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Abstract

The isotopic composition of molecular hydrogen (H,) contains independent information
for constraining the global H, budget. To explore this, we have implemented hydrogen
sources and sinks, including their isotopic composition, into the global chemistry trans-
port model TM5. For the first time, a global model now includes a simplified but explicit
isotope reaction scheme for the photochemical production of H,. We present a compar-
ison of modelled results for the H, mixing ratio and isotope composition with available
measurements on the seasonal to inter annual time scales for the years 2001-2007.
The base model results agree well with observations for H, mixing ratios. For 6D[H,],
modelled values are slightly lower than measurements. A detailed sensitivity study is
performed to identify the most important parameters for modelling the isotopic compo-
sition of H,. The results show that on the global scale, the discrepancy between model
and measurements can be closed by adjusting the default values of the isotope effects
in deposition, photochemistry and the stratosphere-troposphere exchange within the
known range of uncertainty. However, the available isotope data do not provide suffi-
cient information to uniquely constrain the global isotope budget. Therefore, additional
studies focussing on the isotopic composition near the tropopause and on the isotope
effects in the photochemistry and deposition are recommended.

1 Introduction

The role of molecular hydrogen (H,) 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
produce the long-lived greenhouse gas carbon dioxide (CO,) and other undesired com-
pounds (e.g. carbon monoxide, nitrogen oxides and soot) upon oxidation with oxygen
(0,), H, only produces water (H,O). Hence, using H, instead of fossil fuels could im-
prove air quality and reduce the human impact on global climate. Unlike fossil fuels, H,
is not available in large reservoirs, and the above mentioned positive effect can only be
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achieved if H, is produced from carbon-free resources.

In previous studies, potential adverse effects of the introduction of a hydrogen fuel
economy were also identified. These effects are all related to the notion that a hy-
drogen fuel economy would lead to enhanced atmospheric mixing ratios of H, due to
leakage in the production, distribution, storage and use of H,. H, is an important re-
action partner of the hydroxyl radical (OH). Therefore, higher H, mixing ratios would
consume OH radicals that would otherwise be available for the removal of other trace
gases (Schuliz et al., 2003), e.g. the greenhouse gas methane (CH,). Other studies
investigated an adverse effect on the recovery of the ozone hole (Tromp et al., 2003;
Warwick et al., 2004; Feck et al., 2008). Higher stratospheric H, mixing 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 H, cycle has been investigated by numerous studies, (e.g., Seiler and
Conrad, 1987; Warneck, 1988; Ehhalt, 1999; Novelli et al., 1999; Hauglustaine and
Ehhalt, 2002; Sanderson et al., 2003; Price et al., 2007) and the present state of
knowledge has been recently reviewed by Ehhalt and Rohrer (2009), see Table 2 in
Sect. 3.4. H, is produced by the atmospheric oxidation of methane (CH,) 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. H,
is removed by atmospheric oxidation and by dry deposition. Current estimates for the
chemical lifetime of H, vary between 1.4 and 2.3 years, and for the total atmospheric
burden between 141 and 172 TgH,. However, the uncertainties in the magnitudes of
the different sources and sinks are even larger and call for further research.

Following the approach introduced by Gerst and Quay (2001), isotope measure-
ments have been used to obtain further constraints on the individual source and sink
strengths. The isotopic composition of methane-derived H, was investigated by mea-
surements in the stratosphere (Rahn et al., 2003; Réckmann 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; Rockmann et al., 2010; Nilsson et al.,
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2009). Isotope signatures for the surface sources are based on few early studies by
Gerst and Quay (2001), and Rahn et al. (2002a,b, 2003). More detailed studies have
been published very recently (Vollmer et al., 2010; Réckmann et al., 2010). Price et al.
(2007) were the first to implement the isotope signatures for H, sources and sinks in
a full global chemistry transport model. The actual isotope chemistry involved with the
oxidation of CH, and the NMHCs was not implemented but the resulting isotopic §D[H,]
signature of the photochemical source of H, was optimised to a value of +162tg;%o to
close the isotope budget. In this work, the values for §D[H,] are calculated from the
ratio R = D/H as 8D[H,] = (R/Rysmow—1), Where Rysyow = 1.558 x 107* is the refer-
ence D/H ratio of Vienna Standard Mean Ocean Water. How this isotopic composition
progresses through the CH, and NMHC oxidation chain, however, is still an open ques-
tion.

In a recent study, Pieterse et al. (2009) derived and evaluated a hydrogen isotope
chemistry scheme including the full methane oxidation chain and a condensed NMHC
oxidation scheme. The findings of the experimental studies by Feilberg et al. (2004,
2005, 2007a,b); Nilsson et al. (2007, 2009) and Rhee et al. (2008) were incorporated
into the resulting model framework. The result was a chemistry scheme that is in-
ternally consistent with respect to the derived kinetic isotope effects (KIEs), and the
isotopic branching (IB) ratios. This work describes the implementation of this new iso-
tope chemistry scheme in version 5 of the global Transport Model (TM5) developed
by Krol et al. (2005), summarised in Sect. 2. In contrast to previous studies, this im-
plementation allows for a detailed analysis of the full H, cycle, including its stable iso-
topologue HD because the isotopic composition of the intermediate compounds and
the enrichment due to the oxidation of CH, and the NMHCs are explicitly calculated.
Furthermore, the sensitivity of the isotopic composition to changes in the initial iso-
topic composition of CH, and the NMHCs, or to changes in the isotope kinetics in each
reaction of the photochemical pathway from CH, to H, can be calculated. With the
implementation of the explicit isotope scheme in TM5, the global budgets of H, and
HD can be fully assessed.
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In Sect. 3, the modelled H, mixing ratios are compared with available measurements
from the National Oceanic and Atmospheric Administration (NOAA), reported in Nov-
elli 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 by Rice et al. (2010) and the
from the Eurohydros project (Batenburg et al., 2011) are used to evaluate the mod-
elled isotopic composition of H,. After the experimental evaluation, the spatial vertical
and surface patterns of the H, mixing ratio and isotopic composition are analysed. Fi-
nally, the global H, isotope budget and its sensitivity to changes in the parameters of
the main processes, e.g. deposition, photochemistry, 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 described by the Carbon Bond
Mechanism 4 (CBM-4) introduced by Houweling et al. (1998). We have added the
hydrogen isotope scheme described by Pieterse et al. (2009), thus extending the orig-
inal CBM-4 reaction scheme by the important intermediate singly deuterated isotopo-
logues (CH,DOO, CH,DOOH, CHDO, and HD). This will allow us to investigate for
the first time the individual contributions of the individual reaction steps in the methane
and NMHC oxidation chains to the final overall isotopic signature of the photochemical
source of H, in the troposphere. The detailed derivation and implementation of the
CH, reaction scheme is provided in Appendix A.

2.2 Implementing NMHC isotope chemistry

The non methane hydrocarbon (NMHC) chemistry was also adopted from CBM-4, and
the photochemical NMHC chemistry scheme was extended with the singly deuterated
5815
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hydrogen isotope chemistry described by Pieterse et al. (2009), further described in
Appendix B. A serious shortcoming for H, isotope modelling is that almost no infor-
mation 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
study, we have chosen to deliberately set the isotopic composition of NMHCs to the av-
erage 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 syn-
thesis of natural compounds from the field of biochemistry (e.g., Schmidt et al., 2003)
to the atmosphere, 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 defined and transported in TM5. The reaction fluxes of the deuterated
product species, such as deuterated formaldehyde, are calculated by correcting the
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 Parametrisation for the stratosphere

The TM5 model is primarily designed for modeling tropospheric chemistry, although
a version focusing on stratospheric 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 (ClI), and elec-
tronically excited oxygen atoms, O(1 D). Therefore, we implemented an empirical linear
parametrisation of HD relative to CH, as proposed by McCarthy et al. (2004) for the
stratosphere. The following latitude (8) dependent threshold pressure level pg (Pa)
separates the troposphere and the stratosphere:

Ps =3.00x 10*-2.15x 10*cos(8). (1)
5816
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For all pressures below the threshold pressure level, the CBM-4 mixing ratios for H,
and HD chemistry are replaced by the empirical parametrisation. Because H, 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 CH,, which is derived from the
results of McCarthy et al. (2004). The four-dimensional variational (4-D-Var) data as-
similation system implemented in TM5 (Meirink et al., 2008a,b) was used to obtain the
background CH, mixing ratios for the troposphere as well as the stratosphere. In order
to constrain the H, mixing ratio and isotopic composition at the tropopause to 530 pbb
and +130%o., the original HD-CH, relation was slightly modified (units in ppb):

[HD] = -6.32 x 107°[CH,] +0.301. )
For 6D[H,]-CH,, the data presented in McCarthy et al. (2004) yield (units in %o):
6D[H,] = -0.267[CH,] +610. (3)

These expressions fit the experimental data within the typical range of uncertainty of
+1% for the H, mixing ratios, and +10%. for the isotopic compositions. The strato-
spheric H, mixing ratio is then approximated by:
1
[Ho] =
2(6D[H,] + 1)Rysmow

[HD]. (4)

Here, Rygmow (= 1.558 x 107 is the reference D/H ratio of Vienna Standard Mean
Ocean Water. The factor 2 accounts for the fact that the isotopic composition is
measured at a per atom basis, while there are two hydrogen 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 EDGARS3.2 inventory (Olivier and

Berdowski, 2001) for the surface sources. The spatial distributions and relative mag-

nitudes of the hydrogen surface emissions required for the calculations were obtained
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from Schultz and Stein (2006). However, exploratory calculations with the original
source magnitudes produced results that systematically underestimated the measured
hydrogen mixing ratios. Therefore, we decided to scale the different source fluxes
to the average of previously 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), resulting in the values shown in Ta-
bles 1 and 2 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 £10Tg yr‘1 for the fossil fuel emissions
and biomass burning, and up to £5Tg yr'1 for H, released from ocean and land N,
fixation. The isotopic signatures were adopted from Price et al. (2007).

2.5 Deposition parametrisation

The deposition scheme implemented in TM5, originally adopted from Ganzeveld et al.
(1998) was extended for H, and HD by implementing the surface resistance parametri-
sation for deposition of H, reported by Conrad and Seiler (1980, 1985); Yonemura
et al. (2000); Sanderson et al. (2003). In first tentative calculations with this scheme,
the modelled H, northern hemispheric mixing ratios were underestimated by about
10%. Decreasing the overall deposition velocity by the same amount resulted in the
optimal agreement between the model and available data. This adaptation is justifiable
because the corrected values are still well within the reported ranges of uncertainty
(more than £15%) for the underlying deposition measurements. The parametrisation
includes seven ecosystem types, namely savanna, agricultural area, forests, grass-
lands/prairies, peat/tundra areas, semi-deserts, and deserts. These 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.

The deposition scheme implemented in TM5 is an inferential deposition model (e.qg.,
Garland, 1977; Hicks et al., 1991). The deposition flux F, of a certain chemical species
C to the surface is calculated as the difference between the ambient and surface mixing
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ratio ([C], and [C]y, respectively) multiplied with the deposition velocity of the chemical
species, vy:

Fc =-v4([Cla - [Clo)- (5)

Generally, [C], is assumed zero so that only removal takes place. The overall re-
sistance to deposition (R; = 1/vy) is the series resistance sum of i) the aerodynamic
resistance (R,), which accounts for the turbulent diffusion in the surface layer, ii) the
quasi-laminar boundary-layer resistance (R}), which accounts for the molecular diffu-
sion through the layer just above the surface layer, and finally iii) the surface resistance
(Rs). Typically, R is the parallel resistance sum of the vegetation deposition resis-
tance (A\eq) and the soil deposition resistance (Hs;), see for example Ganzeveld and
Lelieveld (1995); Ganzeveld et al. (1998); Meyers et al. (1998). Technically, the cham-
ber measurements performed by Gerst and Quay (2001) to determine the fractionation
of the deposition process were conducted for conditions in which R, < R, + As. This
implies that the fractionation constant should only be implemented for R, and R5. More-
over, turbulent diffusion, represented by A,, will not introduce fractionation. However, in
the majority of the field studies the total resistance is reported and therefore, we chose
to implement an overall fractionation constant for the standard scenario calculations,
i.e. the deposition velocity of HD was calculated by multiplying the resulting H, depo-
sition 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 H, mixing ratio measurements

Calculations were performed with a resolution of 6 by 4° (longitude-latitude) for the
years 2001 to 2007 to ensure sufficient overlap with available measurements. Due to
changes in the ECMWF native model, that is used to drive the atmospheric transport,
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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 H, 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, although deposi-
tion appears to be underestimated. The large variability (generally H, depletion) in the
measured mixing ratio at Alert is caused by soil uptake of H, from the air masses arriv-
ing from the westerly direction due to deposition in the northern part of Russia during
the northern hemispheric summer and autumn season. 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 reso-
lution 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 continuous
AGAGE measurements shows that the unfiltered variability is even larger than pre-
dicted 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 continen-
tal 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 stations, both in the NH as well as in the SH. This suggests
that the modelled H, budget and the magnitudes of the different sources and sinks are
reasonable. This provides an excellent starting-point for the evaluation of the isotopic

5820

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 5811-5866, 2011

Hydrogen isotope
modelling

G. Pieterse et al.

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/5811/2011/acpd-11-5811-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/5811/2011/acpd-11-5811-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

composition in the next section, where we will compare the modelled results with avail-
able data. The agreement between the model results and the measurements was also
observed for 39 other sites in the NOAA and CSIRO network. The remaining compar-
isons are available on request from the corresponding author and in the supplementary
material.

3.2 Comparison with H, isotope measurements

In Fig. 3, the latitudinal gradient of zonal mean values from the TM5 model is com-
pared to measurements from Gerst and Quay (2000), Rice et al. (2010) and samples
from the Eurohydros project (Batenburg et al., 2011). The results for the default sce-
nario (thick solid line) show a systematic negative bias in the isotopic composition of
about 10-15%.. This deviation is relatively small compared to the uncertainties in the
fluxes and isotopic composition of the sources and sinks that contribute to the final
isotopic composition (see Table 2). Furthermore, it should be noted that the measure-
ments usually sample relatively clean background air, whereas the model averages
over a latitude band and therefore usually also includes emissions from the isotopi-
cally depleted source regions over land. Thus, the available isotope measurements
are not necessarily representative for the whole latitude band (i.e. the background iso-
tope measurements are expected to be slightly more enriched) and therefore additional
measurements at non-background locations (e.g. regions dominated by deposition or
surface sources) are required to obtain a more consistent global latitudinal gradient.
Overall, the comparison shows that the global isotope budget is already reasonably
well described by the default model setup. The sensitivity of the results to a number of
parameters is discussed in more detail in Sect. 3.6.

Figure 4 shows time series of the modelled (monthly averaged) and measured iso-
topic composition at the 6 Eurohydros flask stations (Batenburg et al., 2011) for the
years 2006 and 2007. In general, the modelled isotope results are slightly depleted
compared to the measurements, as discussed above. However the differences are not
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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%o,
which is not discernible in the data. At Amsterdam Island, the discrepancy between
model and data is somewhat reduced. Also at this station, 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 values best. Unfortunately, the record for direct com-
parison is shortest, but the absolute values and the seasonal differences seem to be
well represented by the model. The measurements at the continental station Schauins-
land show the highest degree of variability due to influences from surface sources and
deposition. The model averages out much of this variability and predicts a rather small
and disturbed seasonal cycle. At Mace Head, the model captures the phase and am-
plitude of the seasonal cycle in 2007 very well, but again with a negative offset. 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 latitudes. Whereas the model predicts a rather similar
seasonality 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 the
former station, 6§D[H,] values increase again after the seasonal minimum 1-2 months
earlier than at the latter station. Possibly, the phase shift in the modelled 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 deposi-
tion will occur in (partly) snow covered regions. It is therefore possible that in reality,
deposition will start affecting 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 H, mixing ratio is delayed com-
pared to seasonal minimum in the observations by a similar number of months. More-
over, the modelled H, 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
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like Siberia (the area of influence for Alert) are required to improve our insight into the
northern hemispheric H, cycle.

This qualitative comparison shows that there are potentially interesting isotope sig-
nals in the detailed records at individual measurement stations close to H, 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 (Cape Verde), increases with latitude, and is more pronounced at the Southern
Hemisphere. As in the tropics the photochemical production of H, is a strong source,
the agreement suggests that the modelled tropospheric photochemical source signa-
ture is roughly realistic. However, one has to keep in mind that the global comparison
also depends on the representativeness of the zonal average when compared 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.

3.3 Analysis of spatial patterns

The left column in Fig. 5 shows the modelled latitude-altitude fields of H, mixing ratio
for different seasons. Latitudinal, vertical and temporal variability is generally small
in the southern extratropics. The H, 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, H, 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 Hemisphere but quite substantial in the Northern Hemisphere,
confirming earlier findings of Hauglustaine and Ehhalt (2002) and Price et al. (2007).
The corresponding isotope values are shown in the right column in Fig. 5. The dom-
inant effect in this view is the strong isotope enrichment of H, in the stratosphere.
This overshadows the smaller temporal and latitudinal changes in the troposphere. In
general, the NH is isotopically depleted compared to the SH, as shown above. In the
northern extratropics and tropics, there is generally only a weak vertical isotope gradi-
ent. Interestingly, when a vertical §D[H,] gradient is observed in the NH, it is opposite
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to what is expected from deposition. The isotope effect in deposition leads to preferen-
tial removal of H,, which would leave the atmosphere enriched in HD. However, §D[H,]
values near the surface are always lowest. Apparently, whereas deposition is clearly
the driver for seasonality and vertical gradient of H, mixing ratio in the NH, it has less
effect on 6D[H,]. This is because the surface sources are strongly depleted in deu-
terium compared to the ambient reservoir, which overpowers the rather weak kinetic
isotope effect in deposition. Surprisingly, on the seasonal scale, we see again an effect
that is qualitatively in agreement again with the role of the sinks (mostly deposition,
but some fraction of OH, see Batenburg et al., 2011). In SON, the H, levels are low-
est (due to depositional loss) and the 6D[H,] values are highest because HD remains
preferentially in the atmosphere. So, deposition does affect the large-scale (temporal)
evolution, but not the short-scale (vertical) distribution of §D[H,]. 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 deposi-
tion is indeed enriching the isotopic composition in the Northern Hemisphere.

In the SH, the isotope seasonality appears to be driven by an isotopic composition
anomaly subsiding from a pressure altitude of 300 mbar at 50° south down to the sur-
face pressure level at 20° south. It is strongest during the northern hemispheric winter
(DJF) and spring season (MAM). The shape of this anomaly suggests a significant role
of stratosphere-troposphere exchange (STE) on the isotopic composition in the SH.
Apparently, in the NH such a signal is almost completely 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 H, mixing ratios are shown in the left column of
Fig. 6. The most prominent feature is the well-established strong inter-hemispheric
gradient. Whereas there is relatively little seasonal variability in the SH, the NH is
characterised by large seasonal variability. Figure 6 also shows that the NH is strongly
influenced by the landmasses. In the extratropics (mostly in the NH, but also in the
SH), in general lower H, mixing ratios are observed over land than over the ocean.
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This characteristic distribution is a consequence of the dominant role of the soil sink,
which has the most prominent impact on the H, mixing ratio during the autumn season
(SON). In the Northern Hemisphere, H, levels can also be much higher than the ocean
background. These signals are related to fossil fuel burning 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 H, plumes that extend far over the
ocean.

Looking at the isotopic composition (right column in Fig. 6) we can identify com-
bustion processes by the clear 6D[H,] depletion. In particular the African and Asian
tropical regions with high H, mixing ratios and low isotopic composition are striking.
Unfortunately, there are no data available to confirm these low 6D[H,] values, but
the model captures the H, measurements at the Tae-Ahn peninsula, Korea, well (see
Fig. 2 in the previous section). Isotope measurements have been initiated to investi-
gate whether 6D[H,] values <60%. actually occur. The precise 6D[H,]/H, correlations
should enable us to further constrain isotope source signatures in these regions.

On the global scale, the main 6D[H,] characteristic is again the inter-hemispheric
gradient (right column in Fig. 6). The seasonal cycle of 6D[H,] 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 autumn (SON) and winter (DJF)
season, which is further explained in Sect. 3.4.

3.4 Gilobal budget and isotope budget

The TM5 model keeps track of the total budget of the different chemical tracers. Al-
though no explicit budget is calculated for the troposphere, the tropospheric budget
can be estimated in a similar way as was presented by Ehhalt and Rohrer (2009). The
overall budget for H, is shown in Table 1, along with other recently published budget
estimates. The magnitudes of the photochemical and deposition budget terms for the
H, mixing ratio are within the range of uncertainties of the previously reported budgets.
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Together with the good agreement between the model results and the measured H,
mixing ratios (see Sect. 3.1), this confirms that the H, budget is well constrained.

The H, isotope budget for the atmosphere up to 100 mbar is shown in Table 2. Be-
cause the H, and HD mixing ratios in the stratosphere are parametrised (see Sect. 2.3),
the corresponding budget terms are not easily interpreted. We calculate the flux
weighted ratios and fractionation constants for the known budget terms and to cal-
culate the overall isotopic composition using the following expression (Gerst and Quay,

2001):
1 z w;R;
5D[H,] = . -1. (6)
"™ Rysmow > w;a
i

In this expression, R; are the source isotope ratios and a; are the sink fractionation
constants (see Table 2). w; and w; are the corresponding relative weights. This budget
calculation yields an average isotopic composition of +99%.. The modelled average
tropospheric composition obtained from the mixing ratio fields is +128%.. This means
that a contribution of +29%. can be attributed to the stratosphere, a value similar to the
value of +37%. reported by Price et al. (2007).

The fractionation constants of the loss processes in Table 2 were obtained from
the modelled H, and HD mixing ratios and fluxes by an approximation based on the
Rayleigh distillation model for a single stage removal process j (Rayleigh, 1902):

g o oHDJ [Hol
' Ly, ,; HD];’

(7)

where Lyp ; and Ly, ; are the overall removal fluxes. [HD]; and [H,]; are the burdens

for HD and H, at the start of the simulation. The resulting effective fractionation for

deposition (0.925) is stronger than the applied fractionation for the deposition (0.943)

because the surface H, isotope composition is relatively light (i.e. H, /HD at the surface
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where the removal fluxes are calculated is larger than H, /HD averaged over the entire
atmosphere, the value used for the budget calculation). The photochemical source
signature of +116%. is well within the ranges of +1 62ﬁ§;%o and +1 30t;8%o reported by
Price et al. (2007) and Gerst and Quay (2001), respectively.

The average isotopic composition of +128%. seems to be well within the range of val-
ues reported by Gerst and Quay (2001); Rahn et al. (2002b); Rhee et al. (2006); Price
et al. (2007), however it is noted that the region of the atmosphere up to 100 mbar
includes a large high latitude fraction of the stratospheric mass. This results in a signif-
icant positive bias towards the actual tropospheric value. Figure 3 in Sect. 3.2 already
showed that the model underestimates the surface isotope measurements by approx-
imately 10—-15%.. Indeed, the budget for the lower troposphere (for pressure levels
greater than 850 mbar) produces a value of +119%.. In Sect. 3.6 we will further in-
vestigate the sensitivity of the model results to changes in the parameters of the main
processes in the H, cycle and identify the opportunities for changing these parameters
to close the gap between the measurements and the model results.

3.5 Global variability and isotope variability

For the purpose of investigating the global variability in more detail, the monthly at-
mospheric burden and fluxes of H, 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. Figure 7 shows the resulting seasonal cycles in
the H, mixing ratio and isotopic composition in the three latitude bands.

This figure reproduces the established features of the global H, cycle, for example
the large seasonal cycle in the H, mixing ratio in the Northern Hemisphere due to depo-
sition (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 trans-
port. We can analyse the H, isotope budget in the model in more detail by calculating
the contribution of each source and sink process individually to the change of the H,
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mixing ratio and isotopic composition from one month to the next. The mathematical
framework is derived in Appendix C, and the results are shown in Fig. 8.

Starting from a certain mixing ratio and isotopic composition for a given month in
Fig. 7, the mixing ratio and isotopic 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
isotopically depleted compared to the ambient reservoir, and therefore would 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 H, sources (green bars) can make a significant contribution to the total
H, changes, especially in the tropics and the extratropical summer seasons, but the
effect on the isotopic composition is negligible since the produced H, has an isotopic
composition (6D[H,] = 110%.) very similar to the ambient reservoir.

The photochemical removal of H, at the higher NH latitudes shows up as a nega-
tive contribution to the mixing ratio change from one month to the next (light blue bars
in Fig. 8). Although the photochemical removal is relatively small in magnitude, it is
associated with strong isotope fractionation, clearly visible as a strong positive contri-
bution to the change in isotopic composition. Deposition (dark blue bars) is a stronger
source than photochemical removal, but the effect on the isotopic composition is over-
all smaller, since the isotope fractionation constant in soil deposition is much closer to
unity.

Thus, Fig. 8 allows a detailed attribution of the impact of the different processes
on the variability in the mixing ratio and isotopic composition of H,. The seasonal
cycle of the isotopic composition in the higher northern latitudes is mainly deter-
mined by the photochemical loss of H,, deposition, and the surface emissions. As
mentioned above, the photochemical source contributes has no “isotope leverage”,
and only source processes with a significantly more enriched or depleted signature
and sink processes will affect isotope variability. The seasonal cycle of the isotopic
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composition at higher northern latitudes (see Fig. 7) is slightly shifted due to the dif-
ferent seasonality of the surface emissions (fossil fuel burning, biomass burning, and
nitrogen fixation) compared to the seasonality of photochemistry and deposition. The
small variability at tropical latitudes is mainly caused by slight variations 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 southernmost latitudes
is mainly caused by seasonality in tropospheric photochemistry, counteracted by the
surface emissions and the exchange of air with more depleted air from the tropical
latitudes from June to September. The vertical flux is also an important term in the
isotope budget of the southern latitudes during the winter season (JJA), in agreement
with the results of the following sensitivity study. Having identified the most important
processes, we will investigate the sensitivity of the model to actual changes in the
parameters in the next section.

3.6 Sensitivity study

The previous sections showed that the modelled isotopic composition has a small neg-
ative bias compared to the available measurements. Different options for closing the
discrepancy between the model results and the measurements are available and vi-
able. In this section, we will investigate the sensitivity of the modelled isotopic compo-
sition to changes in the key parameters of the molecular hydrogen isotope cycle whilst
keeping the H, budget unaltered. In the methane and NMHC oxidation schemes, the
final step towards the formation of H, and HD, i.e. the destruction of formaldehyde
(CH,0) is of large influence on the final isotopic composition (Feilberg et al., 2007a;
Pieterse et al., 2009). Therefore the sensitivity of the isotopic composition upon chang-
ing the KIEs of the molecular and radical pathway of the two photolysis reactions of
CH,O was examined first. Case 1a (Table 3) employs the KIEs reported by Feilberg
et al. (2007a). Evidently, the isotopic composition is very sensitive to changes in the
KIEs for formaldehyde photolysis. As noted in Pieterse et al. (2009), the KIEs for the
radical (R32b) and molecular (R33) photolysis removal channels for formaldehyde used
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for this case lead to a significant underestimation of the isotopic composition.

Case 1b tests the sensitivity of the isotopic composition to changes in the pressure
dependency of the KIE of reaction R33b and leads to a large increase in isotopic com-
position of 18%.. Thus, the tropospheric composition shows a significant sensitivity to
changes in the pressure dependency of the molecular photolysis removal channel for
formaldehyde, 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%. compared to the default scenario (case 2a). The effect on the average tropo-
spheric composition is profound (an increase of 12%.). Evidently, H, produced in the
stratosphere is highly enriched (Rahn et al., 2003; Réckmann et al., 2003) and is an
important potential enriching process in the atmospheric budget, as was already con-
cluded from the results in Table 2 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 distin-
guish between the STE at higher latitudes (2b) and (2c) the STE near the tropical
tropopause/transition layer (TTL). Both cases show that the isotopic composition is
also sensitive to changes in the pressure levels above which the parametrisation de-
scribed in Sect. 2.3 is used. Changes near the TTL were not expected to affect tropo-
spheric composition because H, is photochemically produced in this region and then
transported upwards into the stratosphere. Indeed, the results of case 2b and 2¢ show
similar effects on the tropospheric isotopic composition, both in magnitude as well as
distribution (see Fig. 9). Thus, heavy H, is injected from the mid-latitude stratosphere
into the troposphere (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 season shown
in Fig. 5, and is more pronounced in the Southern Hemisphere because in the North-
ern Hemisphere it is damped by the seasonality in the surface emissions (see Fig. 8)
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resulting in less enrichment.

Figure 3 shows that increasing the isotopic composition at and above the tropopause
by 20%. closes the gap between the default 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 con-
sequently the downward transport from the stratosphere to the troposphere is a factor
2-3 too high, at least for ozone (van Noije et al., 2004, 2006). This could mean that the
actual downward transport of heavy hydrogen (i.e. the contribution to the isotope bud-
get) might be significantly lower than predicted by the TM5 model. However, the effect
of the stratosphere on the tropospheric isotopic composition of H, was also observed
by Price et al. (2007) who used another global chemical transport model (CTM) driven
by a different meteorology; The stratospheric contribution to the tropospheric isotopic
composition computed in the current study (+29%o) is similar to their calculated contri-
bution of +37%o, calculated using the GEOS-chem CTM. Thus, the STE is considered
a potentially important process for the tropospheric isotope budget of H, in both stud-
ies available to date. Measuring the isotopic composition at the tropopause and in the
lower stratosphere is therefore important to obtain a crucial 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 H, cycle. The full NMHC
hydrogen 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 parameters, a comprehensive sensitivity study of the mechanism 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%0.) in Table 3 shows that the model is indeed sensitive to
changing the isotopic composition 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).
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In the fourth set of cases, the sensitivity of the model output on the isotopic compo-
sition of the surface sources is investigated. For case 4a, we implemented an isotopic
source signature of —700%. for terrestrial and oceanic nitrogen fixation processes. This
value was adopted from Rahn et al. (2003) where it was derived for the nitrogen fixa-
tion emissions from the oceans assuming thermodynamic equilibrium between H, and
H,O. The observed change given in Table 3 is small, as was to be expected from the
isotope budget shown in Table 2 in Sect. 3.4. Hence, the model results are not very
sensitive to changes. For case 4b, we lowered the isotopic source signature of the
fossil fuel sources to —250%.. The new value is the average of the values for incom-
plete and full catalytic conversion of exhaust fumes, recently reported by Vollmer et al.
(2010). The difference will be only noticeable in highly populated areas because of the
more intensive fossil fuel usage. On the global scale, however, the isotopic composi-
tion is barely affected by the change in source signature. With case 4c, we investigated
the sensitivity of the model results to a change in the isotopic signature of the biomass
burning emissions to the value suggested by Gerst and Quay (2001). Again, the global
signals of the isotopic composition are not significantly altered by the different source
signature. Thus, for all sub-scenarios of case 4, the previously reported ranges of un-
certainty in the source signatures do not lead to a significant uncertainty in the global
isotopic composition. This implies that the available surface source signatures are suf-
ficiently constrained to close the global H, isotope budget, although more accurate
values might be required to close the regional budgets.

With case 5, we investigated the sensitivity of the model to changes in the fraction-
ation constant for deposition from 0.943 to 0.900 (see Fig. 10). Because deposition is
the largest sink for H,, a large effect was to be expected for a perturbation on the frac-
tionation constant well outside the reported range of £10 uncertainty of 0.943 +£0.024
(Gerst and Quay, 2001). Hence, the regional isotope budgets, especially above the
Eurasian continent, appear very sensitive to small changes in the fractionation associ-
ated with deposition.
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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 sensitivity 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). Itis clear
that the parameters of case 1b and 5 were perturbed outside the reported ranges of
uncertainty. Nevertheless, a combination of changes within range of uncertainty of the
involved parameters will resolve the bias between the modelled and measured isotopic
composition (see Fig. 3 in Sect. 3.2). Another way to try to close the isotope budget
is to implement photochemical NMHC sources of H, 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 H, sources and sinks, including isotopic composition, and a sim-
plified but explicit isotope photochemistry scheme into the TM5 global chemistry trans-
port model. The modelled H, mixing ratios were compared with available measure-
ments. On the seasonal and inter-annual time scale, the modelled mixing ratios were
found to be in good agreement with all observations. The global budget also showed
that the model adequately reproduces the established values for the tropospheric bur-
den and atmospheric lifetime of H, (155 TgH, and 2.0 years, respectively). In all, the
model provides a very adequate description of the global H, cycle.

The modelled isotopic composition was compared with available observations and
the mean zonal gradient of the modelled surface isotopic composition shows a con-
sistent negative bias of approximately 10—15%.. The uncertainties in the available iso-
tope measurements are significant and provide room for model parameter adjustments
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within their range of uncertainty without changing the source and sink magnitudes.
However, the observed latitudinal gradient in the isotopic composition constrains the
possibilities of closing the H, isotope budget on a global scale to a limited number of
parameters. In a comprehensive sensitivity study (see Sect. 3.6) several parameters
were identified as possible candidates to explain the bias between the model and ob-
servations: the missing NMHC emissions of e.g. the monoterpenes and methanol, the
KIE of the molecular channel of the photolysis reaction of formaldehyde, the fractiona-
tion constant for deposition, and finally the isotopic composition around the tropopause
used as an upper boundary condition for the calculations.

Interestingly, the TM5 model results are very sensitive to the tropopause bound-
ary height above which the stratospheric parametrisation described by McCarthy et al.
(2004) is used. Although the STE flux of H, is small in magnitude compared to other
fluxes that determine the tropospheric H, isotope budget, its source signature is sig-
nificantly enriched. Price et al. (2007) already reported that the stratosphere appears
to enrich the troposphere by an amount of 37%.. This value is close to the 29%. found
in the present study, even though different meteorological data are used to drive the
transport in the two models. These findings suggest that the stratosphere-troposphere
exchange (STE) might be an important process for the tropospheric H, isotope budget,
although it is noted that both models use the parametrisation by McCarthy et al. (2004)
and might be similarly affected by shortcomings in this parametrisation, if any. Tropo-
spheric surface measurements of the isotopic composition will not discern between H,
photochemically produced in the troposphere or the stratosphere, and therefore the
significance of the stratospheric impact might pass unnoticed.

As the isotopic composition is calculated including a full isotope chemistry scheme,
it is also possible to study the isotopic budgets of chemical precursors. We consider
the isotope budget of formaldehyde (CH,O) as an important tool to evaluate the impact
of the different photochemical processes on the final isotopic composition of H,, and
to improve the model using available measurements. This will be the subject of future
research. The available isotope data do not provide sufficient information to uniquely
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constrain the global isotope budget. The background isotope measurements do not
contain all information required to constrain the global isotope budget and their use
might introduce biases. Additional studies further focussing on the isotope effects in
the photochemistry and deposition in non background conditions as well as studies fo-
cussing on the isotopic composition 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
Table A1. To enable unambiguous reference 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 as-
similation system implemented in TM5 (Meirink et al., 2008a,b) are used to prescribe
the CH, mixing ratio fields. Budget calculations with the TM5 model configuration
presented in this work yield an overall atmospheric life time of 8.7 years for methane,
a value very similar to the 8.4 years reported by Houghton et al. (2001). This corre-
spondence implies realistic values for the mixing ratios of the hydroxyl radical (OH),
a species that is also responsible for the removal of H,. The mixing ratio of the singly
deuterated methane isotopologue (CHzD) is fixed by asserting a uniform isotopic com-
position of —86%. for the entire atmosphere, which is justified because the observed
atmospheric variability is small (Quay et al., 1999), neglecting spatial and temporal
variability.
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A1

Reaction of methane (CH,)

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 by Pieterse et al. (2009).

3
agH3D+OH = ZKIECH4+OH' (A1)

In this reaction, KIEcy, .o is calculated as the ratio between 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 CH; and
immediately forms the methylperoxy radical (CH;00) via O, addition, as described for
example in Ravishankara (1988). It is assumed that isotope effects in this fast interme-
diate reaction are negligible.

A2

Reactions of the methylperoxy radical (CH;0,)

The reaction of CH300 with nitric oxide (NO) forms the methoxy radical (CH3O). A pos-
sible hydrogen isotope effect in this reaction will likely be very small since hydrogen
atoms are not directly involved, therefore it is neglected. The reaction of the methoxy
radical with O, forms formaldehyde (CH,O). This hydrogen abstraction reaction has
a strong KIE of 1.323 (e.g., Nilsson et al., 2007) and a significant isotopic branching (IB)
ratio, i.e. 0.882, which strongly affect the isotopic composition of formaldehyde (CH,O).
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
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dependent data at the time of this study, the KIE and IB ratio are assumed constant for
the entire atmosphere.

The methylperoxy radical also combines with the hydroperoxy radical (HO,), via re-
action R28. Because the hydrogen atom of HO, is added to the peroxy group, and the
deuteron in the methyl group of CH;OO0 is not directly involved directly in the formation
of methyl hydroperoxide (CH;0,H), the KIE and IB ratio are set equal to unity.

The last removal mechanism of CH3;00 that is implemented 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 (CH3;OH) for which isotope effects must
be considered (DeMore et al., 1994; Sander et al., 2006; Pieterse et al., 2009). The
fraction of deuterons that ends up in the final reservoir species formaldehyde is not
straightforward to calculate. Pieterse et al. (2009) implemented the intermediate steps
following the initial self reaction, shown in Table A2.

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 Table A1 are calculated as follows:

IB = IB[B1b,]-1B[B4b,]+ IB[B1b,]- (IB[B2b,]-IB[B4b,]+ IB[B2b,]-IB[B3c])
=0.810, (A2)
and:
KIE = KIE[B1b]-IB[B1b,]-KIE[B4b] +
KIE[B1b]-IB[B1b,]-KIE[B2b]- (IB[B2b,]-KIE[B4b] + IB[B2b,]-KIE[B3c]) +
KIE[B1b]-IB[B1b,]
=1.221. (A3)
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A3

Reactions of methyl hydroperoxide (CH;O0,H)

Methyl hydroperoxide is oxidised with OH (R30) via two channels, one forming a
CH300 radical and the other forming a CH,O,H radical that immediately dissociates
to formaldehyde. The photochemical destruction of methyl hydroperoxide produces
CH3O0 that reacts to formaldehyde with oxygen. The values for the IB ratios and the
KIE for these two reactions were taken from Pieterse et al. (2009).

A4

Reactions of formaldehyde (CH,0)

The removal reactions of formaldehyde are the most crucial for correct hydrogen iso-
tope modelling (Feilberg et al., 2007a; Rhee et al., 2008; Pieterse et al., 2009; Nilsson
et al., 2009; Rockmann et al., 2010). In the study by Feilberg 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 molecular channel and radical channel, respectively. However, the exact isotope ef-
fects in the two individual photolysis reactions (R32 and R33) are still subject of discus-
sion (Pieterse et al., 2009). The reported KIEs lead to a significant mismatch between
the actual relative magnitudes 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:

_500.00+2.50x 10%p

© 500.00+1.34x10-2p’
with the pressure p in Pa (Nilsson et al., 2009) where there parameters have been
slightly adjusted to a value of 1.63 at atmospheric pressure (Réckmann et al., 2010).

These data also suggest that the KIE of the radical channel should be much closer
5838
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to the KIE of the molecular channel than postulated by Feilberg et al. (2007a) and
Rhee 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 effects are implemented for the reaction of formaldehyde with NO5 (R35)
because of its minor importance in the global H, budget.

Appendix B

Derivation of the NMHC reaction mechanism

The reaction mechanism for the NMHC'’s used for this work is shown in Table B1. In this
table, ALD2 represents acetaldehyde and higher aldehydes, C,0; is the peroxyacetyl
radical, PAN represents the peroxyacetyl nitrate and higher PANs, PAR are the paraf-
finic carbon atoms, OLE are the olefinic carbon bonds, ETH are the alkenes, MGLY
is methylglyoxal, ISOP is isoprene, ROOH represents the lumped organic peroxides
(>C4), ORGNIT represents the lumped alkyl nitrates, XO, is the NO to NO, operator,
XO,N is the NO to alkyl nitrate operator, and finally RXPAR is 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 iso-
prene are expected to be small (e.g., Atkinson et al., 2006; McCaulley et al., 1989),
we chose not to incorporate kinetic isotope effects in the standard model parameters
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 NO; (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 oxidation and photolysis reactions of acetaldehyde
and higher aldehydes (R38 and R39) are assumed to be equal to the branching ratios of
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ETH and OLE (0.500). The reactions of the important intermediate peroxyacetyl radical
(C,03) with NO, C,05 and HO,, leading to formaldehyde and XO, in the original CBM-
4 scheme (R40, R44, and R45, respectively) were altered to produce CH;00 instead.
This way, the isotope and branching effects in the remaining reactions towards H, 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 H, budget can be analysed by taking the time derivative of the
definition expression for the H, mixing ratio:

d[HZ] _ Mair < 1 dez mHz dmair)

(C1)

dt My \my dt 2 dt

2 air

where M, and My, are the molar mass of air and H,. Furthermore, m,;, and m, are
the overall air and H, masses in the budget domains. Note that the seasonal change
in the overall air mass should be considered when studying the variability in the mixing
ratio. We have combined this effect into the default horizontal transport budget term
in the H, 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 horizontal transport. In general, the change in the
H, budget mass can be calculated using n budget fluxes for the sources and sinks,
resulting in the following expression:

d[H,] _ M < 1 dmy,; My, dmair)

- C2
dt My, \'m (C2)

dt 2 dt

air ;
i=0 air
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Similarly, we can investigate the variability in the isotope budget of H, by using the
definition for the isotope ratio:

[HD]
R=-——, (C3)
[Ho]
to obtain its time derivative in the following form:
HD] dH
dR 1 dHD [HD]dH, (C4)

dt [Hp] dt  [HpR dt

In general, the time derivatives of the H, and HD mixing ratios are equal to the sum
of n fluxes that can be positive or negative for each of the two isotopologues, also
dependent on time. Hence, Eq. C4 reduces to:

ar "2 1 [HD] [HD]
rTi g) <[H_2]PHD,/' - wPHZ,/ + m(kHz,/ _kHD,/)) : (C5)

In this expression, A,, ; and Ap ; are the production fluxes of H, and HD, respectively.
The variables &y, ; and kyp ; are the removal rate coefficients. The impact of source,
sink, and bi-directional processes on the variability in the isotope ratio can now be
calculated in terms of equally scaled contributions. Moreover, the extension to the
delta-notation is straightforward:

i6D[H2]= i( A —1) ! dr

dt dt (Ce)

Ryvsmow " Rysmow dt

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/5811/2011/
acpd-11-5811-2011-supplement.pdf.
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Table 1. Global budget of H, in TgH, per year. Hydrogen isotope

. modelling
Novelli Hauglustaine and ~ Sanderson Rhee Price Xiao Ehhalt and This work
etal. (1999)  Ehhalt (2002)  etal. (2003) etal. (2006) etal. (2007) etal. (2007) Rohrer (2009) ) G. Pieterse et al.
Sources §
Fossil fuel 15 16 20.0 15 18.3 15 1 17.03 7
Biomass burning 16 13 20.0 16 10.1 13 15 15.0* &
Ocean Nj fixation 3 5 4.0 6 6.0 6 5.0:; )
Land N, fixation 3 5 4.0 6 0.0 3 3.0%3 =
Photochemical production 40 31 30.2 64 34.3 77 41 37.3 o)
Total 77 70 78.2 107 7341 105 76 77.3 -
~ Concusions  References.
Photochemical removal 19 15 171 19 18.0 18 19 221
Total 75 70 75.4 107 73.0 105° 79 77.9 2
»
Tropospheric burden (TgH,) 155 136 172° 150° 141 149 155¢ 169° (28 ! !
Tropospheric lifetime (yr) 2.1 1.9 2.2° 1.4 1.9 1.4 2.0 2.2° g
> 1
2 Includes export to stratosphere of 1.9 Tg H, per year. =
® The model domain for the budget calculation reached 100 hPa. For the troposphere with a mass of 0.82 of the total D ! !
atmosphere the burden would be 157 TgH, and the tropospheric lifetime 2.0 yr.
¢ Calculated from sources and lifetime. — _
4 From Novelli et al. (1999).
€ The model domain for the budget calculation runs from the surface to 100 hPa. For the troposphere with a mass of g
0.82 of the total atmosphere the burden would be 155 TgH, and the lifetime 2.0 yr. Q _
»
@,
5
S
U
S
3 © O]
- BY
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Table 2. Global isotope budget of H, up to 100 mbar.

Jaded uoissnasig

Magnitude Signature Relative signature Composition Hydrogen isotope

(Tg H2/yr) a b (%0) — mOdE"Ing
Sources g G. Pieterse et al.
Fossil fuel 17.0%3 -196 2.754x107° 2
Biomass burning 15.0%2 ~260 2.237x107° o
Ocean N, fixation 507,  -628 3.748x107° . TwePage
Land N, fixation 3.0%3 -628 2.249x107° o
- ©
Photochemical production 37.3 +116 8.391x107° w ! !
Total 77.3 1.398x107* - ! !
Sinks
@]
Photochemical removal 22.1 0.542 0.154 2
Deposition 55.8 0.925° 0.663 &
Dep: 258 0.063 ¢ 1IN s
Isotopic composition éo ! !
o
From budget % - =N EEE
Modelled composition 128 — _
Stratospheric contribution 29 o
=
& Sources are expressed in %o, sinks are expressed in fractionation constants. g _
b Source or sink signature weighted by the flux magnitude. @,
Ny
E
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Table 3. Sensitivity of isotopic composition of H, on changes in scheme variables.

Scenario  Perturbed variables Composition
(%)
Default® +128
1a KIE[R32b] = 1.100, KIE[R33b] = 1.820 +82
1b KIE[R33b] = (500.00 +2.50 x 10"2p)/(500.00+1.60x 1072p) +146
2a Stratospheric composition increased by 20%. +140
2b Tropopause boundary defined by p, =2.10 x 10* - 1.65 x 10%cos(8) +116
2c Tropopause boundary defined by p, =2.00 x 10*-1.15x 104cos(9) +118
3 6D[NMHCs] = —200%. +118
4a 6DIN, fixation emissions] = —700%o +124
4b 6D[fossil fuel burning emissions] = —250%. +123
4c 6D[biomass burning emissions] = —290%. +125
5 Fractionation constant deposition changed to 0.900 +142

2 The default scenario uses KIE[R32b] = 1.580, KIE[R33b] = (500.00 +2.50 x 10"2p)/(500.00+ 1.34 x 10"2p), a tropo-
pause composition of +130%., a tropopause boundary defined by ps = 3.00 x 10*-2.15x 104cos(9), 6DINMHCs] =
—86%. , 6D[N, fixation emissions] = —628%. , &D[fossil fuel burning emissions] = -196%. , 6D[biomass burning

emissions] = —260%. , and fractionation constant of 0.943 for deposition.

5852

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 5811-5866, 2011

Hydrogen isotope
modelling

G. Pieterse et al.

00


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/5811/2011/acpd-11-5811-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/5811/2011/acpd-11-5811-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table A1. Overview of modified CBM-4 reactions related to methane and molecular hydrogen

chemistry.
Number Reaction A -E/R n KIE Reference
R21a  H,+OH -  HO, 2.8x107'2  -1800 JPLO6
R21b  HD+OH - 5.0x107'2 2130 JPLO6
R26a  CH,+OH —  CH,00 2.45x10""% 1775 JPLO6
R26b  CHyD+OH - non 3.50x107"?  ~1950 JPLO6
R27a  CH,00+NO —  CH,0+HO, +NO, 42x107" 180 JPL
R27b  CH,DOO+NO —  0.882CHDO? 1323 GP
R28a  CH;00+HO, —  CHZOO0H 3.8x107" 800 JPL
R28b  CH,DOO+HO, —  CH,DOOH 1.000 GP
R29a  CH;00+CH,00 —  2.000CH,O +0.667HO, 2.5x107" 190 JPL
R29b  CH,DOO+CH,00 —  0.810CHDO? 1221 °
R30a  CHZOOH+OH 0.700CH;00 +0.300CH,0 3.8x107"2 200 JPL

+0.3000H

R30b  CH,DOOH+OH  —  0.755CH,DOO+0.216CHDO? 1.079 GP
R3ia  CHZOO0H v, CH,0+HO, +OH BC
R31b  CH,DOOH v, 0.882CHDO? 1.323 GP
R32a  CH,O v, 2HO,+CO BC
R32b  CHDO v, a 1580 BC
R33a  CH,O o CO+H, MO
R33b  CHDO v, CO+HD c
R34a  CH,0+OH —  HO,+CO 5.5x107"2 125 JPLO6
R34b  CHDO+OH - 1.280 ¢
R35a  CH,0+NO, —  HNO;+HO,+CO 5.8x107"¢ ATH
R35b CHDO +NO, - @ 1.000 °

In this table, the rate constants are in molec” cm™7 s'1, with p and g reaction molecularity dependent. Photolysis rates are wavelength and intensity
dependent (see references). CO,, O, and H,O are not listed in reaction products. BC, Briihl and Crutzen (1992); GP, Pieterse et al. (2009); JPL, DeMore

et al. (1994); JPLO6, Sander et al. (2006); MO, Moortgat et al. (1980); AT, Atkinson et al. (1992).

2 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.

® Here KIE = (500.00 +2.50 x 10_2p)/(500.00+ 1.34x 10_2p), where p is the ambient pressure in Pa (Nilsson et al., 2009; Réckmann et al., 2010).
9 Derived in Sect. A4.
€ Because this term is of little importance for the H, budget, isotope effects are not considered here.
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Table A2. Reactions following the CH;00 self reaction (Sander et al., 2006; Pieterse et al.,

2009).

Number Reaction IB ratio KIE
Bia, CH,00+CH,00 228, 2CH,0+0,

Bla, 2887, GCHZOH +CH,0 + 0,

B1b, CH,DO0+CH;00 222,  CH,DO+CH,0+0,  1.000
Bib, 2%,  CH,DOH+CH,0+0, 1.000
Bib, 222, CH4OH+CHDO+0, 1.000
Bib, 21,  CHZOD+CH,0+0,  1.000
B2a, CH3OH + 0, 219, CHZ0+H,0

B2a, 289, GH,OH +H,0

B2b, CH,DOH +OH 218,  CH,DO+H,0 1.262
B2b, 275,  CHDOH+H,0 1.262
B2Db, 29%®,  CH,OH+HDO 1.262
B2c, CHZOD +OH 199, CH,0D+H,0 1.176
B2c, 299, CH,0+HDO 1.176
B3a CH,OH + 0, 9%, CH,0+HO,

B3b CH,OD +0, 9%,  CH,0+DO, 1.000
B3c CHDOH+0, 199, CHDO +HO, 1.000
B4a CH,0+0, 199, GH,0+HO,

B4b, CH,DO + 0, 282, CHDO+HO, 1.323
B4b, 218, CH,0+DO, 1.323
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Table B1. Overview of modified CBM-1V NMHC reactions.

Number Reaction A -E/R n KIE Reference
R37 ALD2 +OH - HO, 7.0x107"? 250 G1
R38a  ALD2+NO, —  C,0,+HNO, 2.5x107"° G1
R38b  ALD2(D)+NO; — *° 1.000 °
R3%a  ALD2 2, CH,0+X0,+CO+2HO, LS
R3%  ALD2(D) M, cHDO® 1.000 °
R40a  C,0;+NO —  CHy0,+NO, 35x107" -180 G2
R40b  C,04(D)+NO  —  CH,DO,(D)° 1.000 °
R41 C,0;+NO, M, paN ky 26x107% -7 ATG
ke 1.2x107" 0.9
R42 PAN —  C,0;+NO, 2.0x107"®  -13500 G2
R43 PAN o, G,0,+NO, SEN
R44a  C,0;+C,0, —  2CH,0, 2.0x107"2 G1
R44b  C,0,+C,04(D) —  CH30,+CH,DO, 1.000 °
R45a  C,04+HO, —  CH40,+0.790H +0.21ROOH 6.5x107"2 G1
R45b  C,04(D)+HO, —  CH,DO,° 1.000 °
R46 PAR +OH —  0.87X0,+0.76ROR +0.13XO,N 8.1x107"° G1
+0.11HO, +0.11ALD2 +0.11RXPAR
R47 ROR —  1.10ALD2 + 0.96XO, +0.94HO, +2.10RXPAR 1.0x10"® -8000 G1
R48 ROR —  HO, 1.6x10° G1
R4%9a  OLE+OH —  CH,0+ALD2+XO0, +HO, + RXPAR 5.2x107"2 504 G1
R4%  OLE(D)+OH  —  0.500CHDO° 1.000 °
R50a  OLE+O, —  0.44ALD2+0.64CH,0+0.37CO 4.33x107"°  -1800 STO
+0.25HO, +0.29X0, + 0.400H + 0.90RXPAR
R50b  OLE(D)+O, —  0.320CHDO° 1.000 °
R51a  OLE+NO, = 0.91X0, +CH,0 +ALD2 +0.09XO,N +NO, + RXPAR 7.7x107"® G1
R51b  OLE(D)+NO; —  0.320CHDO° 1.000 °
R52a  ETH+OH M, X0, +HO, +1.56CH,0 +0 22ALD2 ko 1.0x107%® 08 JPL
ke 88x107"2 0.0
RS52b  ETH(D)+OH  —  0.780CHDO°® 1.000 °
R53a  ETH+O, —  CH,0+0.43C0+0.26HO, +0.120H 9.1x107"®  -2580 JPL
R53b  ETH(D)+O, —  0.500CHDO" 1.000 °
R54 MGLY +OH —  X0,+C,04 1.7x107" AT
R55 MGLY M, C,0,+HO, +CO G1
RS6a  ISOP+OH —  0.85X0,+0.61CH,0+0.85HO, 2.54x107" 410 AT1
+0.03MGLY +0.580LE +0.15XO,N +0.63PAR
RS6b  ISOP(D)+OH  —  0.305CHDO°® 1.000 °
R57a  ISOP+0, —  0.90CH,0+0.550LE +0.18X0, +0.36CO 1.23x107  -2013 AT1
+0.15C,0; +0.03MGLY +0.63PAR +0.30HO, +0.280H
R57b  ISOP(D)+0;  —  0.450CHDO° 1.000 °
R58a  ISOP+NO, —  0.90HO, +0.900RGNIT +0.03CH,0 7.8x107" WL
+0.450LE +0.12ALD +0.10NO, + 0.08MGLY
R58b  ISOP(D)+NO; —  0.015CHDO° 1.000 °

In this table, the rate constants are in molec” cm™9 5‘1, with p and g reaction molecularity dependent. Photolysis rates are wavelength and intensity
dependent (see references). CO,, O, and H,O 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.
g1 993); STO, Stockwell et al. (1997); ATG, based on Atkinson (1994) and Gery et al. (1989).

Here the production of HNO3 is neglected because the small amount of ALD2(D) involved. Actually, C,O3(D) is not produced and transported as a species
but is defined as a fraction of the ALD2 corresponding to an isotope ratio of —86%., i.e. equal to the isotopic composition of CHy.
b Discussed in Sect. 2.2.
¢ Here the production of other species than CHDO is neglected because the small amount of ALD2(D), C,03(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
isotope ratio of —86%. , i.e. equal to the isotopic composition of CHy.
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Fig. 1. Comparison between the measured background and modelled (black) noon-time H,
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

2002 2003 2004 2005 2006 2007

AGAGE are shown without filtering for background conditions.
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Fig. 2. Comparison between the measured and modelled (black) noon-time H, mixing ratios
at Ascension Island, Cape Grim, Hegyhatsal and the Tae-Ahn peninsula. Available measure-
ments from NOAA, CSIRO and AGAGE are shown in blue, red, and grey, respectively. Mea-
surements from AGAGE are shown without filtering for background conditions.
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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 from Gerst and Quay
(2000), red circles represent measurements from Rice et al. (2010), and green circles rep-
resent 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 by Feilberg 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.
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Fig. 4. Comparison of the modelled isotopic composition (thick black) with available measure-
ments (green) from Alert, Mace Head, Schauinsland, Cape Verde, Amsterdam Island, and
Neumayer. 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 strato-
spheric isotopic composition by 20%., and case 5 (blue) the effect of changing the deposition
fractionation constant to 0.900.
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tion in %o (right column) during the NH winter (DJF), spring (MAM), summer (JJA), and autumn

(SON) season.
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R56/R57/R58: +OH/O4/NOg

R52/R53: +OH/O4

R27/R28/R29: +NO/HO,/CH;0, R49/R50/R51: +OH/O4/NO;,

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).
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