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[1] This work reassesses the global atmospheric budget of Hy with the TM5 model. The
recent adjustment of the calibration scale for Hj translates into a change in the
tropospheric burden. Furthermore, the ECMWF Reanalysis-Interim (ERA-Interim) data
from the European Centre for Medium-Range Weather Forecasts (ECMWF) used in this
study show slower vertical transport than the operational data used before. Consequently,
more Hj is removed by deposition. The deposition parametrization is updated because
significant deposition fluxes for snow, water, and vegetation surfaces were calculated in

our previous study. Timescales of 1-2 h are asserted for the transport of Hy through the
canopies of densely vegetated regions. The global scale variability of Hy and §D[Hj] is
well represented by the updated model. Hj is slightly overestimated in the Southern
Hemisphere because too little Hy is removed by dry deposition to rainforests and
savannahs. The variability in Hy over Europe is further investigated using a
high-resolution model subdomain. It is shown that discrepancies between the model and
the observations are mainly caused by the finite model resolution. The tropospheric
burden is estimated at 165 + 8 Tg H,. The removal rates of H> by deposition and
photochemical oxidation are estimated at 53 & 4 and 23 £ 2 Tg Hj/yr, resulting in a

tropospheric lifetime of 2.2 4= 0.2 year.

Citation: Pieterse, G., et al. (2013), Reassessing the variability in atmospheric H, using the two-way nested TMS model,

J. Geophys. Res. Atmos., 118, doi:10.1002/jgrd.50204.

'Institute for Marine and Atmospheric Research Utrecht (IMAU),
Utrecht, The Netherlands.

2Department of Meteorology and Air Quality at Wageningen Univer-
sity, Wageningen, The Netherlands.

3Max-Planck-Institut fiir Chemie, Air Chemistry Division, Mainz,
Germany.

“Department of Air Quality and Climate Research at the Energy
Research Centre of the Netherlands (ECN), Petten, The Netherlands.

3School of Chemistry, University of Bristol, Bristol, UK.

5Centre for Australian Weather and Climate Research, CSIRO Marine
and Atmospheric Research, Aspendale, Victoria, Australia.

7School of Earth and Atmospheric Sciences, Georgia Institute of
Technology, Atlanta, GA, USA.

8Laboratoire des Sciences du Climat et de I’Environnement (LSCE),
Gif-sur-Yvette, France.

“Max-Planck Institut fiir Biogeochemie, Jena, Germany.

Institut fiir Meteorologie und Geophysik, Goethe-Universitt
Frankfurt, Frankfurt, Germany.

Corresponding author: G. Pieterse, Institute for Marine and Atmospheric
Research Utrecht (IMAU), Princetonplein 5, 3584 CC, Utrecht,
The Netherlands. (Gerben Pieterse@hotmail.com)

©2013. American Geophysical Union. All Rights Reserved.
2169-897X/13/10.1002.50204

1. Introduction

[2] Since the industrialization of fuel cell technology dur-
ing the 1970s and 1980s, molecular hydrogen (H;) has
been considered as a clean alternative for fossil fuel based
energy carriers. The selective oxidation of H, by oxygen
only produces water, contrary to the combustion of fossil
fuels with air that produces carbon dioxide, carbon monox-
ide, nitrogen oxides, soot, and many other volatile organic
compounds. As H; is not readily available in large quantities,
practical applications of fuel cell technology rely on conver-
sion from other energy carriers (e.g., bio fuels or fossil fuels)
or generation of H, from direct energy sources (e.g., solar
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energy). The low overall well-to-wheel efficiency of the
entire energy production chain and the accompanying costs
have so far limited the use of H, to a relatively small num-
ber of applications. Nevertheless, the potential for improving
urban air quality and reducing the human impact on cli-
mate remains appealing. The positive effects of H, usage
on air quality and climate might be accompanied by adverse
effects. Scaling up the use of H, might lead to an increas-
ing input of H, into the atmosphere and, thus, to a larger
atmospheric burden of H,. Enhanced levels of H, might
prolong the atmospheric life time of the greenhouse gas
methane and increase its effect on climate [Schultz et al.,
2003]. Methane and H, are both removed from the atmo-
sphere via chemical oxidation by the hydroxyl (OH) radical.
Higher levels of H, would consume more OH radicals and
herewith reduce the photochemical destruction of CHy. As
the oxidation of H, produces water [Tromp et al., 2003;
Warwick et al., 2004; Feck et al., 2008], increasing H,
mixing ratios in the stratosphere might also enhance the
formation of polar stratospheric clouds. This in turn can
result in increased chlorine activation and subsequent loss of
ozone during the polar spring, although the effect is probably
small in view of the variability of stratospheric water vapor
[Vogel et al., 2012].

[3] A good understanding of the present-day global H,
cycle is a prerequisite to anticipate any adverse effects as a
result of additional H, emissions that can be expected from
a more intensified use as an energy carrier. Observations of
atmospheric H, mixing ratios were only scarcely available
until the Global Monitoring Division (GMD), nowadays the
Earth System Research Laboratory (ESRL), at the National
Oceanic and Atmospheric Administration (NOAA) started
systematic flask measurements at five sites in 1989, increas-
ing to 52 sites during the 1990s. Additional data have
been generated for 11 sites since the early 1990s by the
Commonwealth Scientific and Industrial Research Organi-
sation (CSIRO) [Francey et al., 1996; Langenfelds et al.,
2002; Jordan and Steinberg, 2011]. The results from the
NOAA/ESRL network have been analyzed extensively by
Novelli et al. [1999] and translated to a global budget. H,
is emitted into the atmosphere due to the usage of fos-
sil fuels, by biomass burning, and as a reaction product
of nitrogen fixation processes in the soils and oceans. Fur-
thermore, it is photochemically produced from CH, and
nonmethane hydrocarbons (NMHCs). H, is removed from
the atmosphere by photochemical reaction with OH and by
dry deposition to the soils. The values of the magnitudes of
the sources and sinks reported by Novelli et al. [1999] are
still supported by most recent studies, but the uncertainties
remain large [Hauglustaine and Ehhalt, 2002; Sanderson
et al.,2003; Rhee et al., 2006; Price et al., 2007; Xiao et al.,
2007; Ehhalt and Rohrer, 2009; Pison et al., 2009; Yver
et al., 2011; Bousquet et al., 2011; Pieterse et al., 2011;
Yashiro et al., 2011]. Two of these studies [Rhee et al., 2006;
Xiao et al. 2007] report a significantly larger contribution of
the main sink of H,, i.e., dry deposition, to the global budget
than all others.

[4] In a number of the above-mentioned studies, three-
dimensional chemical transport models (CTMs) were used
to study the global and regional H, cycles [Hauglustaine
and Ehhalt, 2002; Sanderson et al., 2003; Yashiro et al.,
2011] by means of comparison with available measurements

of H, mixing ratios. Pison et al. [2009], Yver et al. [2011]
and Bousquet et al. [2011] used atmospheric observations
of H, mixing ratios and other species to determine the
magnitudes of the source and sink processes by means of a
Bayesian inverse modeling approach adopted from
Bousquet et al. [2005]. In order to further constrain
the global H, budget, Price et al. [2007] implemented
the sources and sinks for the singly deuterated stable
H, isotopologue (HD) assuming a fixed ratio between
the photochemical production of H, and HD. Mod-
eled and measured isotopic compositions of molecular
hydrogen are all calculated from the ratio R = D/H as
8D[H2] = (R/RVSMOW - 1), where RVSMOW = 1.558 x 104
is the reference D/H ratio of Vienna Standard Mean
Ocean Water (VSMOW). The resulting framework was
also used to evaluate the stable H, isotope budgets pre-
viously reported by Gerst and Quay [2001], Rahn et al.
[2002], Rahn et al. [2003], and Rhee et al. [2006]. A
full H, isotope chemistry scheme was recently imple-
mented in the TMS5 model [Pieterse et al., 2009, 2011]
and used to further constrain the global budget of H,
with 8D[H,] measurements. Both studies showed that
the modeled tropospheric §D[H,] is very sensitive to
the values of the isotopic composition of stratospheric
molecular hydrogen that is heavily enriched in deuterium
[Rahn et al., 2003; Rockmann et al., 2003]. This sensitivity
suggests an important role of the stratosphere troposphere
exchange (STE) for the tropospheric HD budget and
stresses the importance of using an appropriate stratospheric
chemistry scheme or correct boundary condition.

[s] The objective of this study is to further constrain the
global H, budget by comparing model results to measured
H, mixing ratios and isotopic compositions and by using the
ratio between photochemical production of H, and CO as
an additional constraint. For the first time, we compare our
model results to high temporal resolution H, measurements
from the EuroHydros project [Engel and EUROHYDROS
PIs, 2009]. The hourly H, mixing ratios measured at
these stations are used to evaluate the modeled H, mixing
ratios. Additionally, the values of §D[H,] in air collected
at five flask sampling sites during the EuroHydros project
[Batenburg et al., 2011] are used to evaluate the model
results. A further constraint is provided by the isotopic com-
position of air samples collected in the upper troposphere
and the lower stratosphere by the CARIBIC (Civil Aircraft
for the Regular Investigation of the Atmosphere Based on an
Instrument Container) program [Brenninkmeijer et al. 2007;
Batenburg et al., 2012].

[6] The required changes to match the TM5 model results
with the new observations are described in section 2,
along with the recent update of the calibration scale for
H, measurements [Jordan and Steinberg, 2011] adopted
by the World Meteorological Organisation (WMO) and
an update of the H, deposition scheme to correct for a
previous overestimated deposition to wet and snow sur-
faces. Section 3 starts with an evaluation of modeled
global and latitudinal variability in H, and 8D[H,] in
sections 3.1 and 3.2, respectively. Subsequently, the regional
scale model performance is evaluated in section 3.3 by
means of a wind sector analysis for a selection of sta-
tions from the EuroHydros project. Section 4 proceeds
by discussing the implications of the study for the global
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H, budget, and the overall conclusions are summarized
in section 5.

2. Methods

[7] The two-way nested setup of the TMS5 model
[Krol et al., 2005] was recently enhanced by implementing
a H, isotope chemistry scheme [Pieferse et al., 2009], an
H, emission inventory adopted from the project for Global
and regional Earth system Monitoring using Satellite and
in situ data [GEMS: Schultz and Stein, 2006], a soil mois-
ture dependent deposition parametrization [Sanderson et al.,
2003], and a stratospheric parametrization for H, and HD
[Rahn et al., 2003; McCarthy et al., 2004; Pieterse et al.,
2011]. Our previous study [Pieterse et al., 2011] was pri-
marily focussed on the introduction and global evaluation of
the new H, isotope chemistry scheme. Therefore, the global
and latitudinal variability in H, were investigated using a
single global model domain with a resolution of 6 by 4
degrees in the longitudinal and latitudinal directions, respec-
tively. In this study, the model performance is also evaluated
for a model subdomain with a resolution of 1 by 1 degrees
over Europe.

2.1. Surface Emissions of H,

[8] In GEMS, the emissions related to fossil fuel use
are separated into five categories: power generation; indus-
trial combustion; road transport; an aggregated emission
category that includes residential, commercial, and other
combustion processes [Schaap et al., 2005; Schultz et al.
2007], and emissions related to marine traffic [Endresen
et al., 2003]. The GEMS emissions due to biomass burn-
ing originate from a variety of sources such as wild fires,
deforestation fires, bio fuel burning, agricultural waste burn-
ing, peat burning, and charcoal production/burning [Andreae
and Merlet., 2001; Christian et al., 2003; van der Werf
et al., 2003, 2010]. The spatial and temporal variability
of the GEMS H, emissions from the ocean due to N,
fixation are adopted from the spatial and temporal distribu-
tions of CO from the oceans [Erickson and Taylor, 1992].
The CO emissions are believed to be a robust indicator for
the presence of biological activity and therefore also for the
presence of N, fixing microbial species such as Cyanobacte-
ria. Similarly, the geographical distribution of biogenic CO
emissions given by Miiller [1992] is used to describe the
spatial variability of emissions due to N, fixation on the
continents by Rhizobia. Just as in Pieterse et al. [2011],
the different source fluxes, originally derived for the year
2003, are scaled 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; Yashiro et al., 2011]. With the resulting model frame-
work, the global tropospheric cycle of H, and §D[H,] can
be investigated along with 29 other chemical tracers imple-
mented in the Carbon Bond Mechanism, version 4 [CBM-4,
Gery et al., 1988, 1989; Houweling et al., 1998]. This
feature can be used for imposing multispecies constraints
upon the global budget of H,. In the following analysis,
H, mixing ratios, isotopic compositions, and the known
photochemical source magnitude of CO are used to constrain
the H, budget.

2.2. Measurement Data Used for This Study

[o] Model values for the H, mixing ratios are com-
pared with available data from a subset of stations from
the EuroHydros project [Engel and EUROHYDROS Pls,
2009] within the high-resolution zoom region over Europe,
namely Mace Head (Ireland) [Grant et al., 2010], London
(United Kingdom) [Fowler et al., 2011], Weybourne
(United Kingdom), Cabauw (The Netherlands) [Popa
et al., 2011], Gif-sur-Yvette (France) [2009, 2011], Taunus
(Germany), Heidelberg (Germany) [Hammer and Levin,
2009], Jungfraujoch (Switzerland) [Bond et al., 2011],
and Bialystok (Poland); see Figure 6. The global scale
performance for the H, mixing ratios is evaluated using
flask sampling data from the CSIRO network measured
at Alert (Canada), Cape Ferguson (Australia), Cape Grim
(Australia), Casey Station (Antarctica), Macquarie
Island (Australia), Mauna Loa (United States), Mawson
(Antarctica), and the South Pole. For the global scale com-
parisons, the model results and continuous measurements
are sampled between 11 A.M. and 1 P.M. local time. This
way, the inherent discrepancies between the modeled values
and the measurements due to subgrid level variability (the
representation errors) and local influences are suppressed.
Generally, the strongest vertical mixing occurs during this
time of the day, and measurements are thus less influenced
by local soil uptake or local sources. The noontime values
are therefore more representative for the large spatial and
temporal scales. The latitudinal gradients in §D[H,] are
investigated using existing data collected during ship mea-
surement campaigns [Gerst and Quay, 2000; Rice et al.,
2010] and novel data from the EuroHydros project mea-
sured at Alert, Mace Head, Cape Verde, Amsterdam Island
(France), and the South Pole [Batenburg et al., 2011].

2.3. Meteorological Data Used for This Study

[10] In Pieterse et al. [2011], operational data from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) were used for the simulations. In this work,
ECMWF Reanalysis-Interim (ERA-Interim) data are
employed. These data show less vertical motion which
leads to much steeper surface gradients in the modeled H,
mixing ratios. As will be shown in the result sections, this
leads to a significant reduction in the modeled tropospheric
burden of H,. It is not straightforward to determine which
meteorological data are closest to reality for the time period
between 2007 and 2008. The overview in Dee et al. [2011]
shows that the operational and ERA-Interim model versions
were the same at the start of the year 2007. Nevertheless,
several updates were implemented in the operational model
between 2007 and 2008. This leads to inconsistencies in
the operational data for long-term simulation periods, and
therefore, we prefer to use the ERA-Interim data in this
work. Interestingly, the H, budget appears very sensitive to
large-scale vertical transport, and an update of our previous
implementation is required.

2.4. Update of the New WMO Calibration Scale for H,
Mixing Ratios

[11] Jordan and Steinberg [2011] proposed a new Global
Atmospheric Watch (GAW) H, mole fraction calibration
scale. This MPI-2009 scale has recently been adopted by
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the WMO. Converting the original values for the H, mix-
ing ratios measured by CSIRO to the MPI-2009 scale will
increase the values by 3.1% [Jordan and Steinberg, 2011].
The data from the EuroHydros project are already calibrated
against the MPI-2009 scale. As a result of this change,
it is expected that the original H, scheme, introduced in
our previous study [Pieterse et al., 2011] and verified by
NOAA/ESRL and CSIRO data will underestimate the recal-
ibrated measured H, mixing ratios.

2.5. Update of the Stratospheric Boundary Condition

[12] Because the TM5 model is primarily designed for
tropospheric studies, the stratospheric isotope chemistry
scheme is incomplete. For instance, reactions of chemical
species with electronically excited oxygen (O'D), chlorine
(Cl), and bromine (Br) radicals are not implemented. Espe-
cially the reactions with Cl and Br introduce strong isotope
effects in the CH4 oxidation chain [Feilberg et al., 2004;
Mar et al., 2007]. Therefore, a stratospheric boundary con-
dition based on the parametrization introduced by McCarthy
et al. [2004] was used in Pieterse et al. [2011]. Without this
upper-boundary condition, the modeled tropospheric com-
position would be about +99%. By forcing the HD mixing
ratios in the lower stratosphere to observations according to
the parametrization by McCarthy et al. [2004], the modeled
tropospheric composition is enriched to +128%. This cor-
rection is rather large in view of the small impact of the
stratosphere on the tropospheric burden of H, and stresses
the importance of using sufficiently representative empiri-
cal relations to define the boundary condition. Here, upper
tropospheric/lower stratospheric measurements of §D[H;]
from the CARIBIC program [Brenninkmeijer et al. 2007]
recently published by Batenburg et al. [2012] are used
to update the original relation between the CH, mix-
ing ratio (units in ppb) and the isotopic composition of
H, (units in %o versus VSMOW) in the stratosphere to
the following:

§D[H,] = —0.350[CHy4] + 768. (1)

Because it is actually HD that is traced by the model, this
relation is first transformed into a relation between HD
and CHy. The stratospheric H, mixing ratio was set to
545 ppb following the adjustment to the MPI-2009 cali-
bration scale. This results in the following relation for HD
(units in ppb):

[HD] = -7.585 x 107 5[CH,4] +0.338. @)

The required values for the CH4 mixing ratios are obtained
from the four-dimensional variational (4D-Var) data assim-
ilation system implemented in TMS [Meirink et al., 2008a,
2008b]. These CH4 fields also drive the isotope chem-
istry scheme. Using the values that are calculated with
these parametric expressions, the stratospheric H, mixing
ratio is then obtained from the following expression
(units in ppb):

1

(] = S DML+ DRvswow >

3)

The factor 2 accounts for the fact that the isotopic compo-
sition is measured at a per atom basis. Just as in Pieferse
et al. [2011], the following latitude (0) dependent threshold
pressure level ps (Pa) separates the troposphere and the
stratosphere:

Ps =3.00 x 10*—2.15 x 10* cos() . 4)

For all pressures below the threshold pressure level, the mix-
ing ratios for H, and HD calculated by the default chemistry
scheme are replaced by the empirical expressions that are
described above. The model keeps track of the mass of H,
and HD removed or added from or to the values obtained
using the chemistry scheme. In this way, the stratospheric
correction imposed by the stratospheric parametrization can
be calculated for the model domain up to 100 mbar used
for the global budget calculations presented in Table 3. The
flux of H, and HD across the 100 mbar model boundary is
referred to as the vertical flux.

2.6. Update of the Deposition Parametrization

[13] By analyzing the H, budget, it was found out that
significant amounts of H, deposited on snow, oceans, and
vegetation surfaces. In the default implementation that is
implemented in TMS5 [van Pul and Jacobs, 1994; Ganzeveld
and Lelieveld, 1995; Ganzeveld et al., 1998], the large resis-
tance values (1 - 10° sm™") for deposition to these surfaces
were still small enough to allow for significant amounts of
H, deposition, with deposition velocities up to 0.01 mms™'.
As aresult, H, was also removed at these surfaces, whereas
in reality, biological processes are significantly suppressed
in frozen environments, and H, hardly dissolves in water.
Actually, Lallo et al. [2008] report small but nonzero depo-
sition velocities to snow-covered soils at temperatures near
the freezing point.

[14] Suppression of deposition to vegetation surfaces
resulted in very little H, uptake in tropical forests, in con-
trast with the large deposition velocities that are typically
measured in these regions. Therefore, the surface uptake
parametrization was reevaluated. TMS5 uses a canopy resis-
tance model to represent the circulation of air within a
canopy. This model was developed for deposition of ozone
over maize crop by Pul and Jacobs [1994]. They derived
the following empirical formula for the in-canopy resis-
tance, R;:

LAI han )

u

R =14

In this expression, /., (m) is the canopy height, LAI the
leaf area index, u" (ms™') the friction velocity, and 14 (m™)
is an empirical factor. The expression is commonly used
by many CTMs to calculate the impact of the vegetation
canopies on the dry deposition of a given chemical species
to the soils underneath [Sanderson et al., 2003; Price et al.,
2007]. When applied to H,, this parametrization leads to
very low deposition over tropical rainforests and Savannah
regions, whereas in previous experimental studies [Conrad
and Seiler, 1985; Yonemura et al., 2000], large deposition
velocities were observed for these regions. Since H, does
not deposit to plants, a high canopy aerodynamic resistance
over rainforests (O [10*] sm™' with LAI = 6, hc,, = 30 m,
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u' = 0.1 ms™") is therefore not realistic, since intermittent
transport processes refresh the air in the canopy roughly
every 1 to 2 h [Ganzeveld et al., 2002; Foken et al. 2012].
Therefore, we will also investigate the impact of reduc-
ing the empirical factor to 0.1m™'. In this case, the R; still
scales with LAI, /iy, and 1/u" but for typical rainforest
characteristics, this leads to a more realistic time scale of
Rihean = 5400 s or 1.5 h for refreshing the air under the
canopy. In the budget reported by Sanderson et al. [2003],
the sources exceeded the sinks by of 4.1 TgH,/yr. This
imbalance might have been caused by too little deposition.
Because no deposition maps were reported by the authors,
it was not possible to check for low deposition velocities
above the rainforests. Price et al. [2007] replaced the default
deposition parametrization by a constant deposition veloc-
ity. Hence, the in-canopy resistance was not used for their
calculations. Because vegetation will affect the transport of
species towards the soil below, we prefer to use a canopy
resistance dependent on LAI, canopy height, and friction
velocity rather than to use no resistance at all.

2.7. Definition of Scenario Studies to Reestablish
a Closed H, Budget

[15] The results from seven different scenario simulations
of the TMS model are analyzed using data from the Euro-
Hydros project. An overview of these scenarios is shown in
Table 1. We will run these scenarios to examine the effect
of changing individual source and sink terms in the global
budget on the temporal and latitudinal distribution of H,
and HD in the troposphere and compare the scenarios to
available measurements. Preliminary calculations showed
that the effect of removing the deposition pathways to snow,
oceans, and wet vegetation surfaces is large. In order to
reclose the H, budget, we must aim at a 14 Tg H,/yr change
in each of the most relevant sources and sinks. Subsequently,
the model performance will be validated for all scenarios
using the H, flask sampling data from CSIRO.

[16] In the reference scenario, hereafter referred to as
S1, the default H, isotope scheme [Pieterse et al., 2011]
is used. This scenario will show the impact of the ERA-
Interim meteorological data on the original model results.
In the second scenario (S2), the suppression of deposition

to snow and water surfaces, wetted surfaces, vegetation leaf
surfaces, and leaf mesophyll tissue is evaluated. This way,
the impact of the spurious deposition fluxes on the H, bud-
get calculated by the original model are quantified. Note
that in scenario S2, the total deposition velocities are no
longer scaled to 90%, as was done in Pieterse et al. [2011]
to balance the budget. For the third scenario (S3a), the
in-canopy resistance for H, is decreased (see section 2.6).
Since this scenario leads to a small overestimate for H, at
the Antarctic stations, scenario S3b explores an additional
reduction of 2 TgH,/yr ocean emissions due to N, fixa-
tion. In scenario S3c, the impact of increasing the deposition
velocities for forest and Savannah ecosystem types by 10%
in the SH H, mixing ratios and isotopic compositions is
investigated as alternative scenario to decrease H, at high
southern latitudes. Because the NH H, mixing ratios and
isotopic compositions were already on par with the mea-
surements, the deposition velocities to agricultural regions
are decreased by 10% in scenario S3c to compensate for the
increase in the deposition to forest regions.

[17] As the required adjustment for the tropospheric bur-
den of H, is large compared to the magnitudes and ranges
of uncertainty for the majority of the remaining sources and
sinks in the H, budget, only two additional scenarios are
explored to close the gap between the model results of sce-
nario S2 (caused by the correct suppression of deposition
to wet and snow surfaces) and the measurements. In sce-
nario S4, the emissions of H, due to fossil fuel usage are
reduced. It is noted that the adjustment required to close
the gap caused by the correction of the deposition scheme
(S2) is very large, but the effects are approximately lin-
ear so that the effect can be scaled to investigate smaller
changes. With scenario S5, we attempt to close the budget
by increasing the H, sink from OH oxidation. An increase
of 53% in the rate constant is needed to achieve the required
increase of 9.5 Tg H,/yr in this sink term. This reduction is
smaller than the required decrease for the sources because
deposition scales with the burden of H,. As a result, the rel-
ative contribution of the removal by deposition will increase
with a decreasing overall burden, and therefore the required
increase in the photochemical removal is reduced. How-
ever, scenario S5 is still considered unlikely because the
rate constant for the photochemical removal of H, by OH is

Table 1. Overview of Scenarios Aiming at Closing the Global Budget of H, and D[H;]

Change in Change in
Name Explanation Budget Term* Burden®
S1 Different meteorology® - -1.9%
S2 Corrected deposition parametrization —24.7% +14.3%
S3a Reduced in-canopy deposition resistance -12.0% +8.4%
S3b Reduced in-canopy deposition resistance + -15.0% +7.1%
Decreased ocean N, fixation emissions —40.0%
S3c Adjusted deposition® -9.4% +7.1%
S4 Decreased fossil fuel burning emissions -81.3% +7.1%
S5 Increased photochemical removal +60.1% +7.1%

2This is the observed relative change in the corresponding budget term compared to scenario S1; see Table 3.

®These changes are calculated relative to scenario S1.

°This is the change caused by using ERA-Interim data instead of operational data.

4In order to reduce the interhemispheric gradient observed in S3a, the original soil deposition velocities reported by Sanderson et al. [2003] above forests
and Savannah ecosystem types were increased by 10%, and the deposition velocities to agricultural regions were decreased by 10%. As a result, the SH
H, mixing ratios decrease, whereas the NH mixing ratios remain more or less the same.
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well known [Sander et al. 2006]. Furthermore, the chemical
lifetime of 8.6 years for the reaction of CH4 with OH is ade-
quately reproduced by the TM5 model. This indicates that
the modeled mixing ratios of OH are realistic as well.

[18] Decreasing the photochemical production of H, is
not considered because the source magnitude is in line with
expectation for scenario S1. A reduction of the photochemi-
cal source magnitude by the required amount to close the H,
budget will lead to an overall photochemical source strength
for H, that is incompatible with the atmospheric budget of
CO [Ehhalt and Rohrer, 2009]. Other separate scenarios,
i.e., reducing the H, emissions due to N, fixation, would
require changes that are outside the established error margins
for these sources.

2.8. Quantifying the Agreement Between the Model
Results and Observations

[19] In all comparisons discussed in the next sections, the
agreement between the model results and the measurements
is quantitatively analyzed by using the chi-squared value
(x?) as a metric [Meirink et al., 2008b; Villani et al., 2010],
calculated as follows:

" )2
XZEZM’ (6)

where i € [1, n] is the index of measurement ; with a value of
v; approximated by the model value x; for a set of » measure-
ments. The square of the standard deviation o; is calculated
by the following:

oiz = oxz’l- + Uﬁi. 7

The uncertainty in the observations oy, is calculated using
the following expression:

Oﬁ,i = al%leas,i + U)g,time,i‘ (8)

The measurement uncertainty Ome,s; 1S estimated at 2% for

the measured H, mixing ratios and at 5% for the measured

isotopic compositions. In the case that time averaging is

used to calculate a measured value y;, the standard devi-

ation 0yime; Over the time averaging period is calculated.

The uncertainty in the model results o, is calculated by the

following:

2 _ 2 2 2
Ux,i = otrans,i + Osub,i + ox,time,i' (9)

Here, the uncertainty due to errors in atmospheric trans-
port Oyans,; 1S estimated by calculating the standard deviation
over a model value x; obtained by three different interpo-
lation methods [Bergamaschi et al., 2005]. The uncertainty
due to subgrid variability in processes such as the emis-
sions and planetary boundary layer (PBL) height (ogw,) is
estimated at 2% for the H, mixing ratios calculated for
background stations, and at 5% for continental stations.
For §D[H,], we adopt ogyp; = 11%0 because only a small
fraction (=~10%) of the uncertainties in the H, and HD
mixing ratios is not correlated. For example, H, and HD
are both emitted as a result of biomass burning. Because
the isotope signature is a fixed value, a fixed ratio exists
between the emitted amounts of H, and HD. Therefore, only
the uncertainty in the isotope signature propagates into the

uncertainty in the modeled isotopic composition. In the case
that time averaging is used to calculate a modeled value
X;, the standard deviation oy gime; Of the model values is
calculated over the time averaging period.

[20] Because the number of observations determine the
overall value of y2, it is useful to scale it by the number of
degrees of freedom (v = n — 1) which yields the reduced
chi-squared value:

P = (10)

2 1

T
This way, the goodness of fit of model results to differ-
ent data sets can be compared using a normalized statistical
value. Generally, a value of ¥ that is much larger than unity
indicates poor agreement between the model results and the
measurement data.

[21] The above-mentioned uncertainties that are used to
calculate the ¥> values can also be used to calculate the
uncertainties in the global budget. That is, a y* value around
unity means that the model results and measurements agree
within the ranges of uncertainty. Thus, the valid ranges
for the magnitudes of the individual sources and sinks in
the budget can be determined by applying perturbations
in these magnitudes such that the ranges of uncertainty
in the global burden or global mean isotopic composition
are exceeded. Herein, the isotope signatures reported in
Pieterse et al. [2011] are also used. Generally, the model
uncertainties are larger than the uncertainties in the mea-
surements (see above). Therefore, the values of 5% and
11%o are adopted for the uncertainties in the global bur-
den and global mean isotopic composition, respectively. The
ranges obtained by the most stringent constraint (the mea-
sured global burden or the measured global mean isotopic
composition) are then adopted as the ranges of uncertainty
for each budget term.

3. Results

[22] In the following sections, the model results pro-
duced by the seven scenarios (see Table 1) are evaluated
using available measurements. The analysis starts by com-
paring the modeled and measured seasonal variability in the
H, mixing ratios for the EuroHydros and CSIRO stations.
Section 3.2 evaluates the modeled latitudinal variability in
8D[H,] using available measurements. Subsequently, the
regional short-term variability in the EuroHydros H, mea-
surements is investigated in section 3.3. The overall impli-
cations of this analysis for the global budget of H, are
presented in section 4.

3.1. Seasonal Variability in H,

[23] In Figure 1, the TMS model results are compared
to the measurements from the EuroHydros project. Table 2
lists the quantitative measure (32) for the agreement between
the model results and the measurements. The reference sce-
nario (S1, black dotted line) consistently underestimates the
measured H, mixing ratios.

[24] In contrast, increasing the deposition resistance val-
ues for snow and water surfaces, wetted surfaces, vegetation
leaf surfaces, and leaf mesophyll tissue (S2, black dashed
line) leads to a large overestimation in the modeled H,
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Figure 1. Comparison of modeled monthly median H, mixing ratios with available measurements from
the EuroHydros project. The green lines represent the observational data. The following model scenarios
are shown: S1 (dotted), S2 (dashed), S3a (blue), S3b (orange), S3c (red), S4 (magenta), and S5 (purple).
The shaded areas indicate the lower and upper quartiles of the variability in the measurements (green)
and model results for scenario S3c (red). Dates on the x axis are shown in MM-YY format.

mixing ratios. Thus, deposition is clearly underestimated
in this scenario. Reducing the in-canopy deposition resis-
tance (S3a, blue lines) leads to much better agreement with
the observations, especially at the background stations (e.g.,
at Mace Head and Jungfraujoch). Remaining discrepancies
between the model results and the nonbackground obser-
vations in Figure 1 (e.g., at Cabauw and London) can be
attributed to the limited model resolution and are further
explored in section 3.3. As expected, the lower in-canopy

resistance combined with lower ocean H, emissions due to
N, fixation (S3b, orange lines) has no significant effect for
the European stations and leads to agreement between the
model and the measurements similar to scenario S3a. This
is also the case when the soil deposition velocities for for-
est and Savannah ecosystems are increased, whereas the
velocities are decreased for agricultural regions (S3c¢ red
lines). Decreasing the fossil fuel emissions (S4, magenta
lines) leads to a very poor model performance, especially
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Table 2. Overview of )Zz Values? for Different Model Scenarios for H, and § D[H;]

7

Sampling

Method Parameter n S1 S2 S3a S3b S3c S4 S5
Performance per comparison study
Section 3.1, EuroHydros data noontime® H, 10426 4.5 2.3 0.9 1.0 1.1 29 0.8
Section 3.1, CSIRO data event H, 663 4.5 9.7 1.6 1.0 1.0 1.3 14
Section 3.2, Mean latitudinal gradient ¢ S§D[H;] 48 1.5 0.4 0.4 0.8 0.4 1.7 43
Section 3.2, Seasonal latitudinal gradient event S§D[H;] 321 3.0 0.9 0.9 0.8 1.0 39 5.1
Section 3.2, Seasonal latitudinal gradient event H, 382 6.8 12.1 1.7 1.2 1.1 1.5 2.3
Section 3.3, EuroHydros data continuous H, 72026 5.9 4.7 1.1 1.1 1.2 3.7 1.2
Section 3.3, EuroHydros data (w/o London) continuous H, 63392 6.4 4.7 1.0 1.0 1.1 3.5 1.0
Overall performance for H, 83497 5.8 4.5 1.1 1.1 1.2 3.6 1.1
Overall performance for § D[H,] 369 2.8 0.9 0.9 0.8 0.9 3.6 5.0

*See equation (10) in Section 2.4.

The local noontime model results were sampled for this comparison; see section 2.4.

“Most measurement data were obtained during ship cruises on the Atlantic and Pacific Ocean. Furthermore, exact sampling times were not available for
all data. Therefore, model data above the free Atlantic and Pacific Ocean (far away from the land masses) were selected to calculate an overall annual
mean latitudinal gradient. Subsequently, the model values for the different stations were obtained by interpolation to the different station latitudes.

for London and the other low-altitude continental stations.
Increasing the photochemical removal of H, by OH (S5,
purple lines) improves the agreement between the model and
measurements.

[2s] These findings are confirmed by the ¥? values in the
first row of Table 2. ¥* values around 1 for all three scenar-
ios S3a, S3b, and S3c indicate that the performed changes
in the deposition parametrization lead to model results that
agree well with the EuroHydros observations. The large j>
value of 2.9 obtained for scenario S4 confirms that reduc-
ing the fossil fuel emissions does not lead to a better model
performance. A ¥ value around 1 for scenario S5 confirms
that increasing the photochemical removal of H, also leads
to a better agreement between the model results and the
EuroHydros observations.

[26] The comparison of the scenario results with the
independent data provided by CSIRO in Figure 2 show
that scenario S3a (blue lines) slightly overestimates the H,
mixing ratios for the stations on or near Antarctica. This
suggests that either too much H, is emitted or too lit-
tle H, is removed in the SH. One budget term that can
offset these high southern latitude H, levels are the H,
emissions from the oceans. Indeed, reducing the H, emis-
sions due to nitrogen fixation to the oceans (S3b) shows
a slight improvement in the agreement between the model
results and observations. This improvement indicates that
the emission source strength of 5 TgH,/yr due to N, fixa-
tion in the oceans might be too large, possibly only for the
Arctic and Antarctic regions, as suggested earlier by Herr
et al. [1981, 1984]. Alternatively, the overestimation could
be caused by the larger vegetation resistances in the cor-
rected deposition scheme resulting in much lower deposition
velocities calculated for the rainforest and Savannah ecosys-
tems than calculated in Pieterse et al. [2011]. Indeed, the
agreement also improves by increasing the deposition veloc-
ities for the forest and Savannah ecosystem types (S3c). The
results obtained with scenarios S4 and S5 are slightly worse

than the results obtained with scenarios S3a—S3c, which is
reflected by the larger 32 values (1.3 and 1.4, respectively)
in the second row of Table 2. Overall, scenarios S3b and S3¢
lead to the best agreement (72=1.0).

[27] Just as in our previous study [Pieterse et al., 2011],
the model does not capture the seasonal cycle at Alert well
because it assumes that little or no deposition will occur
in (partly) snow-covered regions. Hence, deposition starts
affecting the modeled H, mixing ratios 3 months later in the
season than observed in the measurements. The measure-
ments at Mauna Loa show more variability than captured
by the model because of the very coarse model resolution
(6 by 4 degrees) at that location. As the largest part of
the surface of the corresponding grid cell lies above the
Pacific Ocean, the model might not capture the potential
effect of local emissions from Hawaii on the measured H,
mixing ratios.

3.2. Latitudinal Variability in §D[H,]

[28] Figure 3 shows the modeled latitudinal gradient in
8D[H,], sampled at the oceanic meridians, compared to
available measurement data.

[29] The results of scenarios S2—S3c¢ are in much bet-
ter agreement with the observations than scenario S1. This
is partly caused by the new stratospheric parametrization.
Depending on the CH,4 mixing ratio, the parametrized strato-
spheric values for §D[H,] are >10%c larger in this work
than the values obtained with the parametrization used in
Pieterse et al. [2011]. The actual corrections imposed by the
new stratospheric parametrization are discussed in section 4.
The j? values for the isotope results are shown in the third
row of Table 2. Because the uncertainty in the measure-
ment data is large, it is not possible to make a statistically
sound distinction between scenarios S2—S3c. It is however
obvious that scenarios S4 and S5 do not agree with the
measurements, especially for the NH.
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Figure 2. Comparison of modeled monthly median H, mixing ratios with available measurements from
the CSIRO flask sampling network. The circles represent the event samples. The following model sce-
narios are shown: S1 (dotted), S2 (dashed), S3a (blue), S3b (orange), S3c (red), S4 (magenta), and S5
(purple). The shaded areas indicate the lower and upper quartiles of the variability in the model results
for scenario S3c¢ (red). Dates on the x axis are shown in MM-YY format.

[30] A more quantitative comparison among scenarios
S2—S3c can be found in the seasonal evolution of the mod-
eled latitudinal gradient of §D[H,] and H, mixing ratios
measured at five stations (Alert, Mace Head, Cape Verde,
Amsterdam Island, and the South Pole) in the EuroHydros
project [Batenburg et al., 2011], averaged for the years 2007
and 2008 (see Figure 4). Again, it is clear that scenarios S4
and S5 do not lead to realistic values for §D[H,] and are
therefore not further discussed here. The 3> values for the

goodness of fit of the isotopic compositions in the fourth
row of Table 2 show that scenarios S2—S3c are in good
agreement with the observed mean latitudinal gradient of
8D[H,]. At the same time, the ¥ values for the accompany-
ing H, mixing ratios shown in the fifth row of Table 2 are
poor for scenarios S2 and S3a. Thus, scenarios S3b and S3c¢
show the best performance for the H, mixing ratios and iso-
topic compositions that were measured simultaneously at the
EuroHydros stations.
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Figure 3. Comparison of the modeled free oceanic lat-
itudinal gradient of §D[H,] with available measurement
data. The green squares represent data points from Gerst
and Quay [2000], the green triangles represent data points
from Rice et al. [2010], and the green circles repre-
sent data points from the EuroHydros project [Batenburg
et al., 2011]. The following model scenarios are shown:
S1 (dotted), S2 (dashed), S3a (blue), S3b (orange), S3c
(red), S4 (magenta), and S5 (purple). Scenarios S2-S5
use the updated stratospheric parametrization derived from
the CARIBIC measurements [Batenburg et al., 2012] as
upper-boundary condition.

[31] The seasonal mean values assigned to the highest NH
latitude are obtained using measurements from Alert. Here,
the discrepancy between the results of both model scenarios
and the observed seasonal cycle is again attributed to the
fact that in TMS, it is assumed that deposition in the snow-
covered regions does not occur (see section 3.1).

[32] Another clear feature is the consistent negative bias
of scenarios S2, S3a, and S3c relative to the observed iso-
topic composition at the highest SH latitudes (also visible in
Figure 3). The agreement is improved for scenario S3b, but
it appears that reducing the global emission source strength
for H, due to N, fixation processes in the oceans leads to
too large values for §D[H,] at the mid-latitude stations. Pos-
sibly, these emissions are only overestimated for the Arctic
and Antarctic regions [Herr et al., 1981] and [Herr, 1984].

The larger values for the isotopic composition might also
be explained by the exchange of tropospheric air with strato-
spheric air that is much more enriched in HD in the Antarctic
region than at the lower SH latitudes. The modeled isotopic
composition from 30°S to 90°S is very sensitive to the iso-
topic composition that is assumed for the stratosphere from
60°S to 90°S [Pieterse et al., 2011]. For this region, a neg-
ative bias of 10%¢ between the modeled surface values and
observations, as shown in Figure 4, can be explained by
underestimating the isotopic composition in the stratosphere
by 20%. Possibly, this is related to the CH,; background
values that are used to calculate the stratospheric boundary
condition. At latitudes above 60°S, these fields show CH,
mixing ratios at the tropopause that are up to 25% lower
than for instance a climatology obtained from the Halogen
Occultation Experiment [Groof3 and Russell 111, 2005]. This
can be the result of model transport errors in the STE [Noije
et al., 2004; Pieterse et al., 2011]. In view of equation (1),
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these discrepancies could easily explain why the SH iso-
topic compositions are underestimated by the current TM5S
model setup. As the differences between the modeled and
observed H, mixing ratios are small, it is not expected that
this discrepancy is of large importance for closing the global
H, budget.

3.3. Regional Scale Variability in H, Over Europe

[33] Figure 5 shows the aggregated hourly average H,
mixing ratios as a function of ECMWF surface wind direc-
tion for the eight EuroHydros stations where continuous
measurements were performed. The median, upper quartile,
95th percentile, lower quartile, and 5th percentile were cal-
culated over all values attributed to each wind sector. The
median is shown as the white horizontal line in each colored
bar that is bound by the lower and upper quartile. The 5th
and 95th percentiles are shown as whisker lines. Scenarios
S1, S2, S3a, S4, and S5 are not shown in the figure because
their overall performance for the EuroHydros stations was
poorer than for scenarios S3b and S3c (see section 3.1).
Because scenarios S3b and S3c showed a similar perfor-
mance, only the results of scenario S3c are shown here for
clarity.

[34] The modeled values for this scenario show a good
correspondence with the measurements, with the exception
of specific wind directions, e.g., the east to southeast wind
sector for the station at Cabauw. To further investigate the
causes for these discrepancies, the differences between the
modeled and the observed median H, mixing ratios are
shown as colored wind roses in a map plot in Figure 6.

[35] At Mace Head [Grant et al., 2010], the modeled
median H, mixing ratios corresponding to the marine sec-
tor (south to northwest) agree well with the measurement
data, whereas the model underestimates the observations in
the land sector. This indicates again that either deposition
is overestimated or that the surface emissions are underes-
timated. The results for the station in Egham located west
to southwest of London are clearly affected by the fact that
the model grid cell containing this station also contains a
highly populated urban area (and the associated emissions),
whereas the station itself is located in a rural area West of the
London city center. As a result, the measurements affected
by the emissions from London city (Easterly wind sector)
are relatively well captured by the model, whereas the
model results from the other wind directions overestimate
the measured H, mixing ratios.

[36] The measurements performed at the tall tower sta-
tion near Cabauw in The Netherlands are strongly influenced
by urban activity [Popa et al., 2011]. Contrary to the sta-
tion near London, the station at Cabauw is located in a grid
cell with much less urban influence than representative for
this site. In reality, the measurements are severely influenced
by emissions originating from the urban and industrial areas
in Utrecht (The Netherlands), the Ruhr area (Germany),
and Antwerp (Belgium), from the northern to southwest-
erly wind directions, respectively. Hence, the model results
in the marine sector (West to North) are in closest agree-
ment with the observations, while the measurements are
underestimated for other wind directions.

[37] For similar reasons, the measurements at Gif-sur-
Yvette are underestimated in the wind sector where the
station is influenced by the city of Paris (north to northeast).
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Figure 4. Comparison of the modeled seasonal mean latitudinal gradients of the H, mixing ratio (left)
and isotopic composition (right) with available measurement data (green) from the EuroHydros project
[Batenburg et al., 2011]. The shaded areas indicate the within-season standard deviations of the measure-
ments (green) and model results for scenario S3c (red). The following model scenarios are shown: S1 (dot-
ted), S2 (dashed), S3a (blue), S3b (orange), S3c (red), S4 (magenta), and S5 (purple). Scenarios S2—S5
use the updated stratospheric parametrization derived from the CARIBIC measurements [Batenburg

et al., 2012] as upper-boundary condition.

At Weybourne (United Kingdom), the signals arriving from
the urban area of Norwich, southeast of the station, are ade-
quately captured by the model. For the Southern to Western
wind directions, the model overestimates the H, mixing
ratios because the emissions in the grid cell containing the
Weybourne station are larger than representative for these
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wind directions. Similarly, deposition is overestimated for
the Northern to Eastern wind directions.

[38] In Heidelberg and Taunus (Germany), the model
results are generally in good agreement with the observa-
tions, as is the case for the observations at the Jungfraujoch
in Switzerland [Bond et al., 2011]. For the station located
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Figure 5. Comparison of modeled H, mixing ratios obtained with scenario S3c (red) with available
measurement data (green) from the EuroHydros project, aggregated per wind sector. The median values
are shown as white horizontal lines in the boxes that show the upper and lower quartiles. The 5 and 95

percentiles are indicated by the whiskers.

northWest of Bialystok (Poland), the model underestimates
the measured H, mixing ratios arriving from the city nearby
the tower. The H, mixing ratios in air masses arriving from
the east and northeast are also underestimated, which means
that the deposition of H, to the large evergreen forest and
arable regions in the direct vicinity east and northeast of the
station is overestimated.

[39] The 7 values in the sixth row of Table 2 confirm that
scenarios S3b and S3c show the best overall agreement with
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the continuous observations from the EuroHydros project.
Scenario S5 is not considered here because of its poor per-
formance for the comparisons in the previous sections. More
detailed analysis on the main contributors to the overall >
values revealed that none of the model scenarios produces
realistic values for the station at Egham. Indeed, removing
the data from this station results in 2 values closer to unity;
see seventh row in Table 2. The remaining discrepancies
between the model results and the measurement data can
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Figure 6. Overview of the difference between the modeled and measured H, median mixing ratios of
scenario S3c, calculated per wind sector and shown as a colored wind rose around the location of each
station (white circle). Urban areas shown in gray were obtained from the Corine Land Cover (CLC) 2006
database [EEA, 2007]. The 1 by 1° grid cells that belong to each station are shown as dashed red squares.

in general be attributed to the limited representativeness of
the relatively coarsely gridded model surface emissions and
deposition mass fluxes for capturing certain station-specific
local influences. Such representation errors were also found
in integrated model studies investigating other species, for
example carbon dioxide [Patra et al. 2008].

4. Implications for the Global Budget

[40] Table 3 shows the global budgets for the year 2008
of all seven scenarios, along with a selection of previously
derived budgets. The atmospheric burden of 165TgH,
associated with the scenarios that agree best with the obser-
vations, i.e., scenarios S3b and S3c, is significantly larger
than the burden for the reference scenario (S1, 154 TgH,).
This increase of 7.1% is larger than corrections related to
the calibration scale revision (see section 2.4) and requires
further explanation. Due to slower vertical mixing associ-
ated with the use of ERA-Interim data, steeper near-surface
gradients are obtained because the calculated PBL heights
are on average 10% smaller. This leads to near-surface mix-
ing ratios that are larger compared to the free tropospheric
mixing ratios and, as a consequence, to stronger removal
of H, by deposition compared to the previous model setup
(see Table 3). Therefore, the modeled tropospheric burden
is smaller for scenario S1.

[41] The difference between the results of scenarios S1
and S2 shows the impact of using larger resistance values
(1 - 10° sm™) for the deposition of H, to snow and water
surfaces, wetted surfaces, vegetation leaf surfaces, and leaf
mesophyll tissue. Clearly, the values for the tropospheric
burden and atmospheric lifetime (176 TgH, and 2.6 years)
obtained with scenario S2 are too large. At the same time,
the correction required for the stratospheric isotopic com-
positions of —137%o also shows that values obtained for
8D[H,] in the stratosphere are unrealistic. Reducing the in-
canopy resistance term (scenario S3a) drastically improves
the overall model performance. The results in the previ-
ous sections showed that the remaining gap of 2TgH,
between scenario S3a and scenario S3b or S3c is likely
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caused by either too little removal or too large emissions
in the SH; reducing the H, emissions due to N, fixation
in the oceans (scenario S3b) further improves the model
performance. The approach of decreasing the soil deposi-
tion resistances for forest and Savannah ecosystem types
(scenario S3c) leads to a comparable improvement. Alter-
natively, decreasing the biomass burning emissions could
improve the agreement between the model and the observa-
tions of H,. This would probably also increase the isotopic
compositions in the SH, leading to a better agreement with
the observations of §D[H,], as was the case for scenario
S3b.

[42] Overall, the updated stratospheric parametrization
imposes a smaller correction on the results produced by
the stratospheric H, chemistry scheme in scenarios S3a—S3c
than the previous version implemented in the reference sce-
nario (around 1.0 instead of 2.4 TgH,). Also, the results
produced by scenario S3c require no correction in the iso-
topic composition from the stratospheric parametrization.
That is, scenario (S3c) driven by ERA-Interim data explains
an important part of the observed variability in H, and
SD[H,].

[43] The analysis in sections 3.1 and 3.2 showed that
the agreement between the modeled H, mixing ratios and
isotopic compositions and the observations from the Euro-
Hydros network was very poor for scenario S4. More-
over, the resulting fossil fuel emission source magnitude of
3.2 TgHy/yr is outside the reported range of 5-25 TgH,/yr
(see Table 3) and is therefore considered unrealistic. Vollmer
et al. [2012] recently suggested a strong decrease in H, fos-
sil fuel related emissions between 2000 and 2010. For the
year 2005, they reported a value of 6.0 + 1.5 TgH,/yr for
the global emissions due to road transportation. Although
the aggregated overall fossil fuel emissions in our study
are much larger, the part assigned to road transportation
is 6.9 TgH,/yr and therefore equal to the emissions esti-
mated by Vollmer et al. [2012]. However, the emissions as
a result of residential burning processes used in this study
(9.0 TgH,/yr) are much larger than the value of 2.8 +
0.7 TgH,/yr that was based on measurements performed
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in Switzerland. A possible explanation for the discrepancy
between our results and those by Vollmer et al. [2012] may
be that the latter are not representative for the entire domain
of the EuroHydros observations and that H, emissions from
natural gas may be significantly larger.

[44] 1t is also not likely that the global budget can be
closed by increasing the photochemical removal (scenario
S5). In order to obtain the required increase of 9.5 Tg H,/yr
in the photochemical removal of H,, the rate coefficients of
the reactions of H, and HD with OH had to be increased by
53%. This perturbation is outside the range of uncertainty
of £10% reported by Sander et al. [2006]. Furthermore, the
resulting overall sink of 34.1 Tg H,/yr is outside the range
of 14-24 Tg H,/yr reported in earlier studies; see Table 3.

[45] A scenario to investigate the impact of reducing
the photochemical source to 23 TgH,/yr was not consid-
ered because this approach would imply an unrealistically
low photochemical source for CO from formaldehyde. H,
and CO are both photochemically produced from formalde-
hyde, and therefore, the photochemical source magnitudes
of both species are intertwined [Sander et al. 2006]. Con-
trary to Hj, the photochemical source magnitude of CO
is well constrained because deposition plays only a minor
role in the removal of CO from the atmosphere [Houghton
et al., 2001]. In this TM5 model setup, 1.24 PgCO/yr
is produced from formaldehyde, which is in good agree-
ment with the photochemical source magnitudes of 1.24
and 1.29 Pg CO/yr reported by [Houghton et al., 2001] and
[Kopacz et al. 2010], respectively. In all, the TM5 chem-
istry scheme produces 34 Tg CO per Tg H, from formalde-
hyde, which also agrees well with the expected ratio of
36 Tg CO per TgH, reported by Ehhalt and Rohrer [2009].
A reduction of the photochemical source strength for H, to
the above-mentioned value would therefore yield a photo
chemical source strength for CO between 0.78 and 0.83
Pg CO/yr. These values would be too small in view of the
reported values.

[46] For similar reasons, Ehhalt and Rohrer [2009] have
postulated that the budgets reported by Rhee et al. [2006]
and Xiao et al. [2007] (see Table 3) might be compro-
mised by an unrealistically large photochemical source
of H, compared to what is expected from the photo-
chemical source of CO. Using the ratio of 34 TgCO
per TgH,, the photochemical source magnitudes for H, of
Rhee et al. [2006] and Xiao et al. [2007] in Table 3
imply photochemical source magnitudes of 2.17 and 2.61
Pg CO/yr, respectively. These magnitudes are a factor of
1.7 and 2.1 larger than the present-day estimates and indi-
cate that a photochemical source magnitude of 37 Tg H,/yr
would have been more realistic. Because this analysis is
performed by using a chemical reaction mechanism imple-
mented in a full global CTM, these results form an inde-
pendent confirmation of the conclusion by Ehhalt and
Rohrer [2009] that the above-mentioned large estimates for
the removal of H, by deposition should not be used for
future studies.

[47] Since scenario S3c produces the most realistic val-
ues for the H, mixing ratios and requires little stratospheric
forcing for the H, mixing ratios and isotopic compositions,
deposition is identified as the most sensitive parameter to
reestablish a closed global H, budget. Because of the high
impact of deposition on the budget, the vertical transport
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in the model plays a very important role for H, in the
troposphere. The magnitude of the deposition term in the
budget shows a strong dependency on the vertical transport,
indicating that H, and its isotopic signature put important
constraints on atmospheric transport processes such as STE.

5. Conclusions

[48] We have further tested and updated the molecular
hydrogen (H,) isotope chemistry scheme in the two-way
nested TMS model [Krol et al., 2005; Pieterse et al.,
2011]. In a first simulation (scenario S1) with the reference
H, chemistry scheme, the atmospheric burden of H, was
underestimated by 7.1%. This percentage is larger than the
differences of 2.0-3.1% between the MPI-2009 scale and
the old calibration scales. The additional gap is a conse-
quence of using ERA-Interim meteorology for the model
simulations described in this study. These data show more
atmospheric stability resulting in increased values for the
near-surface H, mixing ratios compared to the free tropo-
spheric mixing ratios. As a result, the removal of H, by
deposition increases, and the modeled atmospheric burden
of H, decreases.

[49] During this research, we found out that the model
setup in our previous study [Pieterse et al., 2011] actually
overestimated the H, deposition to snow, water, and veg-
etation surfaces. Avoiding deposition to these surfaces led
to an overestimate of the tropospheric burden of 6.7% (S2)
because of a too large in-canopy resistance term. We imple-
mented a reduced in-canopy resistance, corresponding to
canopy mixing times of 1-2 h, to describe the transport of
H, through the canopy to the soil underneath. When the new
description was in place, a good overall agreement between
measurements and model results was obtained, except for an
overestimate at high southern latitudes. This gap could be
closed either by decreasing the H, emissions or by increas-
ing deposition to the rainforest and savannah ecosystems by
2 TgH,/yr.

[50] Deposition is identified as the process to which the
H, budget is most sensitive. Other processes, such as fos-
sil fuel emissions and oxidation by OH, require much larger
perturbations to close the H, budget. Thus, uncertainties in
these parameters may play a role, but the required perturba-
tions for single processes are often outside their established
uncertainty ranges.

[51] All in all, scenario S3c produces the most realistic
model results for H, and §D[H,], so it is adopted to update
the global budget of H, previously reported in Pieterse
et al. [2011]. The tropospheric burden is now estimated
at 165 + 8 TgH,, and the magnitudes of removal of H,
by deposition and photochemical oxidation at 53 4 4 and
23 + 2 Tg H,/yr, respectively. This results in a tropospheric
lifetime of 2.2 & 0.2 year. The photochemical production is
estimated at 37 & 4 TgH,/yr. It is therefore expected that
the proposed budget provides a sufficiently accurate baseline
scenario to evaluate the impact of increasing H, emissions
on tropospheric chemistry and climate.
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