alert and Mace Head, which indicates that the way thetropical northern latitudes, for example the Iberian Peninsula,
source, sink and transport processes drive the seasonal vathe Canary Islands or Morocco.
ations is somewhat different between these stations. But al-
thoughaapp may be underestimated in Cape Verde, the gen-

Atmos. Chem. Phys., 11, 6985399 2011 www.atmos-chem-phys.net/11/6985/2011/



A. M. Batenburg et al.: Temporal and spatial variabilitys¢D,Hy) 6997

Phase diagrams Fractionation on the Northern Hemisphere
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Fig. 6. Phase diagramsD vs. m(H»)) of the monthly averages . .
(labelled with month number) of the three stations that show clearIOWeSt annual averagtd value is not found at the highest

seasonal cycles. The orange ellipses are derived from the sinusoidhiH latitude station, but at lower NH latitudes, where the in-
fits to the time series. The thick grey dashed line is the “KIE” line fluence of the anthropogenic fossil fuel combustion source is

for the apparent fractionation factor determined from the fractiona-strongest. If it is assumed that the seasonality ofrikid,)

tion plot for the respective station as defined in (Allan et al., 2001).andsD time series is mainly determined by the removal pro-
The dotted and dash-dotted lines are the KIE lines for the two dif-cesses, the relative changesiH,) andsD can be used to
ferent sink processes, with values fofrom (Rhee et al., 2006b).  provide information on the relative sink strengths of soil de-
Note that_ the determingd KIE Ii_ne at Alert an(_j Mace He_ad is °|°3e5tposition and atmospheric oxidation. The data then indicate
to the soil uptake KIE line, while the determined KIE line at Cape 4 ot high NH latitudes, the removal processes are almost
Verde is closer to the OH oxidation KIE line. completely dominated by deposition to soil, whereas in the
tropics, soil deposition and atmospheric oxidation by OH are
of similar importance. Our findings imply that the previously
reported average value @fppfor the NH and the large rela-
tive contribution of the soil sink derived from it may be over-
estimates.

4 Conclusions

Air samples from six EUROHYDROS stations have been
analysed regularly fat:(H2) andsD, which allows analysis
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