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Abstract. The isotopic composition of molecular hydrogen
(H2) contains independent information for constraining the
global H2 budget. To explore this, we have implemented
hydrogen sources and sinks, including their stable isotopic
composition and isotope fractionation constants, into the
global chemistry transport model TM5. For the first time,
a global model now includes a simplified but explicit isotope
reaction scheme for the photochemical production of H2. We
present a comparison of modelled results for the H2 mix-
ing ratio and isotope composition with available measure-
ments on seasonal to inter annual time scales for the years
2001–2007. The base model results agree well with obser-
vations for H2 mixing ratios. ForδD[H2], modelled values
are slightly lower than measurements. A detailed sensitivity
study is performed to identify the most important parame-
ters for modelling the isotopic composition of H2. The re-
sults show that on the global scale, the discrepancy between
model and measurements can be closed by adjusting the de-
fault values of the isotope effects in deposition, photochem-
istry and the stratosphere-troposphere exchange within the
known range of uncertainty. However, the available isotope
data do not provide sufficient information to uniquely con-
strain the global isotope budget. Therefore, additional stud-
ies focussing on the isotopic composition near the tropopause
and on the isotope effects in the photochemistry and deposi-
tion are recommended.

Correspondence to:T. Röckmann
(t.roeckmann@uu.nl)

1 Introduction

The role of molecular hydrogen (H2) as a possible energy
carrier is an ongoing subject of debate in the political as well
as the academic arena. In contrast to fossil fuels, which pro-
duce the long-lived greenhouse gas carbon dioxide (CO2)
and other undesired compounds (e.g. carbon monoxide, ni-
trogen oxides and soot) upon oxidation with oxygen (O2),
H2 only produces water (H2O). Hence, using H2 instead of
fossil fuels could improve air quality and reduce the human
impact on global climate. Unlike fossil fuels, H2 is not avail-
able in large reservoirs, and the above mentioned positive ef-
fect can only be achieved if H2 is produced from carbon-free
resources.

In previous studies, potential adverse effects of the intro-
duction of a hydrogen fuel economy were also identified.
These effects are all related to the notion that a hydrogen
fuel economy would lead to enhanced atmospheric mixing
ratios of H2 due to leakage in the production, distribution,
storage and use of H2. H2 is an important reaction partner
of the hydroxyl radical (OH). Therefore, higher H2 mixing
ratios would consume OH radicals that would otherwise be
available for the removal of other trace gases (Schultz et al.,
2003), e.g. the greenhouse gas methane (CH4). Other studies
investigated an adverse effect on the recovery of the ozone
hole (Tromp et al., 2003; Warwick et al., 2004; Jacobson
et al., 2005; Feck et al., 2008). Higher stratospheric H2 mix-
ing ratios lead to higher levels of stratospheric water vapour,
which can result in increased formation of polar stratospheric
clouds that would enhance polar ozone destruction.

The global H2 cycle has been investigated by numer-
ous studies, (e.g.,Seiler and Conrad, 1987; Warneck, 1988;
Ehhalt, 1999; Novelli et al., 1999; Hauglustaine and Ehhalt,
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2002; Sanderson et al., 2003; Price et al., 2007; Yashiro
et al., 2011) and the present state of knowledge has been re-
cently reviewed byEhhalt and Rohrer(2009), see Table1 in
Sect.3.4. H2 is produced by the atmospheric oxidation of
methane (CH4) and non methane hydrocarbons (NMHCs).
Direct surface sources are from fossil fuel burning, biomass
burning, and nitrogen fixation in the terrestrial biosphere and
the oceans. H2 is removed by atmospheric oxidation and by
dry deposition. Current estimates for the chemical lifetime of
H2 vary between 1.4 and 2.3 yr, and for the total atmospheric
burden between 141 and 172 Tg H2. However, the uncertain-
ties in the magnitudes of the different sources and sinks are
even larger and call for further research.

Following the approach introduced byGerst and Quay
(2001), isotope measurements have been used to obtain fur-
ther constraints on the individual source and sink strengths.
The isotopic composition of methane-derived H2 was investi-
gated by measurements in the stratosphere (Rahn et al., 2003;
Röckmann et al., 2003; Rhee et al., 2006, 2008) as well as
by detailed laboratory studies (Feilberg et al., 2004, 2005,
2007a,b; Rhee et al., 2008; Nilsson et al., 2007; Röckmann
et al., 2010a; Nilsson et al., 2010). Isotope signatures for
the surface sources are based on few early studies byGerst
and Quay(2001), andRahn et al.(2002a,b, 2003). More
detailed studies have been published very recently (Vollmer
et al., 2010; Röckmann et al., 2010a). Price et al.(2007) were
the first to implement the isotope signatures for H2 sources
and sinks in a full global chemistry transport model. The
actual isotope chemistry involved with the oxidation of CH4
and the NMHCs was not implemented but the resulting iso-
topic δD[H2] signature of the photochemical source of H2
was optimised to a value of+162+57

−57 ‰ to close the iso-
tope budget. In this work, the values forδD[H2] are calcu-
lated from the ratioR = D/H asδD[H2] = (R/RVSMOW−1),
whereRVSMOW = 1.558×10−4 is the reference D/H ratio of
Vienna Standard Mean Ocean Water. How the various iso-
topologues progress through the CH4 and NMHC oxidation
chain, however, is still an open question.

In a recent study,Pieterse et al.(2009) derived and evalu-
ated a hydrogen isotope chemistry scheme including the full
methane oxidation chain and a condensed NMHC oxidation
scheme. The findings of the experimental studies byFeil-
berg et al.(2004, 2005, 2007a,b); Nilsson et al.(2007, 2010)
andRhee et al.(2008) were incorporated into the resulting
model framework. The result was a chemistry scheme that
is internally consistent with respect to the derived kinetic
isotope effects (KIEs), and the isotopic branching (IB) ra-
tios. This work describes the implementation of this new iso-
tope chemistry scheme in version 5 of the global Transport
Model (TM5) developed byKrol et al.(2005), summarised in
Sect.2. In contrast to previous studies, this implementation
allows for a detailed analysis of the full H2 cycle, including
its stable isotopologue HD because the isotopic composition
of the intermediate compounds and the enrichment due to the
oxidation of CH4 and the NMHCs are explicitly calculated.

Furthermore, the sensitivity of the isotopic composition to
changes in the initial isotopic composition of CH4 and the
NMHCs, or to changes in the isotope kinetics in each rele-
vant reaction step of the photochemical pathway from CH4
to H2 can be calculated. With the implementation of the ex-
plicit isotope scheme in TM5, the global budgets of H2 and
HD can be fully assessed.

In Sect.3, the modelled H2 mixing ratios are compared
with available measurements from the National Oceanic and
Atmospheric Administration (NOAA), reported inNovelli
et al. (1999), the Australian Commonwealth Scientific and
Research Organisation (CSIRO), and the Advanced Global
Atmospheric Gases Experiment (AGAGE), both reported in
Xiao et al. (2007). Measurements provided byRice et al.
(2010) and by the Eurohydros project (Batenburg et al.,
2011) are used to evaluate the modelled isotopic composi-
tion of H2. After the comparison with available experimen-
tal data, the spatial vertical and surface patterns of the H2
mixing ratio and isotopic composition are analysed. Finally,
the global H2 isotope budget and its sensitivity to changes in
the parameters of the main processes, e.g. deposition, photo-
chemistry, and the stratosphere-troposphere exchange (STE)
are investigated. The overall conclusions are summarised in
Sect.4.

2 Model adaptations

2.1 Implementing condensed methane isotope
chemistry

The chemistry in the TM5 model (Krol et al., 2005) is de-
scribed by the Carbon Bond Mechanism 4 (CBM-4) intro-
duced byHouweling et al.(1998). We have added the hydro-
gen isotope scheme described byPieterse et al.(2009), thus
extending the original CBM-4 reaction scheme by the impor-
tant intermediate singly deuterated isotopologues (CH2DOO,
CH2DOOH, CHDO, and HD). This allows investigating for
the first time the contributions of the individual reaction steps
in the methane and NMHC oxidation chains to the final over-
all isotopic signature of the photochemical source of H2 in
the troposphere. The detailed derivation and implementation
of the CH4 reaction scheme is provided in AppendixA.

2.2 Implementing NMHC isotope chemistry

The non methane hydrocarbon (NMHC) chemistry was also
adopted from CBM-4, and the photochemical NMHC chem-
istry scheme was extended with the singly deuterated hydro-
gen isotope chemistry described byPieterse et al.(2009), fur-
ther described in AppendixB. A serious shortcoming for H2
isotope modelling is that almost no information is available
about the isotopic composition of the atmospheric NMHCs.
The NMHC measurements themselves are difficult and in
many cases just being developed and therefore almost no
systematic atmospheric investigations exist. For the present
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Table 1. Global budget of H2 from the TM5 reference model run (numbers in Tg H2 per year).

Novelli Hauglustaine and Sanderson Rhee Price Xiao Ehhalt and Yashiro This work
et al. (1999) Ehhalt (2002) et al. (2003) et al. (2006) et al. (2007) et al. (2007) Rohrer (2009) et al. (2011)

Sources

Fossil fuel 15 16 20.0 15 18.3 15 11 15.1–15.4 17.0+3
−6

Biomass burning 16 13 20.0 16 10.1 13 15 8–15 15.0+5
−5

Biofuel 4.4

Ocean N2 fixation 3 5 4.0 6 6.0 6 6 5.0+1
−2

Land N2 fixation 3 5 4.0 6 0.0 3 3 3.0+3
−3

Photochemical production 40 31 30.2 64 34.3 77 41 36–37 37.3

Total 77 70 78.2 107 73.1 105 76 69–76 77.3

Sinks

Photochemical removal 19 15 17.1 19 18.0 18 19 17–18 22.1

Deposition 56 55 58.3 88 55.0 85 60 54–57 55.8

Total 75 70 75.4 107 73.0 105a 79 73–76 77.9

Tropospheric burden (Tg H2) 155 136 172b 150c 141 149 155d 150 169e

Tropospheric lifetime (yr) 2.1 1.9 2.2b 1.4 1.9 1.4 2.0 2 2.2e

a Includes export to stratosphere of 1.9 TgH2 per year.
b The model domain for the budget calculation reached 100 hPa. For the troposphere with a mass of 0.82 of the total atmosphere the burden would be 157 TgH2 and the tropospheric
lifetime 2.0 yr.
c Calculated from sources and lifetime.
d FromNovelli et al.(1999).
e The model domain for the budget calculation runs from the surface to 100 hPa. For the troposphere with a mass of 0.82 of the total atmosphere the burden would be 155 TgH2 and
the lifetime 2.0 yr.

study, we have chosen to deliberately set the D/H isotope ra-
tio of NMHCs to the average value for methane (−86 ‰),
although in reality, the isotopic composition of these species
might be lower. It would be useful to link the information
available on bio synthesis of natural compounds from the
field of biochemistry (e.g.,Schmidt et al., 2003) to the at-
mosphere, but this is beyond the scope of this work. Because
the atmospheric lifetime of most hydrocarbons is short, the
singly deuterated companion species are not explicitly de-
fined and transported in TM5. The reaction mass fluxes of
the deuterated product species, such as deuterated formalde-
hyde, are calculated by correcting the mass fluxes of the
non-deuterated product species using the above mentioned
assumption for the initial isotopic composition. This means
that for this initial study we also neglect the potential spatial
and temporal variability of the isotopic composition of the
NMHC species.

2.3 Parameterisation of the stratospheric H2
composition

The TM5 model is primarily designed for modeling tropo-
spheric chemistry, although a version focusing on strato-
spheric chemistry exists (van den Broek et al., 2003). Hence,
the implementation of the stratospheric chemistry is rather
crude and does not consider, for example, the oxidation of
methane by chlorine radicals(Cl), and electronically excited
oxygen atoms, O(1D). Therefore, it is not possible to imple-
ment a stratospheric reaction scheme for H2 – like presented

by Rahn et al.(2003) andRöckmann et al.(2003). Instead,
we implemented an empirical linear parametrisation of HD
relative to CH4 as proposed byMcCarthy et al.(2004) for the
stratosphere. The following latitude (θ ) dependent thresh-
old pressure levelps (Pa) separates the troposphere and the
stratosphere:

ps= 3.00×104
−2.15×104cos(θ). (1)

For all pressures below the threshold pressure level, the
CBM-4 mixing ratios for H2 and HD chemistry are replaced
by the empirical parametrisation. Because H2 and HD are
transported as separate species, the TM5 model requires an
explicit expression for the mixing ratio of both species as
a function of CH4, which is derived from the results ofMc-
Carthy et al.(2004). The four-dimensional variational (4-D-
Var) data assimilation system implemented in TM5 (Meirink
et al., 2008a,b) was used to obtain the background CH4 mix-
ing ratios for the troposphere as well as the stratosphere. In
order to constrain the H2 mixing ratio and isotopic composi-
tion at the tropopause to 530 pbb and+130 ‰, the original
HD-CH4 relation was slightly modified (units in ppb):

[HD] =−6.32×10−5
[CH4]+0.301. (2)

For δD[H2]-CH4, the data presented inRahn et al.(2003);
McCarthy et al.(2004) yield (units in ‰):

δD[H2] =−0.267[CH4]+610. (3)

These expressions fit the experimental data within the typical
range of uncertainty of±1 % for the H2 mixing ratios, and
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±10 ‰ for the isotopic compositions. The stratospheric H2
mixing ratio is then approximated by:

[H2] =
1

2(δD[H2]+1)RVSMOW
[HD]. (4)

The factor 2 accounts for the fact that the isotopic composi-
tion is measured at a per atom basis, while there are two hy-
drogen atoms in the hydrogen molecule. Doubly deuterium
substituted molecules are neglected in this study.

2.4 Implementing the surface sources

In the original implementation, TM5 uses the EDGAR3.2
inventory (Olivier and Berdowski, 2001) for the surface
sources. The spatial distributions and relative magnitudes
of the hydrogen surface emissions required for the calcula-
tions were obtained fromSchultz and Stein(2006). How-
ever, exploratory calculations with the original source mag-
nitudes produced results that systematically underestimated
the measured hydrogen mixing ratios. Therefore, we decided
to scale the different source fluxes to the average of previ-
ously reported global budget estimates (Novelli et al., 1999;
Hauglustaine and Ehhalt, 2002; Sanderson et al., 2003; Rhee
et al., 2006; Price et al., 2007; Xiao et al., 2007; Ehhalt and
Rohrer, 2009; Yashiro et al., 2011), resulting in the values
shown in Tables1 and2 in Sect.3.4. The upper and lower
bounds of the averaged surface source magnitude estimates
are also shown in the tables. The reported uncertainties in
the individual papers are generally larger; up to±10 Tg yr−1

for the fossil fuel emissions and biomass burning, and up
to ±5 Tg yr−1 for H2 released from ocean and land N2 fixa-
tion. The isotopic signatures were adopted fromPrice et al.
(2007).

2.5 Deposition parametrisation

The deposition scheme implemented in TM5, originally
adopted fromGanzeveld et al.(1998) was extended for H2
and HD by implementing the surface resistance parametri-
sation for deposition of H2 reported by Conrad and
Seiler (1980, 1985); Yonemura et al.(2000); Sanderson
et al. (2003). It distinguishes between seven ecosystem
types: Savannah, Agricultural, Forest, Grasslands/Prairies,
Peat/Tundra, Semi-desert, and Desert. The first four include
soil moisture dependency. The different ecosystem types
were assigned to the land use types defined by the European
Centre for Medium-Range Weather Forecasts (ECMWF) that
are implemented in the TM5 model. Typical deposition ve-
locities vary between 0 and 1.3 mm s−1 in accordance with
the above mentioned studies. In preliminary calculations
with this scheme, the modelled H2 NH mixing ratios were
underestimated by about 10 %. Decreasing the overall depo-
sition velocity by the same amount resulted in the optimal
agreement between the model and available data. This adap-
tation is justifiable because the corrected values are still well

within the reported ranges of uncertainty (more than±15 %)
for the underlying deposition measurements.

The deposition scheme implemented in TM5 is an infer-
ential deposition model (e.g.,Garland, 1977; Hicks et al.,
1991). The deposition fluxFC of a certain chemical species
C to the surface is calculated as the difference between the
ambient and surface mixing ratio ([C]a and [C]0, respec-
tively) multiplied with the deposition velocity of the chemi-
cal species,vd:

FC = −vd([C]a−[C]0). (5)

Generally,[C]0 is assumed zero so that only removal takes
place. The overall resistance to deposition (Rt ≡ 1/vd)
is the series resistance sum of the aerodynamic resistance
(Ra), which accounts for the turbulent diffusion in the sur-
face layer, the quasi-laminar boundary-layer resistance (Rb),
which accounts for the molecular diffusion through the layer
just above the surface layer, and finally the surface resistance
(Rs). Typically, Rs is the parallel resistance sum of the veg-
etation deposition resistance (Rveg) and the soil deposition
resistance (Rsoil), see for exampleGanzeveld and Lelieveld
(1995); Ganzeveld et al.(1998); Meyers et al.(1998). Tech-
nically, the chamber measurements performed byGerst and
Quay (2001) to determine the fractionation of the deposi-
tion process were conducted for conditions in whichRa �

Rb +Rs. Moreover, turbulent diffusion, represented byRa,
will not introduce fractionation. However, in the majority
of the field studies the total resistance is reported and there-
fore, we chose to implement an overall fractionation constant
for the reference scenario calculations, i.e. the deposition ve-
locity of HD was calculated by multiplying the resulting H2
deposition velocity with the overall fractionation constant of
0.943 for hydrogen deposition (Gerst and Quay, 2001).

3 Analysis of model results

3.1 Comparison with H2 mixing ratio measurements

Calculations were performed with a resolution of 6 by 4◦

(longitude-latitude) for the years 2001 to 2007 to ensure suf-
ficient overlap with available measurements. Prior to pro-
ducing the results presented here spin up calculations were
performed until both the mixing ratios as well as the isotopic
compositions were sufficiently converged. Due to changes
in the ECMWF native model, that is used to drive the atmo-
spheric transport, the results for the years 2001–2005 were
calculated using 25 vertical levels, whereas the results for
2006 and 2007 were obtained using 34 vertical levels. In this
section, we compare the modelled H2 mixing ratio fields with
available measurements.

Figure 1 shows the comparison of the model results for
Alert (Canada) and the South Pole. For Alert, the seasonal
signals are captured reasonably well. The large variabil-
ity (generally H2 depletion) in the measured mixing ratio at
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Fig. 1. Comparison between the measured background and mod-
elled (black) noon-time H2 mixing ratios at Alert, the South Pole,
Barrow and Mace Head. Available measurements from NOAA,
CSIRO and AGAGE are shown in blue, red, and grey, respectively.
Measurements from AGAGE are shown without filtering for back-
ground conditions.

Alert is caused by soil uptake of H2 from the air masses arriv-
ing from the westerly direction due to deposition in the north-
ern part of Russia during the northern hemispheric summer
and autumn season. These events are not reproduced by the
model, which shows that deposition is likely underestimated.
Such variability is absent at the South Pole because there is
no ice-free land surface around the station. Note that the
model assumes that there is no deposition to snow and ice.
The figure shows good agreement for the stations at Barrow
(Alaska) and Mace Head (Ireland). At the resolution used for
the calculations, the model cannot capture the variability in
the mixing ratios caused by local influences, but the seasonal
cycles are adequately reproduced.

The measurements from Ascension Island (Atlantic
Ocean) are characterised by little variability, as shown in
Fig. 2. This station is hardly influenced by deposition and
surface sources because it is situated far away from the major
land masses. For Cape Grim (Tasmania), the model results
show much more variability than the baseline values reported
by NOAA and CSIRO. However, the comparison with the

Fig. 2. Comparison between the measured and modelled (black)
noon-time H2 mixing ratios at Ascension Island, Cape Grim, Hegy-
hatsal and the Tae-Ahn peninsula. Available measurements from
NOAA, CSIRO and AGAGE are shown in blue, red, and grey, re-
spectively. Measurements from AGAGE are shown without filtering
for background conditions.

continuous AGAGE measurements shows that the unfiltered
variability is even larger than predicted by the model. The
stations at Hegyhatsal (Hungary) and the Tae-Ahn peninsula
(Republic of Korea) are highly influenced by local processes.
The former is a continental station primarily influenced by
biogenic processes whereas the latter is located in the highly
polluted area in East Asia. Nevertheless, the model is able to
capture the measured variability rather well for both stations.

Summarising, the model performs well in predicting the
measured mixing ratios at background and continental sta-
tions, both in the NH as well as in the SH. This suggests that
the modelled H2 budget and the magnitudes of the different
sources and sinks are reasonable. This provides an excellent
starting-point for the evaluation of the isotopic composition
in the next section, where we will compare the modelled re-
sults with available data. The agreement between the model
results and the measurements was also observed for 39 other
sites from the NOAA and CSIRO networks. The remaining
comparisons are available in the Supplement.
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Fig. 3. Comparison of the modelled zonal mean surface isotopic composition (thick solid line) with available measurements. Blue circles
represent measurements fromGerst and Quay(2000), red circles represent measurements fromRice et al.(2010), and green circles represent
measurements from the Eurohydros project (Batenburg et al., 2011). Also shown are some of the cases of the sensitivity study discussed in
Sect.3.6. Case 1a shows the effect of using the KIEs for formaldehyde photolysis as proposed byFeilberg et al.(2007a), case 1b shows the
effect of changing the pressure dependency of the molecular photolysis channel for formaldehyde, case 2a shows the effect of increasing the
stratospheric isotopic composition by 20 ‰, case 2b shows the effect of shifting the tropopause pressure level, case 3 shows the effect of
decreasing the isotopic composition of the primary NMHCs to−200 ‰, and case 5 shows the effect of reducing the deposition fractionation
constant to 0.900.

3.2 Comparison with H2 isotope measurements

In Fig. 3, the latitudinal gradient of zonal mean values from
the TM5 model is compared to measurements fromGerst and
Quay (2000), Rice et al.(2010) and samples from the Eu-
rohydros project for which the H2 mixing ratios can also be
found inBatenburg et al.(2011). The results for the reference
scenario (thick solid line) show a systematic negative bias in
the isotopic composition of about 10–20 ‰. This deviation
is relatively small compared to the uncertainties in the fluxes
and isotopic composition of the sources and sinks that con-
tribute to the final isotopic composition (see Table2). Fur-
thermore, it should be noted that the measurements usually
represent air of non-continental origin, whereas the model
averages over a latitude band and therefore includes in the av-
erage also H2 emitted from the isotopically depleted sources
over land. Thus, the available isotope measurements are not
necessarily representative for the whole latitude band and the
background isotope measurements are expected to be slightly
more enriched. Additional measurements at non-background
locations (e.g. regions dominated by deposition or surface
sources) would be useful to investigate the spatial distribu-
tion in more detail. With the data presently available, the
comparison shows that the global isotope budget is already

reasonably well described by the reference scenario. The
sensitivity of the results to a number of model parameters
is discussed in more detail in Sect.3.6.

Figure4 shows time series of the modelled (monthly av-
eraged) and measured isotopic composition at the 6 Eurohy-
dros flask stations (Batenburg et al., 2011) for the years 2006
and 2007. The corresponding measured H2 mixing ratios can
be found inBatenburg et al.(2011). In general, the modelled
isotope results are slightly depleted compared to the mea-
surements, as discussed above. However the differences are
not uniform between the stations. The largest underestimate
is found at Neumayer. Here, the model also predicts a small
but clear seasonal cycle with an amplitude of∼10 ‰, which
is not discernible in the data. At Amsterdam Island, the
discrepancy between model and data is somewhat reduced.
Similar to Neumayer, the scatter in the data is too high to
detect/verify a possible seasonal cycle. Cape Verde Island
is the station where the model captures the measured val-
ues best. Unfortunately, the record for direct comparison is
shortest, but the absolute values and the seasonal differences
seem to be well represented by the model. The measurements
at the continental station Schauinsland show the highest de-
gree of variability due to influences from surface sources and
deposition. The model averages out much of this variability
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Table 2. Global isotope budget of H2 up to 100 mbar.

Magnitude Signature Relative signature Composition
(Tg H2 yr−1) a b ( ‰)

Sources
Fossil fuelc 17.0+3

−6 −196+10
−74 2.754×10−5

Biomass burningd 15.0+5
−5 −260+60

−60 2.237×10−5

Ocean N2 fixatione 5.0+1
−2 −628+0

−72 3.748×10−6

Land N2 fixatione 3.0+3
−3 −628+0

−72 2.249×10−6

Photochemical productionf 37.3 +116 8.391×10−5

Total 77.3 1.398×10−4

Sinks

Photochemical removalg 22.1 0.542 0.154
Depositiong 55.8 0.925 0.663
Total 77.9 0.817

Isotopic composition

From budget 99
Modelled composition 128
Stratospheric contribution 29

a Sources are expressed in ‰, sinks are expressed in fractionation constants.
b Source or sink signature weighted by the flux magnitude. Here, sources are expressed as flux weighted isotope ratios (R).
c Source signature fromGerst and Quay(2001). Combined range of uncertainty includes the value of−270 ‰ reported byRahn et al.(2002b).
d Source signature fromGerst and Quay(2001).
e Source signature fromPrice et al.(2007). Combined range of uncertainty includes the value of−700 ‰ reported byRahn et al.(2003).
f Calculated from model results.
g Calculated from model results by Eq. (7).

and predicts a rather small seasonal cycle disturbed by lo-
cal variability. At Mace Head, the model captures the phase
and amplitude of the seasonal cycle in 2007 very well, but
again with a negative bias. Some measurements in summer
2006 appear anomalously high compared to the model and
the 2007 record, but in general the agreement is very good.
This deteriorates again when going to the high northern lat-
itudes. Whereas the model predicts a rather similar season-
ality as in Mace Head, the measurements show a shift in the
phase for Alert. Direct comparison of the data for Alert and
Mace Head in Fig.4 shows that at Alert,δD[H2] values in-
crease again after the seasonal minimum 1–2 months earlier
than at Mace Head. Possibly, the phase shift in the mod-
elled and measured seasonal signals at Alert is caused by the
implementation of the deposition scheme for snow-covered
conditions. In the current model deposition parametrisation,
no deposition will occur in (partly) snow covered regions. It
is therefore possible that in reality, deposition will start af-
fecting the isotopic composition much earlier in the season
than expected from the model results. Indeed, the mixing
ratios for Alert in Fig.1 already showed that the modelled
seasonal minimum in the H2 mixing ratio is delayed com-
pared to seasonal minimum in the observations by a simi-
lar period. Moreover, the modelled H2 seasonal minimum
in the mixing ratio is significantly higher than the observed

minimum mixing ratio, which leads to an underestimate in
the modelled isotopic composition. Hence, more deposition
measurements in continental regions like Siberia (the area of
influence for Alert) could help to improve our insight into the
northern hemispheric H2 cycle.

This qualitative comparison shows that there are poten-
tially interesting isotope signals in the detailed records at in-
dividual measurement stations close to H2 sources and sinks,
but for the analysis in this paper we focus on the global values
(e.g. Fig.3). The difference between the model results and
measurements appears limited for the tropics (i.e.∼0–5 ‰ at
Cape Verde), increases with latitude, and is more pronounced
at the Southern Hemisphere (∼20 ‰) than on the Northern
Hemisphere (∼10–20 ‰). Because the photochemical pro-
duction of H2 is a strong source in the tropics, the agreement
in the tropics suggests that the modelled tropospheric photo-
chemical source signature is roughly realistic. However, one
has to keep in mind that the global comparison also depends
on the representativeness of the zonal average when com-
pared to point measurements in the tropics. As the figures in
the next section will show, there is a large variability caused
by the sources and sinks in the tropics around the globe.
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Fig. 4. Comparison of the modelled isotopic composition (thick black) with available measurements (green) from Alert, Mace Head,
Schauinsland, Cape Verde, Amsterdam Island, and Neumayer. The corresponding H2 mixing ratios can be found inBatenburg et al.(2011).
Also shown are some of the cases of the sensitivity study discussed in Sect.3.6. case 1b (thin black) shows the effect of changing the pressure
dependency of the molecular channel of formaldehyde removal by photolysis, case 2a (red) the effect of increasing the stratospheric isotopic
composition by 20 ‰, and case 5 (blue) the effect of changing the deposition fractionation constant to 0.900.

3.3 Spatial patterns of H2 mixing ratios and isotopic
compositions

The left column in Fig.5 shows the modelled latitude-
altitude fields of H2 mixing ratio for different seasons. Lati-
tudinal, vertical and temporal variability is generally small in
the southern extratropics. The H2 mixing ratio in the tropics
reaches a maximum during the northern hemispheric spring
and summer, which penetrates deep into the free troposphere.
In the northern extratropics, H2 mixing ratios are lowest year-
round and show a strong seasonal minimum in the fall season

(SON). The vertical gradient is small in the Southern Hemi-
sphere but quite substantial in the Northern Hemisphere, con-
firming earlier findings ofHauglustaine and Ehhalt(2002)
andPrice et al.(2007).

The corresponding isotopic compositions are shown in the
right column of Fig.5. The dominant effect in this view is
the strong enrichment of H2 in the stratosphere. This over-
shadows the smaller temporal and latitudinal changes in the
troposphere. In general, the NH is depleted in D compared
to the SH, as shown above. In the northern extratropics and
tropics, there is generally only a weak vertical gradient in the
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Fig. 5. Seasonal zonal mean H2 mixing ratio in ppb (left column) and isotopic composition in ‰ (right column) during the NH winter (DJF),
spring (MAM), summer (JJA), and autumn (SON) season. The reference tropospheric boundary for the stratospheric parametrisation (see
Sect.2.3) is indicated by the dashed line.
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isotopic composition. Interestingly, when a vertical gradient
in δD[H2] observed in the NH, it is opposite to what is ex-
pected from deposition. The fractionation in deposition leads
to preferential removal of H2, which would leave the atmo-
sphere enriched in HD. However,δD[H2] values near the
surface are always lowest. Apparently, whereas deposition is
clearly the driver for seasonality and vertical gradient of H2
mixing ratio in the NH, it has less effect onδD[H2]. This
is because the surface sources are strongly depleted in deu-
terium compared to the ambient reservoir, which overpowers
the comparatively weak kinetic isotope effect in deposition.
Surprisingly, on the seasonal scale, we again see an effect
that is qualitatively in agreement with the fractionation ex-
pected from the sinks (mostly deposition, but some fraction
of OH, seeBatenburg et al., 2011). In SON, the H2 levels
are lowest (due to depositional loss) and theδD[H2] values
are highest because HD remains preferentially in the atmo-
sphere. So, deposition does affect the large-scale (tempo-
ral) evolution, but not the short-scale (vertical) distribution of
δD[H2]. It is noted however, that the inverse vertical gradient
in the isotopic composition becomes less pronounced in the
autumn season, when deposition reaches it maximum. This
shows that deposition indeed leads to higherδD[H2] values
in the NH.

In the SH, the seasonality in isotopic composition appears
to be driven by an varying input of H2 enriched in D sub-
siding from a pressure altitude of 300 mbar at 50◦ S down to
the surface pressure level at 20◦ S. It is strongest during the
NH winter (DJF) and spring season (MAM). The shape of
this anomaly suggests a significant influence of stratosphere-
troposphere exchange (STE) on the isotopic composition in
the SH. Apparently, in the NH such a signal is almost com-
pletely attenuated by the surface sources. The role of STE
will be addressed in more detail by the sensitivity studies in
Sect.3.6.

The seasonal mean surface level H2 mixing ratios are
shown in the left column of Fig.6. The most prominent
feature is the well-established strong inter-hemispheric gra-
dient. Whereas there is relatively little seasonal variability in
the SH, the NH is characterised by large seasonal variability.
Figure6 also shows that H2 the NH is strongly influenced
by the landmasses. In the extratropics (mostly in the NH,
but also in the SH), in general lower H2 mixing ratios are
observed over land than over the ocean. This characteris-
tic distribution is a consequence of the dominant role of the
soil sink, which has the most prominent impact on the H2
mixing ratio during the autumn season (SON). In the North-
ern Hemisphere, H2 levels at certain locations can also be
much higher than the ocean background. These signals are
related to fossil fuel usage in the highly populated regions, or
biomass burning in the tropics and near the borders between
China and Siberia. These surface sources can produce strong
H2 plumes that extend far over the ocean.

Looking at the isotopic composition (right column in
Fig. 6) we can identify combustion processes by the clear

δD[H2] depletion. In particular the African and Asian tropi-
cal regions with high H2 mixing ratios and low isotopic com-
position are striking. Unfortunately, there are no data avail-
able to confirm these lowδD[H2] values, but the model cap-
tures the H2 measurements at the Tae-Ahn peninsula, Ko-
rea, well (see Fig.2 in the previous section). Isotope mea-
surements have been initiated to investigate whetherδD[H2]

values<60 ‰ actually occur. The preciseδD[H2]/H2 corre-
lations should enable us to further constrain isotope source
signatures in these regions.

On the global scale, the mainδD[H2] characteristic is the
inter-hemispheric gradient. The seasonal cycle ofδD[H2] in
the SH is much smaller than in the NH, similar to the mixing
ratios. Interestingly, the seasonality in the NH shows a delay
in its response to the seasonal cycle of deposition, resulting
in a seasonal maximum during the northern hemispheric au-
tumn (SON) and winter (DJF) season, which is further ex-
plained in Sect.3.4.

3.4 Global H2 budget and isotope budget

The TM5 model keeps track of the total budget of the dif-
ferent chemical tracers. Although no explicit budget is cal-
culated for the troposphere, the tropospheric budget of H2
can be estimated from the budget up to 100 mbar in a similar
way as presented bySanderson et al.(2003) andEhhalt and
Rohrer(2009). The overall budget for H2 is shown in Ta-
ble 1, along with other recently published budget estimates.
The magnitudes of the photochemical and deposition budget
terms for the H2 mixing ratio are in good agreement with the
values reported byNovelli et al. (1999); Hauglustaine and
Ehhalt (2002); Sanderson et al.(2003); Price et al.(2007);
Ehhalt and Rohrer(2009); Yashiro et al.(2011). The values
reported byRhee et al.(2006) andXiao et al.(2007) appear
to be rather large compared to this and all other studies. The
work byEhhalt and Rohrer(2009) illustrates that the NMHC
contribution to the production of H2 in the studies byRhee
et al. (2006); Xiao et al.(2007) is larger than can be repro-
duced by other full chemistry models that use bottom up es-
timates for NMHC emissions. Moreover, the study byEhhalt
and Rohrer(2009) provides an additional constraint via inde-
pendent studies on carbon monoxide (CO) that narrows down
the range for the total photochemical source of H2 to 40–
46 Tg H2 yr−1. Recent TM5 model results for CO are also
in good agreement with high frequency observations from
several measurements sites in Europe (Pieterse et al., 2011).
Hence, the reported values for the photochemical source
magnitude between 30–41 Tg H2 yr−1 appear to be more re-
alistic than the values of 64 and 77 Tg H2 yr−1 reported by
Rhee et al.(2006) andXiao et al.(2007). This also implies
that the values for the removal by deposition between 55–
60 Tg H2 yr−1 and the reported tropospheric lifetimes around
2 yr are probably more realistic than the very large deposi-
tion fluxes and short turnover times proposed byRhee et al.
(2006) andXiao et al.(2007).
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Fig. 6. Seasonal mean surface level H2 mixing ratio in ppb (left column) and isotopic composition in ‰ (right column) during the NH winter
(DJF), spring (MAM), summer (JJA), and autumn (SON) season.
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The H2 isotope budget for the atmosphere up to 100 mbar
is shown in Table2. Because the H2 and HD mixing ratios
in the stratosphere are parametrised (see Sect.2.3), the cor-
responding budget terms are bidirectional for both H2 and
HD and therefore not easily incorporated into the traditional
isotope budget that only contains unidirectional source and
sink terms. For the unidirectional terms, we can use the flux
weighted ratios and fractionation constants to calculate the
overall isotopic composition using the following expression
(Gerst and Quay, 2001):

δD[H2] =
1

RVSMOW

∑
i

wiRi∑
j

wjαj

−1. (6)

In this expression,Ri are the source isotope ratios andαj

are the sink fractionation constants (see Table2). wi andwj

are the corresponding relative weights. This budget calcula-
tion yields an average isotopic composition of+99 ‰. The
modelled average tropospheric composition obtained from
the mixing ratio fields is +128 ‰. This means that a con-
tribution of+29 ‰ can be inferred for the stratospheric con-
tribution, a value similar to the value of+37 ‰ reported by
Price et al.(2007).

The fractionation constants of the loss processes in Table2
were obtained from the modelled H2 and HD mixing ratios
and fluxes by an approximation based on the Rayleigh distil-
lation model for a single stage removal processj (Rayleigh,
1902):

αj '
LHD,j

LH2,j

[H2]i

[HD]i
, (7)

whereLHD,j andLH2,j are the overall removal fluxes.[HD]i

and[H2]i are the burdens for HD and H2 at the start of the
simulation. The resulting apparent fractionation for depo-
sition (0.925) is stronger than the applied fractionation for
the deposition (0.943) because the isotope composition of
H2 close to the surface is relatively light. This means that
in Eq. (7), H2/HD at the surface where the removal fluxes
are calculated is larger than H2/HD averaged over the en-
tire atmosphere, the value used for the budget calculation.
The photochemical source signature of+116 ‰ is at the low
end, but within the ranges of+162+57

−57 ‰ and+130+70
−70 ‰

reported byPrice et al.(2007) andGerst and Quay(2001),
respectively.

Also the global average isotopic composition of +128 ‰
seems to be well within the range of values reported byGerst
and Quay(2001); Rahn et al.(2002b); Rhee et al.(2006);
Price et al.(2007), but it is noted that the region of the at-
mosphere up to 100 mbar includes a significant portion of
stratospheric air at high latitudes. This results in an arti-
ficial enrichment in D of the tropospheric reservoir. Fig-
ure 3 in Sect.3.2 already showed that the model underes-
timates the surface isotope measurements by approximately

10–20 ‰. Indeed, the budget for the lower troposphere (for
pressure levels above 850 mbar) returns a value of +119 ‰.
In Sect.3.6 we will further investigate the sensitivity of the
model results to changes in the parameters of the main pro-
cesses in the H2 cycle and identify the opportunities for
changing these parameters to close the gap between the mea-
surements and the model results.

3.5 Global variability in H 2 mixing ratios and isotopic
compositions

In order to investigate the global scale variability in more de-
tail, the monthly atmospheric burden and fluxes of H2 and
HD were integrated for three latitude bands, 90◦ S–30◦ S,
30◦ S–30◦ N, and 30◦ N–90◦ N, respectively. The height of
the three top box boundaries was set to 100 mbar. Figure7
shows the resulting seasonal cycles in the H2 mixing ratio
and isotopic composition in the three latitude bands.

This figure reproduces the established features of the
global H2 cycle, for example the large seasonal cycle in the
H2 mixing ratio in the Northern Hemisphere due to deposi-
tion (e.g.,Novelli et al., 1999). To assess the variability in the
mixing ratio and isotopic composition in the three different
regions, all relevant processes should be considered, i.e. the
emissions, photochemistry, deposition, horizontal advection,
and vertical transport. We can analyse the H2 isotope budget
in the model in more detail by calculating the individual con-
tribution of each source and sink process to the change of the
H2 mixing ratio and isotopic composition on the monthly ba-
sis. The mathematical framework is derived in AppendixC,
and the results are shown in Fig.8.

Starting from a certain mixing ratio and isotopic compo-
sition for a given month in Fig.7, the mixing ratio and iso-
topic composition of the next month will be changed by an
amount equal to the sum of the contributions shown in Fig.8.
For example, surface emissions (red bars in Fig.8) always
constitute a net source and show up as a positive bar for the
mixing ratio. However, these surface emissions are strongly
depleted in D compared to the ambient reservoir, and there-
fore lead to a decrease in the isotopic composition. In the
model, these surface emissions have a strong seasonality in
the extratropical boxes, but are rather constant in the tropics.
Photochemical H2 sources (green bars) can make a signifi-
cant contribution to the total H2 changes, especially in the
tropics and the extratropical summer seasons, but the effect
on the isotopic composition is negligible since the produced
H2 has an isotopic composition (δD[H2] = 116 ‰) very sim-
ilar to the ambient reservoir.

The photochemical removal of H2 at the higher NH lat-
itudes shows up as a negative contribution to the monthly
mixing ratio change (light blue bars in Fig.8). Although the
photochemical removal is relatively small in magnitude, it
is associated with strong isotope fractionation, clearly visi-
ble as a strong positive contribution to the change in isotopic
composition. Deposition (dark blue bars) is a stronger sink
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Fig. 7. The modelled seasonal cycle of the H2 mixing ratio (full lines) and isotopic composition (dashed lines) derived from the budgets of
the latitude bands from (blue) 90◦ N to 30◦ N, (green) 30◦ N to 30◦ S, and (red) 30◦ S to 90◦ S.

than photochemical removal, but the effect on the isotopic
composition is overall smaller, since the isotope fractiona-
tion constant in soil deposition is much closer to unity.

The final contributions are the horizontal flux (dark gray)
and the stratospheric contribution (light gray). The former
combines horizontal advection with the change of mass in
each box due to the seasonal cycle in surface pressure (see
Eq. (C2) in AppendixC). The stratospheric contribution also
consists of two parts: the vertical exchange with air above
the 100 mbar pressure level and the change in the correction
provided by Eq. (2) and Eq. (4) above the boundary described
by Eq. (1).

This alternative approach to investigate the variability in
isotopic composition was stimulated by a peculiar property
of the vertical and horizontal flux terms. Whereas the strato-
spheric contribution can be a sink for H2 in one month, it
can become a source in the next. The same may occur for
HD. This behaviour does not enable a budget analysis in
the traditional way, i.e. describing sources with signatures in
‰ and describing sinks by fractionation constants. We can
to some extent analyse the impact of the vertical exchange
separately from the impact of the stratospheric parametrisa-
tion. The overall downward flux for the high-latitude boxes
(HLBs) is 5.8 and 7.2 Tg yr−1, respectively for the North-
ern and Southern Hemisphere (with an average burden of 41
and 42 Tg in the HLBs). Exchanging air in the NH and SH
HLBs with an average composition of 117 ‰ and 135 ‰ (see
Fig. 7) with stratospheric air with an estimated composition
of 180 ‰ (see Fig.5), coming from heights above 100 mbar,
leads to an enrichment of 9 ‰ and 7 ‰, respectively. These
values are comparable to the values of 7 ‰ and 11 ‰ pre-
sented byRhee et al.(2006).

The budget analysis visualised in Fig.8 allows a detailed
attribution of the impact of the different processes on the
variability of the mixing ratio and isotopic composition of
H2. The seasonal cycle of the isotopic composition in the
higher northern latitudes is mainly determined by the sea-
sonal cycle in the photochemical loss of H2, deposition, and
the surface emissions. As mentioned above, the photochem-
ical source contributes has no “isotope leverage”, i.e. is not
very different from the ambient reservoir, and only source
processes with a significantly more enriched or depleted sig-
nature and sink processes will affect isotope variability. The
seasonal cycle of the isotopic composition at higher north-
ern latitudes (see Fig.7) is slightly shifted due to the dif-
ferent seasonality of the surface emissions (fossil fuel using,
biomass burning, and nitrogen fixation) compared to the sea-
sonality of photochemistry and deposition. The small vari-
ability at tropical latitudes is mainly caused by slight varia-
tions in the surface emissions and the seasonal exchange with
air masses from the Northern and Southern Hemispheres.
The variability of the isotopic composition in the south-
ernmost latitudes is mainly caused by seasonality in tropo-
spheric photochemistry, counteracted by the surface emis-
sions, and the exchange with H2 more depleted in D from the
tropical latitudes from June to September. The vertical flux
is an important term in the isotope budget of the southern lat-
itudes during the winter season (JJA). Having identified the
most important processes, we will investigate the sensitivity
of the model to changes in the individual parameters in the
next section.
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Fig. 8. The modelled contributions of the different processes to monthly changes in the mixing ratio (left column) and isotopic composition
(right column) in Fig.7, derived from the budgets of the latitude bands from 90◦ N to 30◦ N, 30◦ N to 30◦ S, and 30◦ S to 90◦ S.

3.6 Sensitivity study

The previous sections showed that the modelled isotopic
composition has a small negative bias compared to the avail-
able measurements. Different options for closing the discrep-
ancy between the model results and the measurements are
available and viable. In this section, we will investigate the
sensitivity of the modelled isotopic composition to changes
in the key parameters of the molecular hydrogen isotope cy-
cle whilst keeping the H2 budget unaltered.

In the methane and NMHC oxidation schemes, the final
step towards the formation of H2 and HD, i.e. the destruction
of formaldehyde (CH2O) is of large influence on the final
isotopic composition (Feilberg et al., 2007a; Pieterse et al.,

2009). Therefore the sensitivity of the isotopic composition
to changing the KIEs of the molecular and radical pathway
of the two photolysis reactions of CH2O was examined first.
Case 1a (Table3) employs the KIEs reported byFeilberg
et al. (2007a). Evidently, the isotopic composition is very
sensitive to changes in the KIEs for formaldehyde photoly-
sis. As noted inPieterse et al.(2009), the KIEs for the radical
(R32b) and molecular (R33) photolysis removal channels for
formaldehyde used for this case lead to a strong underestima-
tion of the isotopic composition and a photochemical source
signature of−87 ‰.

In case 1b, the sensitivity of the isotopic composition to
changes in the pressure dependency of the KIE of Reac-
tion (R33b) (see Eq. (A4) in AppendixA4) is investigated.
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Fig. 9. Zonal annual mean differences for case 1b, case 2b, case 2c, and case 3. The reference tropospheric boundary for the stratospheric
parametrisation (see Sect.2.3) is indicated by the dashed black line. The perturbed boundaries of case 2b and 2c are indicated by the dashed
white line.

Table 3. Sensitivity of isotopic composition of H2 on changes in parameters of the isotope scheme.

Scenario Perturbed variables Composition
( ‰)

Referencea +128
1a KIE[R32b] = 1.100, KIE[R33b] = 1.820 +82
1b KIE[R33b] = (500.00+2.50×10−2p)/(500.00+1.60×10−2p) +146
2a Stratospheric composition increased by 20 ‰ +140
2b Tropopause boundary defined byps= 2.10×104

−1.65×104cos(θ) +116
2c Tropopause boundary defined byps= 2.00×104

−1.15×104cos(θ) +118
3 δD[NMHCs] = −200 ‰ +118
4a δD[N2 fixation emissions] = −700 ‰ +124
4b δD[fossil fuel burning emissions] = −250 ‰ +123
4c δD[biomass burning emissions] = −290 ‰ +125
5 Fractionation constant deposition changed to 0.900 +142

a The reference scenario uses KIE[R32b]= 1.580, KIE[R33b]= (500.00+2.50×10−2p)/(500.00+1.34×10−2p), a tropopause composition of+130 ‰, a tropopause boundary
defined byps = 3.00×104

−2.15×104cos(θ), δD [NMHCs] = −86‰, δD [N2 fixation emissions] =−628‰, δD [fossil fuel burning emissions] =−196 ‰,δD [biomass burning
emissions] =−260‰, and fractionation constant of 0.943 for deposition.
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Changing this parameter clearly leads to a large increase in
isotopic composition of 18 ‰ and a photochemical source
signature of+199 ‰. As expected, the tropospheric compo-
sition is very sensitive to changes in the pressure dependency
of the molecular photolysis removal channel for formalde-
hyde, especially in the tropics, as shown in the zonal annual
mean difference plot in Fig.9.

The sensitivity of the tropospheric composition to changes
in the stratospheric parametrisation was tested by increasing
the isotopic composition in the stratosphere by 20 ‰ com-
pared to the reference scenario (case 2a). The effect on the
average tropospheric value ofδD[H2] is profound (an in-
crease of 12 ‰). H2 produced in the stratosphere is highly
enriched in D (Rahn et al., 2003; Röckmann et al., 2003;
Mar et al., 2007). Therefore, the back-flux of stratospheric
hydrogen can significantly enrich H2 in the troposphere, as
was already concluded from the results in Table2 and Fig.8
in Sect. 3.4. The sensitivity of the model to changes in
the stratospheric parametrisation was further investigated by
changing Eq. (1) in Sect.2.3 (case 2b and 2c). The cases
were carefully chosen to distinguish between (2b) STE at
higher latitudes and (2c) STE near the tropical tropopause
layer (TTL). Both cases show that the isotopic composition
is also sensitive to changes in the pressure levels above which
the parametrisation described in Sect.2.3 is used. Changes
near the TTL were not expected to affect tropospheric com-
position because H2 is photochemically produced in this re-
gion and then transported upwards into the stratosphere. In-
deed, the results of case 2b and 2c show similar small effects
on the tropospheric isotopic composition, both in magnitude
and distribution (see Fig.9). Thus, H2 strongly enriched in
D is injected from the mid-latitude stratosphere into the tro-
posphere (e.g.,Reid and Vaughan, 1991; Appenzeller et al.,
1996; Lelieveld et al., 1997; Hintsa et al., 1998; Dethof et al.,
2000). This effect is also clearly visible in the zonal mean
isotopic composition during the NH winter and spring sea-
son shown in Fig.5, and is more pronounced in the SH be-
cause in the NH it is damped by the seasonality in the surface
emissions (see Fig.8) resulting in less enrichment.

Figure 3 shows that increasing the isotopic composition
at and above the tropopause by 20 ‰ closes the gap be-
tween the reference scenario isotopic composition and the
observations. It is noted however that previous studies have
shown that the Brewer-Dobson circulation is overestimated
by the meteorological data from ECMWF and consequently
the downward transport from the stratosphere to the tropo-
sphere is a factor 2–3 too high, at least for ozone (van Noije
et al., 2004, 2006). This could mean that the actual down-
ward transport of heavy hydrogen (i.e. the contribution to the
isotope budget) might be significantly lower than predicted
by the TM5 model. However, the effect of the stratosphere
on the tropospheric isotopic composition of H2 was also ob-
served byPrice et al.(2007) who used another global chem-
ical transport model (CTM) driven by a different meteorol-
ogy; The stratospheric contribution to the tropospheric iso-

topic composition computed in the current study (+29 ‰) is
similar to their calculated contribution of+37 ‰, calculated
using the GEOS-chem CTM. Thus, the results of both mod-
els suggest that STE is a potentially important process for the
tropospheric isotope budget of H2. Measuring the isotopic
composition at the tropopause and in the lower stratosphere
is therefore important to refine the upper boundary condition
for the tropospheric model simulations.

Case 3 was chosen to investigate the sensitivity of the
model results to the initial isotopic compositions of the
NMHCs participating in the H2 cycle. The full NMHC hy-
drogen isotope chemistry mechanism consists of a large set
of chemical reactions and is poorly constrained by available
measurements. We believe that with so many unverified pa-
rameters, a comprehensive sensitivity study of the mecha-
nism would not be of value at this time. Therefore, we chose
to test the sensitivity of the isotopic composition to changes
in the initial isotopic composition from−86 ‰ to−200 ‰.
The result (a decrease of 10 ‰) in Table3 shows that the
model is indeed sensitive to changing the isotopic compo-
sition of the NMHCs, although it is noted that the applied
perturbation was large (a decrease of 114 ‰) and the effect
is relatively small (see Fig.9).

In the fourth set of cases, the sensitivity of the model out-
put on the isotopic composition of the surface sources is in-
vestigated. For case 4a, we implemented an isotopic source
signature of−700 ‰ for terrestrial and oceanic nitrogen fixa-
tion processes. This value is similar to new measurements on
biologically produced H2 (Walter et al., 2011), which agree
with calculations on the thermodynamic isotope equilibrium
between H2 and H2O (Rahn et al., 2003). The simulated
change inδD[H2] compared to the reference scenario given
in Table3 is small, as was to be expected from the isotope
budget shown in Table2. Hence, the model results are not
very sensitive to changes in the isotopic composition of bio-
logically produced H2. For case 4b, the isotopic source sig-
nature of the fossil fuel sources was decreased to−250 ‰.
The new value is the average of the values for incomplete
and full catalytic conversion of exhaust fumes, recently re-
ported byVollmer et al.(2010). The difference will be only
noticeable in highly populated areas where fossil fuel usage
is an important source. On the global scale, however, the
isotopic composition is barely affected by the change in the
isotope source signature. The sensitivity of the model results
to a change in the isotopic signature of the biomass burning
emissions to the value suggested byGerst and Quay(2001)
was tested in case 4c. Again, the global average change in
δD[H2] due to a change in the source signature of H2 from
biomass burning relative to the reference scenario is small.
Thus, all sub-scenarios of case 4, which explore the previ-
ously reported ranges of uncertainty in the source signatures,
do not lead to a strong change in global averageδD[H2] val-
ues. This implies that the available surface source signatures
are sufficiently constrained to close the global H2 isotope
budget, although more accurate values might be required to
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Fig. 10. Case 5 surface level seasonal mean difference.

close the regional budgets. For example, it has been demon-
strated recently that the isotopic composition of H2 emitted
from biomass burning is closely related to theδD value of the
local precipitation (Röckmann et al., 2010b), which can vary
spatially by more than 100 ‰. This should be considered in
future model studies where regional impact of biomass burn-
ing is expected.

With case 5, the sensitivity of the model to changes in
the fractionation constant for deposition from 0.943 to 0.900
was investigated (see Fig.10). This is outside the reported
range of±1σ uncertainty of 0.943±0.024 (Gerst and Quay,
2001), but unpublished data (Rahn et al., 2005) indicate that,
depending on ecosystem type and season, fractionation con-
stants as low as 0.900 can be observed. The regional isotope
budgets, especially above the Eurasian continent, are very
sensitive to small changes in the fractionation associated with
deposition. This is thus an important model parameter that
should be tested in more detail experimentally.

In conclusion, three cases provide good opportunities to
reduce the bias between the modelled and measured gradient.
Case 1b shows that implementing a different pressure sensi-
tivity of R33 could solve the bias between the modelled and
measured global isotopic composition. Also, an increase of
20 ‰ in the isotopic composition at the tropopause (case 2a)
could suffice. Finally, case 5 reduces the difference by em-
ploying a lower fractionation constant for deposition (0.900
in stead of 0.943). It is clear that the parameters of case 1b

and 5 were perturbed outside the reported ranges of uncer-
tainty. Nevertheless, a combination of changes within range
of uncertainty of the involved parameters can resolve the bias
between the modelled and measured isotopic composition
(see Fig.3 in Sect.3.2). Another way to try to close the iso-
tope budget is to implement photochemical NMHC sources
of H2 that are not yet considered in the TM5 model, e.g. the
methanol emissions or the chemistry of the monoterpenes.
These options were not considered here because exploratory
budget calculations showed that this would not close the gap
between the measurements and the model results.

4 Conclusions

We have implemented H2 sources and sinks, including iso-
topic composition, and a simplified but explicit isotope pho-
tochemistry scheme into the TM5 global chemistry trans-
port model. On the seasonal and inter-annual time scale,
the modelled mixing ratios were found to be in good agree-
ment with all observations. The global budget also showed
that the model adequately reproduces the established values
for the tropospheric burden and atmospheric lifetime of H2
(155 Tg H2 and 2.0 yr, respectively). In all, the model pro-
vides a very adequate description of the global H2 cycle.

Regarding the isotopic composition, the mean zonal gra-
dient of the modelled surface isotopic composition shows
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a consistent negative bias of approximately 10–20 ‰. The
uncertainties in the relevant parameters of the isotope model
are significant and provide room for adjustments within the
ranges of uncertainty without changing the source and sink
magnitudes. However, the observed latitudinal gradient in
the isotopic composition constrains the possibilities of clos-
ing the H2 isotope budget on a global scale to a limited num-
ber of parameters. For example, reducing the fractionation
constant for deposition has a larger impact on the isotopic
composition in the NH than in the SH. Thus, this change
tends to reduce the inter hemispheric gradient.

Exchange with the stratosphere has a strong influence on
the isotopic composition of H2 in the troposphere. As trac-
ers like Cl and O(1D) are not implemented in the CBM-
4 scheme, stratospheric chemistry is not accurately repre-
sented in TM5. Therefore, the isotopic composition of H2
in the stratosphere is parametrised following empirical cor-
relations (McCarthy et al., 2004). The parametrisation for
tropopause height used here is rather crude, but the model re-
sults prove to be robust within a few ‰ to significant changes
in the imposed tropopause height. This is because the model
tropopause was defined at a height above the region where
STE takes place. The actual isotopic composition above the
model tropopause boundary appears a much stronger driver.
Although the STE flux of H2 is small in magnitude compared
to other fluxes that affect the tropospheric H2 isotope bud-
get, its source signature is significantly enriched. It is noted
that STE is probably overestimated because the ECMWF
model is known to have a too fast Brewer-Dobson strato-
spheric circulation due to its relatively coarse vertical res-
olution. Hence, the impact of the STE on the tropospheric
isotopic composition may be too large as well. However, our
estimate of 29 ‰ for the stratospheric contribution is simi-
lar to the value of 37 ‰ found inPrice et al.(2007), even
though different meteorological data are used to drive the
vertical transport in the two models. Given that both mod-
els use the parametrisation based onMcCarthy et al.(2004),
their results might be similarly affected by shortcomings in
this parametrisation, if any. Nonetheless, STE appears a rel-
evant subject for future studies of the tropospheric isotope
budget of H2. Tropospheric surface measurements of the iso-
topic composition will not discern between H2 photochemi-
cally produced in the troposphere or the stratosphere. Thus,
the significance of the stratospheric impact might pass unno-
ticed.

As the isotopic composition is calculated including a full
isotope chemistry scheme, it is also possible to study the iso-
topic budgets of chemical precursors. We consider the iso-
tope budget of formaldehyde (CH2O) as an important tool to
evaluate the impact of the different photochemical processes
on the final isotopic composition of H2, and to improve the
model if measurements at sufficient precision become avail-
able. In the present situation, the available isotope data do
not provide sufficient information to independently constrain
the global isotope budget. Additional studies focussing on

the isotope effects in the photochemistry and deposition in
non background conditions as well as isotope measurements
near the tropopause are therefore recommended.

Appendix A

Derivation of the methane reaction mechanism

The new methane related reactions implemented in the TM5
model are shown in TableA1. To enable unambiguous ref-
erence to the original CBM-4 scheme (Houweling et al.,
1998), we chose to use the original reaction numbering.
Methane background mixing ratio fields obtained using the
four-dimensional variational (4-D-Var) data assimilation sys-
tem implemented in TM5 (Meirink et al., 2008a,b) are used
to prescribe the CH4 mixing ratio fields. The mixing ratios
of the singly deuterated methane isotopologue (CH3D) are
fixed by asserting a uniform isotopic composition of−86 ‰
for the entire atmosphere, which is justified because the ob-
served atmospheric variability is small (Quay et al., 1999),
neglecting spatial and temporal variability.

Budget calculations with the TM5 model configuration
presented in this work yield an estimated atmospheric life-
time of 8.3 yr, when accounting for the non-modelled loss by
Cl and O(1D). This value is in good agreement with the value
of 8.4 yr reported byHoughton et al.(2001) and implies real-
istic values for the mixing ratios of the hydroxyl radical (OH)
that also removes H2 and HD.

A1 Reaction of methane (CH4)

The KIE of the reaction of the methane isotopologues (R26a
and R26b) directly follows from the recommendations in
Sander et al.(2006). The branching ratio was calculated
following the method discussed previously byPieterse et al.
(2009).

αD
CH3D+OH =

3

4
KIECH4+OH. (A1)

In this reaction, KIECH4+OH is calculated as the ratio be-
tween the rate coefficient of the deuterated and the non
deuterated methane isotopologue. Because this ratio is tem-
perature dependent, the branching ratio is also temperature
dependent and therefore it is calculated online. TM5 does
not consider the intermediate methyl radical CH3 and imme-
diately forms the methylperoxy radical (CH3OO) via O2 ad-
dition, as described for example inRavishankara(1988). It is
assumed that isotope effects in this fast intermediate reaction
are negligible.

A2 Reactions of the methylperoxy radical (CH3O2)

The reaction of CH3OO with nitric oxide (NO) forms the
methoxy radical (CH3O). A possible hydrogen isotope ef-
fect in this reaction will likely be very small since hydrogen
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Table A1. Overview of modified CBM-4 reactions related to methane and molecular hydrogen chemistry.

Number Reaction A −E/R n KIE Reference

R21a H2+OH → HO2 2.8×10−12
−1800 JPL06

R21b HD+OH →
a 5.0×10−12

−2130 JPL06
R26a CH4+OH → CH3OO 2.45×10−12

−1775 JPL06

R26b CH3D+OH → α
DCH2DOO
CH3D+OH

a 3.50×10−12
−1950 JPL06

R27a CH3OO+NO → CH2O+HO2+NO2 4.2×10−12 180 JPL
R27b CH2DOO+NO → 0.882CHDOa 1.323 GP
R28a CH3OO+HO2 → CH3OOH 3.8×10−13 800 JPL
R28b CH2DOO+HO2 → CH2DOOH 1.000 GP
R29a CH3OO+CH3OO → 2.000CH2O+0.667HO2 2.5×10−13 190 JPL
R29b CH2DOO+CH3OO → 0.810CHDOa 1.221 b

R30a CH3OOH+OH → 0.700CH3OO+0.300CH2O 3.8×10−12 200 JPL
+0.300OH

R30b CH2DOOH+OH → 0.755CH2DOO+0.216CHDOa 1.079 GP

R31a CH3OOH
hν

−→ CH2O+HO2+OH BC

R31b CH2DOOH
hν

−→ 0.882CHDOa 1.323 GP

R32a CH2O
hν

−→ 2HO2+CO BC

R32b CHDO
hν

−→
a 1.580 BC

R33a CH2O
hν

−→ CO+H2 MO

R33b CHDO
hν

−→ CO+HD c

R34a CH2O+OH → HO2+CO 5.5×10−12 125 JPL06
R34b CHDO+OH →

a 1.280 d

R35a CH2O+NO3 → HNO3+HO2+CO 5.8×10−16 AT1
R35b CHDO+NO3 →

a 1.000 e

In this table, the rate constants are in molecp cm−q s−1, with p andq reaction molecularity dependent. Photolysis rates are wavelength and intensity dependent (see references).
CO2, O2 andH2O are not listed in reaction products. BC,Brühl and Crutzen(1992); GP, Pieterse et al.(2009); JPL, DeMore et al.(1994); JPL06,Sander et al.(2006); MO,
Moortgat et al.(1980); AT, Atkinson et al.(1992).
a The production of the deuterium free radical species is neglected because of the small amount of the deuterium containing precursor compared to the deuterium free precursor.
b Derived in Sect.A2.
c HereKIE = (500.00+2.50×10−2p)/(500.00+1.34×10−2p), wherep is the ambient pressure in Pa (Nilsson et al., 2010; Röckmann et al., 2010a).
d Derived in Sect.A4.
e Because this term is of little importance for theH2 budget, isotope effects are not considered here.

atoms are not directly involved, therefore it is neglected. The
reaction of the methoxy radical with O2 forms formaldehyde
(CH2O). This hydrogen abstraction reaction has a strong
KIE of 1.323 (Nilsson et al., 2007) and a significant iso-
topic branching (IB) ratio, i.e. 0.882, which strongly affect
the isotopic composition of formaldehyde (CH2O). In the
TM5 model, the methoxy radical is not implemented and the
sequence of the two elementary reactions is condensed into
Reaction (R27). In the absence of temperature dependent
data at the time of this study, the KIE and IB ratio are as-
sumed constant for the entire atmosphere.

The methylperoxy radical also combines with the hy-
droperoxy radical (HO2), via Reaction (R28). Because the
hydrogen atom of HO2 is added to the peroxy group, and the
deuteron in the methyl group of CH3OO is not directly in-
volved in the formation of methyl hydroperoxide (CH3O2H),
the KIE and IB ratio are set equal to unity.

The last removal mechanism of CH3OO that is imple-
mented in TM5 is its self Reaction (R29). Although
the isotope effects in the primary reaction are very likely
small, there are several subsequent reactions via methanol
(CH3OH) for which isotope effects must be considered (De-
More et al., 1994; Sander et al., 2006; Pieterse et al., 2009).
The fraction of deuterons that ends up in the final reser-
voir species formaldehyde is not straightforward to calculate.
Pieterse et al.(2009) implemented the intermediate steps fol-
lowing the initial self reaction, shown in TableA2.

Using the IB ratios and KIEs in this table (also derived
by Pieterse et al., 2009), the overall KIE and IB ratio for
Reaction (R29b) in TableA1 are calculated as follows:
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Table A2. Reactions following the CH3OO self reaction (Sander et al., 2006; Pieterse et al., 2009).

Number Reaction IB ratio KIE

B1a1 CH3OO+CH3OO
0.333

−−−−−→ 2CH3O+O2

B1a2
0.667

−−−−−→ CH3OH+CH2O+O2

B1b1 CH2DOO+CH3OO
0.333

−−−−−→ CH2DO+CH3O+O2 1.000

B1b2
0.334

−−−−−→ CH2DOH+CH2O+O2 1.000

B1b3
0.222

−−−−−→ CH3OH+CHDO+O2 1.000

B1b4
0.111

−−−−−→ CH3OD+CH2O+O2 1.000

B2a1 CH3OH+O2
0.150

−−−−−→ CH3O+H2O

B2a2
0.850

−−−−−→ CH2OH+H2O

B2b1 CH2DOH+OH
0.189

−−−−−→ CH2DO+H2O 1.262

B2b2
0.715

−−−−−→ CHDOH+H2O 1.262

B2b3
0.096

−−−−−→ CH2OH+HDO 1.262

B2c1 CH3OD+OH
1.000

−−−−−→ CH2OD+H2O 1.176

B2c2
0.000

−−−−−→ CH3O+HDO 1.176

B3a CH2OH+O2
1.000

−−−−−→ CH2O+HO2

B3b CH2OD+O2
1.000

−−−−−→ CH2O+DO2 1.000

B3c CHDOH+O2
1.000

−−−−−→ CHDO+HO2 1.000

B4a CH3O+O2
1.000

−−−−−→ CH2O+HO2

B4b1 CH2DO+O2
0.882

−−−−−→ CHDO+HO2 1.323

B4b2
0.118

−−−−−→ CH2O+DO2 1.323

IB = IB[B1b1] · IB[B4b1]+ IB[B1b2] · (A2)

(IB[B2b1] · IB[B4b1]+ IB[B2b2] · IB[B3c]) = 0.810,

and:

KIE = KIE[B1b] · IB[B1b1] ·KIE[B4b]+

KIE[B1b] · IB[B1b2] ·KIE[B2b] ·(IB[B2b1] ·

KIE[B4b]+ IB[B2b2] ·KIE[B3c])+

KIE[B1b] · IB[B1b3]

= 1.221. (A3)

A3 Reactions of methyl hydroperoxide (CH3O2H)

Methyl hydroperoxide is oxidised with OH (R30) via two
channels, one forming a CH3OO radical and the other
forming a CH2O2H radical that immediately dissociates to
formaldehyde. The photochemical destruction of methyl
hydroperoxide produces CH3O that reacts to formaldehyde
with oxygen. The values for the IB ratios and the KIE for
these two reactions were taken fromPieterse et al.(2009).

A4 Reactions of formaldehyde (CH2O)

The removal reactions of formaldehyde are the most cru-
cial for correct hydrogen isotope modelling (Feilberg et al.,
2007a; Rhee et al., 2008; Pieterse et al., 2009; Nilsson et al.,
2010; Röckmann et al., 2010a). In the study byFeilberg et al.
(2007a) an overall KIE for the photolysis of 1.58 was found,
and values of 1.82 and 1.10 were reported for the molecu-
lar channel and radical channel, respectively. However, the
exact isotope effects in the two individual photolysis Reac-
tions (R32 and R33) are still subject of discussion (Pieterse
et al., 2009; Röckmann et al., 2010a). The reported KIEs lead
to a significant mismatch between the actual relative magni-
tudes of the two photochemical pathways when matched to
the overall KIE. New experimental data suggest that the KIE
of the molecular channel is pressure dependent:

KIE =
500.00+2.50×10−2p

500.00+1.34×10−2p
, (A4)

with the pressurep in Pa (Nilsson et al., 2010) where the
parameters have been adjusted to a value of 1.63 at atmo-
spheric pressure (Röckmann et al., 2010a). These data also
suggest that the KIE of the radical channel should be much
closer to the KIE of the molecular channel than postulated by
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Table B1. Overview of modified CBM-IV NMHC reactions.

Number Reaction A −E/R n KIE Reference

R37 ALD2+OH → HO2 7.0×10−12 250 G1
R38a ALD2+NO3 → C2O3+HNO3 2.5×10−15 G1
R38b ALD2(D)+NO3 →

a 1.000 b

R39a ALD2
hν

−→ CH2O+XO2+CO+2HO2 LS

R39b ALD2(D)
hν

−→ CHDOc 1.000 b

R40a C2O3+NO → CH3O2+NO2 3.5×10−11
−180 G2

R40b C2O3(D)+NO → CH2DO2(D)c 1.000 b

R41 C2O3+NO2
M

−→ PAN k0 2.6×10−28
−7.1 ATG

k∞ 1.2×10−11 0.9
R42 PAN → C2O3+NO2 2.0×10−16

−13 500 G2

R43 PAN
hν

−→ C2O3+NO2 SEN
R44a C2O3+C2O3 → 2CH3O2 2.0×10−12 G1
R44b C2O3+C2O3(D) → CH3O2+CH2DO2 1.000 b

R45a C2O3+HO2 → CH3O2+0.79OH+0.21ROOH 6.5×10−12 G1
R45b C2O3(D)+HO2 → CH2DO2

c 1.000 b

R46 PAR+OH → 0.87XO2+0.76ROR+0.13XO2N 8.1×10−13 G1
+0.11HO2+O.11ALD2+0.11RXPAR

R47 ROR → 1.10ALD2 + 0.96XO2+0.94HO2+2.10RXPAR 1.0×1015
−8000 G1

R48 ROR → HO2 1.6×103 G1
R49a OLE+OH → CH2O+ALD2 +XO2+HO2+RXPAR 5.2×10−12 504 G1
R49b OLE(D)+OH → 0.500CHDOc 1.000 b

R50a OLE+O3 → 0.44ALD2+0.64CH2O+0.37CO 4.33×10−15
−1800 STO

+0.25HO2+0.29XO2+0.40OH+0.90RXPAR
R50b OLE(D)+O3 → 0.320CHDOc 1.000 b

R51a OLE+NO3 → 0.91XO2+CH2O+ALD2 +0.09XO2N+NO2+RXPAR 7.7×10−15 G1
R51b OLE(D)+NO3 → 0.320CHDOc 1.000 b

R52a ETH+OH
M

−→ XO2+HO2+1.56CH2O+0.22ALD2 k0 1.0×10−28 0.8 JPL
k∞ 8.8×10−12 0.0

R52b ETH(D)+OH → 0.780CHDOc 1.000 b

R53a ETH+O3 → CH2O+0.43CO+0.26HO2+0.12OH 9.1×10−15
−2580 JPL

R53b ETH(D)+O3 → 0.500CHDOc 1.000 b

R54 MGLY+OH → XO2+C2O3 1.7×10−11 AT1

R55 MGLY
hν

−→ C2O3+HO2+CO G1
R56a ISOP+OH → 0.85XO2+0.61CH2O+0.85HO2 2.54×10−11 410 AT1

+0.03MGLY+0.58OLE+0.15XO2N+0.63PAR
R56b ISOP(D)+OH → 0.305CHDOc 1.000 b

R57a ISOP+O3 → 0.90CH2O+0.55OLE+0.18XO2+0.36CO 1.23×10−14
−2013 AT1

+0.15C2O3+0.03MGLY+0.63PAR+0.30HO2+0.28OH
R57b ISOP(D)+O3 → 0.450CHDOc 1.000 b

R58a ISOP+NO3 → 0.90HO2+0.90ORGNIT+0.03CH2O 7.8×10−13 WL
+0.45OLE+0.12ALD+0.10NO2+0.08MGLY

R58b ISOP(D)+NO3 → 0.015CHDOc 1.000 b

In this table, the rate constants are in molecp cm−q s−1, with p andq reaction molecularity dependent. Photolysis rates are wavelength and intensity dependent (see references).
CO2, O2 andH2O are not listed in reaction products. G1,Gery et al.(1989); G2,Gery et al.(1988); JPL,DeMore et al.(1994); LS, Leone and Seinfeld(1985); SEN,Senum et al.
(1984); AT1, Atkinson(1994); WL, Wille et al. (1991); RF,Roberts and Fayer(1989); HT, Hertel et al.(1993); STO,Stockwell et al.(1997); ATG, based onAtkinson(1994) and
Gery et al.(1989).
a Here the production ofHNO3 is neglected because the small amount ofALD2(D) involved. Actually,C2O3(D) is not produced and transported as a species but is defined as
a fraction of theALD2 corresponding to an isotopic composition of−86 ‰, i.e. equal to the isotopic composition ofCH4.
b Discussed in Sect.2.2.
c Here the production of other species thanCHDO is neglected because the small amount ofALD2(D), C2O3(D) OLE(D), ETH(D), or ISOP(D) involved. Actually, the deuterated
companion species are not producted or transported but are defined as fractions of the non-deuterated species corresponding to an isotopic composition of−86 ‰ , i.e. equal to the
isotopic composition ofCH4.

Feilberg et al.(2007a) andRhee et al.(2008). In absence of
established experimental values we adapted a KIE of 1.580
for the radical channel. The KIE for the removal reaction
of formaldehyde by OH oxidation (R34) was adopted from
Feilberg et al.(2004) and set to 1.280. No kinetic isotope ef-
fects are implemented for the reaction of formaldehyde with
NO3 (R35) because of its minor importance in the global H2
budget.

Appendix B

Derivation of the NMHC reaction mechanism

The reaction mechanism for the NMHC’s used for this work
is shown in TableB1. In this table, ALD2 represents
acetaldehyde and higher aldehydes, C2O3 is the peroxy-
acetyl radical, PAN represents the peroxyacetyl nitrate and
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C2O3

ALD2

CH2O

CH3O2

ETH

OLE

ISOP

H2

R40/R44/R45: +NO/C2O3/HO2

R49/R50/R51: +OH/O3/NO3

R52/R53: +OH/O3

R56/R57/R58: +OH/O3/NO3

R39: +hR38: +NO3

R27/R28/R29: +NO/HO2/CH3O2

R33: +h

Fig. B1. NMHC reactions modified for hydrogen isotope chemistry. Yellow container species are non-deuterated, whereas blue containers
species are singly deuterated species. The solid lines indicate production of the species from the reactant species that is taken into account,
whereas the dashed lines indicate production that is neglected (as explained in Sect.2.2).

higher PANs, PAR are the paraffinic carbon atoms, OLE
are the olefinic carbon bonds, ETH are the alkenes, MGLY
is methylglyoxal, ISOP is isoprene, ROOH represents the
lumped organic peroxides(> C1), ORGNIT represents the
lumped alkyl nitrates, XO2 is the NO to NO2 operator, XO2N
is the NO to alkyl nitrate operator, and finally RXPAR is the
PAR budget corrector. Because experimental data on the full
NMHC oxidation chain are not available, and because the
isotope effects in the oxidation of singly deuterated NMHCs
such as isoprene are expected to be small (e.g.,Atkinson
et al., 2006; McCaulley et al., 1989), we chose not to in-
corporate kinetic isotope effects in the standard model pa-
rameters at this time (i.e. KIE= 1.000 for all reactions) and
subsequently, branching is treated purely statistical.

The branching ratios of the removal reactions of the olefins
(OLE), alkenes (ETH), and isoprene (ISOP) by OH, O3, and
NO3 (Reactions R49 to R53, R56 to R58) were adopted from
Pieterse et al.(2009). Because of the comparable initial
amount of hydrogen atoms, the branching ratios of the ox-
idation and photolysis reactions of acetaldehyde and higher
aldehydes (R38 and R39) are assumed to be equal to the
branching ratios of ETH and OLE (0.500). The reactions of
the important intermediate peroxyacetyl radical (C2O3) with
NO, C2O3 and HO2, leading to formaldehyde and XO2 in
the original CBM-4 scheme (Reactions R40, R44, and R45,
respectively) were altered to produce CH3OO instead. This
way, the isotope and branching effects in the remaining reac-
tions towards H2 are taken into account appropriately. The
involved reactions are shown schematically in Fig.B1.

Appendix C

Derivation of expressions to analyse the variability
in the H2 budget

The variability in the H2 budget can be analysed by taking the
time derivative of the definition expression for the H2 mixing
ratio:

d[H2]

dt
=

Mair

MH2

(
1

mair

dmH2

dt
−

mH2

m2
air

dmair

dt

)
, (C1)

whereMair andMH2 are the molar mass of air and H2. Fur-
thermore,mair and mH2 are the overall air and H2 masses
in the budget domains. Note that the monthly change in the
overall air mass should be considered when studying the vari-
ability in the mixing ratio. We have combined this effect into
the default horizontal transport budget term in the H2 budget
because it is related to the seasonal cycles in surface pressure
(as a result of the seasonal cycle in temperature) above the
oceans and continents in the NH and SH that also cause hor-
izontal transport. In general, the change in H2 (by mass) can
be calculated usingn flux terms in the budget for the sources
and sinks, resulting in the following expression:

d[H2]

dt
=

Mair

MH2

(
1

mair

n−1∑
i=0

dmH2,i

dt
−

mH2

m2
air

dmair

dt

)
. (C2)

Similarly, we can investigate the variability in the isotope
budget of H2 by using the definition for the isotope ratio:
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R ≡
[HD]

2[H2]
, (C3)

to obtain its time derivative in the following form:

dR

dt
=

1

2[H2]

dHD

dt
−

[HD]

2[H2]
2

dH2

dt
. (C4)

In general, the time derivatives of the H2 and HD mixing
ratios are equal to the sum ofn flux terms that can be positive
or negative for each of the two isotopologues, also dependent
on time. Hence, Eq. (C4) reduces to:

dR

dt
=

1

2

n−1∑
i=0

(
1

[H2]
PHD,i−

[HD]

[H2]
2
PH2,i+

[HD]

[H2]
(kH2,i−kHD,i)

)
.(C5)

In this expression,PH2,i andPHD,i are the production flux
terms of H2 and HD, respectively. The variableskH2,i and
kHD,i are the removal rate coefficients. The impact of source,
sink, and bi-directional processes on the variability in the iso-
tope ratio can now be calculated in terms of equally scaled
contributions. Moreover, the extension to the delta-notation
(isotopic composition) is straightforward:

d

dt
δD[H2] =

d

dt

(
R

RVSMOW
−1

)
=

1

RVSMOW

dR

dt
. (C6)

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/7001/2011/
acp-11-7001-2011-supplement.pdf.
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T.: Molecular hydrogen (H2) emissions and their isotopic signa-
tures (H/D) from a motor vehicle: implications on atmospheric
H2, Atmos. Chem. Phys., 10, 5707–5718,doi:10.5194/acp-10-
5707-2010, 2010.

Walter, S., Laukenmann, S., Siemerink, M. A. J., Vollmer, M. K.,
Gleixner, G., and R̈ockmann, T.: The stable isotopic signature of
biologically produced molecular hydrogen, in preparation, 2011.

Warneck, P.: Chemistry of the natural atmosphere, Int. Geophys.
Ser., Academic, San Diego, Calif., 757 pp., 1988.

Warwick, N. J., Bekki, S., Nisbet, E. G., and Pyle, J. A.: Im-
pact of a hydrogen economy on the stratosphere and tropo-
sphere studied in a 2-D model, Geophys. Res. Lett., 31, L05107,
doi:10.1029/2003GL019224, 2004.

Wille, U., Becker, E., Schindler, R. N., Lancer, I. T., Poulet, G., and
LeBras, G.: A discharge flow mass-spectrometric study of the
reaction of the NO3 radical and isoprene, J. Atmos. Chem., 13,
183–193, 1991.

Xiao, X., Prinn, R. G., Simmonds, P. G., Steele, L. P., Novelli, P. C.,
Huang, J., Langenfelds, R. L., O’Doherty, S., Krummel, P. B.,
Fraser, P. J., Porter, L. W., Weiss, R. F., Salameh, P., and
Wang, R. H. J.: Optimal estimation of the soil uptake of molecu-
lar hydrogen from the advanced global atmospheric gases exper-
iments and other measurements, J. Geophys. Res., 112, D07303,
doi:10.1029/2006JD007241, 2007.

Yonemura, S., Kawashima, S., and Tsuruta, H.: Carbon monoxide,
hydrogen, and methane uptake by soils in a temperate arable field
and a forest, J. Geophys. Res., 105(D11), 14347–14362, 2000.

Yashiro, H., Sudo, K., Yonemura, S., and Takigawa, M.: The impact
of soil uptake on the global distribution of molecular hydrogen:
chemical transport model simulation, Atmos. Chem. Phys. Dis-
cuss., 11, 4059–4103,doi:10.5194/acpd-11-4059-2011, 2011.

Atmos. Chem. Phys., 11, 7001–7026, 2011 www.atmos-chem-phys.net/11/7001/2011/

http://dx.doi.org/10.1029/2004JD004586
http://dx.doi.org/10.1029/2005JD006081
http://dx.doi.org/10.5194/acp-10-5707-2010
http://dx.doi.org/10.5194/acp-10-5707-2010
http://dx.doi.org/10.1029/2003GL019224
http://dx.doi.org/10.1029/2006JD007241
http://dx.doi.org/10.5194/acpd-11-4059-2011

