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Abstract. This work reassesses the global atmospheric budget for3

molecular hydrogen (H2) and its singly deuterated isotopologue HD4

by means of the two-way nested TM5 model. A recent adjustment5

of the calibration scale for H2 measurements translates into a change6

in the tropospheric burden. Furthermore, the ERA Interim reanal-7

ysis data from the European Centre for Medium-Range Weather8

Forecasts used for this study shows slower vertical transport than9

the operational data used before. As a result, more H2 is removed10

by dry deposition. Because our previous dry deposition parametri-11

sation allowed for small but significant deposition of H2 to snow and12

water surfaces, wetted surfaces and vegetation, the deposition parametri-13

sation is updated. It is shown that the assumed timescales for the14

transport of H2 through vegetation canopies are critical for obtain-15

ing realistic deposition fluxes to soils in vegetated regions. The best16

agreement between the modelled H2 mixing ratios and isotopic com-17

positions with new measurements from a European observation net-18

work and a global flask sampling network is obtained by asserting19

typical timescales of 1–2 hours for densely vegetated regions. De-20

spite this adjustment, the H2 mixing ratios are still slightly over-21

estimated for the SH because too little H2 is removed by dry depo-22

sition to rainforest and Savannah ecosystems. The regional scale vari-23

ability in H2 over Europe is further investigated using a high res-24

Research Utrecht (IMAU), Utrecht, The
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olution zoom over Europe. The analysis supports the conclusion from25

the global scale analysis and shows that remaining discrepancies can26

be largely attributed to representativeness effects due to the lim-27

ited model resolution. The new tropospheric burden derived by the28

model is 165 Tg H2. The removal rates of H2 by deposition and pho-29

tochemical oxidation are estimated at 53 and 23 Tg H2/yr, result-30

ing in a tropospheric lifetime of 2.2 yr for H2.31

Netherlands
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1. Introduction

Since the industrialisation of fuel cell technology during the 1970s and 80s, molecu-32

lar hydrogen (H2) has been considered as a clean alternative for fossil fuel based energy33

carriers. The selective oxidation of H2 by oxygen only produces water, contrary to the34

combustion of fossil fuels with air that produces carbon dioxide, carbon monoxide, ni-35

trogen oxides, soot, and many other volatile organic compounds. As H2 is not readily36

available in large quantities, practical applications of fuel cell technology rely on conver-37

sion from other energy carriers (e.g. bio fuels or fossil fuels) or generation of H2 from38

direct energy sources (e.g. solar energy). The low overall well-to-wheel efficiency of the39

entire energy production chain and the accompanying costs, have so far limited the use of40

H2 to a relatively small number of applications. Nevertheless, the potential for improving41

urban air quality and reducing the human impact on climate remains appealing. The42

above-mentioned positive effects of itsH2 usage on air quality and climate might be ac-43

companied by adverse effects. Scaling up the use of H2 might lead to an increasing input44

of H2 into the atmosphere and, thus, to a larger atmospheric burden of H2. Enhanced45

levels of H2 might prolong the atmospheric life time of the greenhouse gas methane and46

increase its effect on climate [Schultz et al., 2003]. Like methane, H2 is removed from the47

atmosphere byvia chemical oxidation withby the hydroxyl (OH) radical. Higher levels of48

H2 will lead to a larger consumption ofwould consume more OH radicals and herewith49

reduce the photochemical destruction of CH4. BecauseAs the oxidation of H2 produces50

2Department of Meteorology and Air
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water [Tromp et al., 2003; Warwick et al., 2004; Feck et al., 2008], increasing H2 mixing51

ratios in the stratosphere might also enhance the formation of polar stratospheric clouds.52

This in turn can result in increased chlorine activation and subsequent loss of ozone dur-53

ing the polar spring, although the effect is probably small in view of the variability of54

stratospheric water vapour [Vogel et al., 2012].55

A good understanding of the present day global H2 cycle is a prerequisite to antici-56

pate any adverse effects as a result of additional H2 emissions that can be expected from57

a more intensified use as energy carrier. Observations of atmospheric H2 mixing ratios58

were only scarcely available until the Global Monitoring Division (GMD), nowadays the59

Earth System Research Laboratory (ESRL), ofat the National Oceanic and Atmospheric60

Administration (NOAA) started systematic flask measurements at five sites in 1989 in-61

creasing to up to 52 sites during the 1990s. Additional data has been generated for 1162

sites since the early 1990s by the Commonwealth Scientific and Industrial Research Or-63

ganisation [CSIRO: Francey et al., 1996; Langenfelds et al., 2002; Jordan and Steinberg,64

2011]. The results from the NOAA/ESRL network esults have been analysed extensively65

by Novelli et al. [1999] and translated to a global budget. It is now established that H2 is66

emitted into the atmosphere due to the usage of fossil fuels, by biomass burning and as67

a reaction product of nitrogen fixation processes in the soils and oceans. Furthermore, it68

is photochemically produced from CH4 and non-methane hydrocarbons (NMHCs). H2 is69

removed from the atmosphere by photochemical reaction with OH and by dry deposition70

to the soils. The values of the magnitudes of the sources and sinks reported by Novelli71

et al. [1999] are still supported by most recent studies but the uncertainties remain large72

Quality at Wageningen University,
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[Hauglustaine and Ehhalt, 2002; Sanderson et al., 2003; Rhee et al., 2006; Price et al.,73

2007; Xiao et al., 2007; Ehhalt and Rohrer, 2009; Pison et al., 2009; Yver et al., 2011;74

Bousquet et al., 2011; Pieterse et al., 2011; Yashiro et al., 2011]. Two of these studies75

[Rhee et al., 2006; Xiao et al., 2007] report a significantly larger contribution of the main76

sink of H2, i.e. dry deposition, to the global budget than all others. Ehhalt and Rohrer77

(2009) have proposed that the magnitude of the soil sink might indeed be overestimated78

by these studies because to balance the atmospheric burden, such large deposition fluxes79

would need a photochemical source magnitude for the production of H2 from CH4 and the80

NMHCs that is incompatible with the atmospheric budget of carbon monoxide (CO).81

Exclusion of these estimates would significantly reduce the overall reported range of82

uncertainty for the photochemical production and removal by deposition, providing a83

more unified view on the present day global budget of H2.84

In a number of the above mentioned studies, three-dimensional chemical transport mod-85

els (CTMs) were used to study the global and regional H2 cycles [Hauglustaine and Ehhalt,86

2002; Sanderson et al., 2003; Yashiro et al., 2011] by means of comparison with available87

measurements of H2 mixing ratios. Pison et al. [2009], Yver et al. [2011] and Bousquet88

et al. [2011] used theatmospheric observations of H2 mixing ratios and other species89

to determine the magnitudes of the source and sink processes by means of a Bayesian90

inverse modelling approach adopted from Bousquet et al. [2005]. In order to further con-91

strain the global H2 budget, Price et al. [2007] implemented the sources and sinks for92

the singly-deuterated stable H2 isotopologue (HD) assuming a fixed ratio between the93

photochemical production of H2 and HD. Modelled and measured isotopic compositions94

Wageningen, The Netherlands
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of molecular hydrogen are all calculated from the per atom basis ratio R = D/H as95

δD [H2] = (R/RV SMOW − 1), where RV SMOW = 1.558 × 10−4 is the reference D/H ratio96

of Vienna Standard Mean Ocean Water (VSMOW). The resulting framework was also97

used to evaluate the stable H2 isotope budgets previously reported by Gerst and Quay98

[2001]; Rahn et al. [2002, 2003]; Rhee et al. [2006]. A full H2 isotope chemistry scheme99

was recently implemented in the TM5 model [Pieterse et al., 2009, 2011] and used to fur-100

ther constrain the global budget of H2 with δD [H2] measurements. Both studies showed101

that the modelled tropospheric δD [H2] is very sensitive to the values of the isotopic102

composition of stratospheric molecular hydrogen that is heavily enriched with deuterium103

[Rahn et al., 2003; Röckmann et al., 2003]. This sensitivity suggests an important role104

of the stratosphere troposphere exchange (STE) infor the tropospheric HD budget and105

stresses the importance of using an appropriate stratospheric chemistry scheme or correct106

boundary condition.107

The objective of this study is to further constrain the global H2 budget by adjusting108

the individual source and/or sink magnitudes to match thecomparing model results109

with theto measured H2 mixing ratios and isotopic compositions, and by using the ratio110

between photochemical production of H2 and CO as an additional constraint. For this111

purposethe first time, we compare our model results to high temporal resolution112

H2 measurements from the EuroHydros project [Engel and EUROHYDROS PIs, 2009].113

This network was funded by the Sixth Framework program of the European Commission114

between 2006 and 2009 to set up a network of 12 stations with continuous H2 observations115

3Max-Planck-Institut für Chemie, Air
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distributed over Europe. The hourly H2 mixing ratios measured at a subset of these116

stations are used to evaluate the modelled H2 mixing ratios. Additionally, the values117

of δD [H2] ofin air collected at 5 flask sampling sites during the EuroHydros project118

[Batenburg et al., 2011] are used to evaluate the modelled isotopic compositions results.119

An additionalA further constraint is provided by the isotopic compositions of air samples120

collected in the upper troposphere and the lower stratosphere by the CARIBIC121

(Civil Aircraft for the Regular Investigation of the Atmosphere Based on an Instrument122

Container) program [Brenninkmeijer et al., 2007; Batenburg et al., 2012].The isotopic123

compositions of these samples, that were collected at cruise altitude (between 9 and 11124

km) and analysed offline by isotope ratio mass spectrometry, are representative for the125

upper troposphere and the lower stratosphere.126

The required changes to match the TM5 model results with the new observations are127

described in Section 2, along with the recent update of the calibration scale for H2 mea-128

surements [Jordan and Steinberg, 2011] adopted by the World Meteorological Organisation129

(WMO). Section 3 starts with an evaluation of modelled global and latitudinal variability130

in H2 and δD [H2] in Section 3.1 and Section 3.2, respectively. Subsequently,131

the regional scale model performance is evaluated in Section 3.3 by means of132

a wind sector analysis for a selection of stations from the EuroHydros project133

and by a detailed analysis of the temporal evolution of the modelled and134

measured H2 and CO mixing ratios at Mace Head. Section 4 proceeds by dis-135

cussing the implications of the study for the global H2 budget and the overall136

conclusions are summarised in Section 5.137

Chemistry Division, Mainz, Germany
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2. Methods

The two-way nested setup of the TM5 model [Krol et al., 2005] was recently enhanced138

by implementing a H2 isotope chemistry scheme [Pieterse et al., 2009], an H2 emis-139

sion inventory adopted from the project for Global and regional Earth-system140

Monitoring using Satellite and in-situ data [GEMS: Schultz and Stein, 2006],141

a soil moisture dependent deposition parametrisation [Sanderson et al., 2003], and142

a stratospheric boundary conditionparametrisation for H2 and HD [Rahn et al., 2003;143

McCarthy et al., 2004; Pieterse et al., 2011]. Our previous study [Pieterse et al., 2011]144

was primarily focussed on the introduction and generalglobal evaluation of the new H2145

isotope chemistry scheme. Therefore, the global and latitudinal variability in H2 were146

investigated using a single global model domain with a resolution of 6 by 4 degrees in the147

longitudinal and latitudinal directions, respectively. In this study, the model perfor-148

mance is also evaluated for a model sub-domain with a resolution of 1 by 1149

degrees over Europe.150

2.1. Surface emissions of H2

In GEMS, the emissions related to fossil fuel use are separated into five151

categories: power generation, industrial combustion, road transport, an ag-152

gregated emission category that includes residential, commercial and other153

combustion processes [Schaap et al., 2005; Schultz et al., 2007], and emis-154

sions related to shipping [Endresen et al., 2003]. The GEMS emissions due155

4School of Chemistry, University of
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to biomass burning originate from a variety of sources such as wild fires, de-156

forestation fires, bio fuel burning, agricultural waste burning, peat burning,157

and charcoal production/burning [Andreae and Merlet, 2001; Christian et al.,158

2003; van der Werf et al., 2003; Werf et al., 2010]. The spatial and temporal159

variability of the GEMS H2 emissions from the ocean due to N2 fixation are160

adopted from the spatial and temporal distributions of CO from the oceans161

[Erickson and Taylor, 1992]. The CO emissions are believed to be a robust indi-162

cator for the presence of biological activity, and therefore also for the presence163

of N2 fixing microbial species such as Cyanobacteria. Similarly, the geograph-164

ical distribution of biogenic CO emissions given by [Müller, 1992] is used to165

describe the spatial variability of emissions due to N2 fixation on the conti-166

nents by Rhizobia. Like in Pieterse et al. [2011], the different source fluxes are167

scaled to the average of previously reported global budget estimates [Novelli168

et al., 1999; Hauglustaine and Ehhalt, 2002; Sanderson et al., 2003; Rhee et al.,169

2006; Price et al., 2007; Xiao et al., 2007; Ehhalt and Rohrer, 2009; Yashiro170

et al., 2011]. With the resulting model framework, the global tropospheric cycle of H2171

and δD [H2] can be investigated along with 29 other chemical tracers implemented in the172

Carbon Bond Mechanism, version 4 [CBM-4, Gery et al., 1988, 1989; Houweling et al.,173

1998]. This feature can be used for imposing multi-species constraints upon the global174

budget of H2. In Pieterse et al. (2011), the global H2 cycle was investigated by comparing175

the modelled H2 mixing ratios and isotopic compositions with available measurements. In176

the following analysis, H2 mixing ratios, isotopic compositions, and the known177

Bristol, UK
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photochemical source magnitude of CO mixing ratios are used to constrain178

the H2 budget.179

2.2. Measurement data used for this study

Model values for the H2 mixing ratios are compared with available data180

from aA subset of stations from the EuroHydros project [Engel and EUROHYDROS181

PIs, 2009] within the high resolution zoom region over Europe, namely Mace182

Head [Ireland: Grant et al., 2010], London [United Kingdom: Fowler et al., 2011], Wey-183

bourne [United Kingdom], Cabauw [The Netherlands: Popa et al., 2011], Gif sur Yvette184

[France: Yver et al., 2009, 2011], Taunus [Germany], Heidelberg [Germany: Hammer185

and Levin, 2009], Jungfraujoch [Switzerland: Bond et al., 2011], and Bialystok [Poland],186

see Figure 6. The global scale performance for the H2 mixing ratios is evalu-187

ated using flask sampling data from the CSIRO network measured at Alert188

(Canada), Cape Ferguson (Australia), Cape Grim (Australia), Casey Station189

(Antarctica), Macquarie Island (Australia), Mauna Loa (United States), Maw-190

son (Antarctica), and the South Pole. For the global scale comparisons, the191

model results and continuous measurements are sampled between 11AM and192

1PM local time. This way, the inherent discrepancies between the modelled193

values and the measurements due to sub grid level variability (the represen-194

tation errors) and local influences are suppressed. Generally, the strongest195

vertical mixing occurs during this time of the day and measurements are thus196

less influenced by local soil uptakes or local sources. The noontime values197

5Centre for Australian Weather and
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are therefore more representative for the large spatial and temporal scales.198

The latitudinal gradients in δD [H2] are investigated using existing data from199

ship cruises [Gerst and Quay, 2000; Rice et al., 2010] and novel data from the200

EuroHydros project measured at Alert, Mace Head, Cape Verde, Amsterdam201

Island (France) and the South Pole [Batenburg et al., 2011].202

2.3. Meteorological data used for this study

In Pieterse et al. [2011], operational data from the European Centre for Medium-203

Range Weather Forecasts (ECMWF) were used for the simulations in our previous study.204

In this work, ECMWF ReAnalysis - Interim (ERA-Interim) data are employed.205

These data show less resolved and more realistic vertical motion exchange which leads to206

much steeper surface gradients in the modelled H2 mixing ratios. As will be shown in the207

result sections, this leads to a significant reduction in the modelled tropospheric burden208

of H2. It is not straightforward to determine which meteorological data are209

closest to reality for the time period between 2007 and 2008. The overview in210

Dee et al. [2011] shows that the operational and ERA-Interim model versions211

were the same at the start of the year 2007. Nevertheless, several updates were212

implemented in the operational model between 2007 and 2008. This leads to213

inconsistencies in the operational data for long term simulation periods and214

therefore, we prefer to use the ERA-Interim data in this work. Interestingly,215

the H2 budget appears very sensitive to large scale vertical transport and an216

update of our previous implementation is required.It appears therefore necessary217

Climate Research, CSIRO Marine and
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to update our previous model implementation of the H2 budget, including the isotopic218

composition [Pieterse et al., 2011]. In the following sections, we describe two substantial219

changes required in response to the recent studies published by Jordan and Steinberg220

[2011] and Batenburg et al. [2012], are described in the following sections.221

2.4. Update of the new WMO calibration scale for H2 mixing ratios

In the study by Jordan and Steinberg [2011] proposed a new Global Atmospheric222

Watch (GAW) H2 mole fraction calibration standard was proposed. TheThis MPI-2009223

scale has recently been adopted by the WMO. Converting the original values for the224

H2 mixing ratios measured by CSIRO to the MPI-2009 scale will increase the values by225

3.5% [Jordan and Steinberg, 2011]. The data from the EuroHydros project are already226

calibrated against the MPI-2009 scale. As a result of this change, it is expected that the227

original H2 scheme, introduced in our previous study [Pieterse et al., 2011] and verified by228

NOAA/ESRL and CSIRO data, will underestimate the re-calibrated measured H2 mixing229

ratios. In our previous study, the measurements from NOAA/ESRL and CSIRO were not230

converted to a common scale because the reported difference between the two original231

calibration scales was considered negligible, i.e. 1.45% (Xiao, et al., 2007), in view of the232

precision of the measurements.233

2.5. Update of the stratospheric boundary condition

Because the TM5 model wasis primarily designed for tropospheric studies, the strato-234

spheric isotope chemistry scheme is incomplete. For instance, reactions of chemical species235

with electronically excited oxygen (O1D), chlorine (Cl) and bromine (Br) radicals are not236

Atmospheric Research, Australia
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implemented. Especially the reactions with Cl and Br introduce stronger isotope effects237

in the CH4 oxidation chain [Feilberg et al., 2004; Mar et al., 2007]. Therefore, a strato-238

spheric boundary condition based on the parametrisation introduced by McCarthy et al.239

[2004] was used in Pieterse et al. [2011]. With this boundary condition, the modelled iso-240

topic composition up to 100 mbar of +99h was corrected (forced) to a value of +128h.241

This correction of the isotopic signature is rather large in view of the small impact of242

the stratosphere on the tropospheric burden of H2 and stresses the importance of using243

sufficiently representative empirical relations to define the boundary condition. Here, up-244

per troposheric/lower stratospheric measurements of δD [H2] from the CARIBIC program245

[Brenninkmeijer et al., 2007] recently published by Batenburg et al. [2012] are used to up-246

date the original relation between the CH4 mixing ratio (units in ppb) and the isotopic247

composition of H2 (units in h versus VSMOW) in the stratosphere to:248

δD [H2] = −0.350 [CH4] + 768. (1)

Because it is actually HD that is traced by the model, this relation is first transformed into249

a relation between HD and CH4. The stratospheric H2 mixing ratio was set to 545 ppb250

following the adjustment to the MPI-2009 calibration scale. This results in the following251

relation for HD (units in ppb):252

[HD] = −7.585× 10−5 [CH4] + 0.338. (2)

The required values for the CH4 mixing ratios are obtained from the four-253

dimensional variational (4D-Var) data assimilation system implemented in254

6School of Earth and Atmospheric
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TM5 [Meirink et al., 2008a, b]. These CH4 fields also drive the isotope chem-255

istry scheme. Using the values that are calculated with these parametric ex-256

pressions, the stratospheric H2 mixing ratio is then calculated usingobtained from257

the following expression (units in ppb):258

[H2] =
1

2 (δD [H2] + 1)RV SMOW

[HD] . (3)

The factor 2 accounts for the fact that the isotopic composition is measured at a per atom259

basis. Like in Pieterse et al. [2011], the following latitude (θ) dependent thresh-260

old pressure level ps (Pa) separates the troposphere and the stratosphere:261

ps = 3.00× 104 − 2.15× 104 cos(θ) . (4)

For all pressures below the threshold pressure level, the mixing ratios for262

H2 and HD calculated by the default chemistry scheme are replaced by the263

empirical expressions that are described above. The model keeps track of the264

mass of H2 and HD removed or added from or to the values obtained using265

the chemistry scheme. In this way, the stratospheric correction imposed by266

the stratospheric parametrisation can be calculated for the model domain up267

to 100 mbar used for the global budget calculations presented in Table 3. The268

flux of H2 and HD across the 100 mbar model boundary is referred to as the269

vertical flux.270

2.6. Update of the deposition parametrisation

By analysing the H2 budget it was found that significant amounts of H2271

deposited on snow, oceans and wetted vegetation surfaces. In the default272

Sciences, Georgia Institute of Technology,
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implementation in TM5 [van Pul and Jacobs, 1994; Ganzeveld and Lelieveld,273

1995; Ganzeveld et al., 1998] the large resistance values (1·105 ms−1 sm−1) for274

deposition to these surfaces were still small enough to allow for significant275

amounts of H2 deposition, with deposition velocities up to 0.01 mms−1. As a276

result, H2 was also removed at these surfaces, whereas in reality, this does not277

occur because biological processes are suppressed in frozen environments and278

H2 hardly dissolves in water.279

We will discuss the impact of suppressing deposition of H2 to these surfaces280

on the global budget. As the results will show, the dry deposition to vegetated281

tropical forests becomes extremely small when increasing the value for large282

resistances to 1·109 ms−1 sm−1. This, in turn, is caused by the use of an in-283

canopy resistance deduced for ozone over maize crop by van Pul and Jacobs284

[1994]. They derived the following empirical formula for Ri:285

Ri = 14
LAI hcan

u∗
. (5)

In this expression, hcan (m) is the canopy height, LAI the leaf area index,286

u∗ (ms−1) the friction velocity, and 14 (m−1) is an empirical factor. The ex-287

pression is commonly used by many CTMs to calculate the impact of the288

vegetation canopies on the dry deposition of a given chemical species to the289

soils underneath. When applied for H2, this parametrisation leads to very low290

deposition over tropical rainforests and Savannah regions, whereas in previ-291

ous experimental studies [Conrad and Seiler, 1985; Yonemura et al., 2000],292

Atlanta, USA
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large deposition velocities were observed for these regions. Since H2 does293

not deposit to plants, a high canopy aerodynamic resistance over rainforests294

(O [104] sm−1 with LAI = 6, hcan = 30 m, u∗ = 0.1 ms−1) is therefore not realistic,295

since intermittent transport processes refresh the air in the canopy roughly296

every one to two hours [Ganzeveld et al., 2002; Foken et al., 2012]. We will297

therefore investigate the impact of reducing the empirical factor to 0.1m−1. In298

this case, the Ri still scales with LAI, hcan, and 1/u∗ but for typical rainforest299

characteristics, this will lead to a more realistic time scale of Ri hcan=5400 s or300

1.5 hours for refreshing the air under the canopy.301

2.7. Definition of scenario studies to reestablish a closed H2 budget

The results from seven different scenario simulations of the TM5 model302

are analysed using data from the EuroHydros project. An overview of these303

scenarios is shown in Table 1. We run these scenarios to examine the effect of304

changing individual source and sink terms in the global budget on the temporal305

and latitudinal distribution of H2 and HD in the troposphere, and compare the306

scenarios to available measurements. In order to close the H2 budget, we will307

aim at a 14 Tg H2/yr change in each of the most relevant sources and sinks.308

Subsequently, the model performance will be cross-validated for all scenarios309

using independent flask sampling data from CSIRO.310

7Department of Air Quality and Climate
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Several uncertainties in the H2 budget can be exploited to re-close the budget and to311

obtain a good correspondence between the model and the observations over Europe. The312

most likely candidates to re-establish the H2 budget in the new model formulation are (i)313

a reduction in the H2 deposition (ii) an increase in the emissions as a result of fossil fuel314

burning. The firstreference scenario, hereafter referred to as S1, is used to determine315

the discrepancy between the modelled values obtained withuses the original (unchanged)316

H2 isotope scheme [Pieterse et al., 2011] and the measured H2 mixing ratios for a selection317

of stations from the EuroHydros project. Herein, only the impact of using the ERA-318

Interim data is included. In the second scenario (S2), the dry deposition velocities of H2319

are reduced to close the gap between the modelled values and observations, resulting in a320

reduction of 5 Tg H2/yr, or 9%, in the deposition flux compared to the reference scenario321

(see Table 3)the shut-down of the small remaining deposition to snow and water322

surfaces, wetted surfaces, vegetation leaf surfaces, and leaf mesophyll tissue323

is evaluated. Note that in scenario S2, the total deposition velocities are no324

longer scaled to 90%, as was the case for the results in Pieterse et al. [2011]325

and for scenario S1. For the third scenario (S3a), the H2 emissions due to fossil fuel326

burning are increased by an amount equal to the decrease in the second scenario. This327

corresponds to an increase of 29% in the emissions related to fossil fuel usage compared328

to the reference scenario (see Table 3)in-canopy resistance for H2 is decreased (see329

Section 2.6). Since this scenario leads to a small overestimate for the Antarctic330

stations, scenario S3b explores a reduction of the H2 source from N2 fixation331

(important over the SH oceans). Therefore, an additional global reduction332

Research at the Energy Research Centre of
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of 2 Tg H2/yr in these emissions is investigated by scenario S3b. In scenario333

S3c, the impact of increasing the deposition velocities for forest and Savannah334

ecosystem types by 10% on the SH H2 mixing ratios and isotopic compositions335

is investigated. Because the NH H2 mixing ratios and isotopic compositions336

were already on par with the measurements, the velocities to agricultural337

regions are decreased by 10% in scenario S3c to compensate for the increase338

in the deposition to forest regions.339

Because there are no significant emissions due to biomass burning in Europe, it is not340

likely that an increase within the reported range of uncertainty will close the foreseeable341

gap between the model results and the re-calibrated H2 mixing ratios.Because the re-342

quired adjustment for the tropospheric burden of H2 is large compared to343

the magnitudes and ranges of uncertainty for the majority of the remaining344

sources and sinks in the H2 budget, only two additional scenarios are explored345

to close the gap between the model results and the measurements. In scenario346

S4, the emissions of H2 due to fossil fuel usage are reduced. It is noted that the347

required adjustment is very large, but on the other hand, the reported range348

for the H2 emissions due to fossil fuel burning (5–25 Tg H2/yr) is also large,349

see Table 3. Therefore, it still makes sense to at least investigate the impact350

of such a change on the model performance. With scenario S5 we will try to351

close the budget by increasing the H2 sink from OH oxidation. An increase352

of 53% in the rate constant is needed to achieve the required reduction of353

9.5 Tg H2/yr in this sink term. This scenario, however, is considered unlikely,354

the Netherlands (ECN), Petten, The
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because the rate constant for theThe removal rate associated with the second sink355

process, namely the photochemical removal of H2 by the hydroxyl radical (OH),OH is356
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well known [Sander et al., 2006]. Furthermore, as shown recently by Pieterse et al. [2011],357

the atmospheric lifetime of CH4 (8.3 years)the chemical lifetime of 8.6 years for the358

reaction of CH4 with OH is adequately reproduced by the TM5 model. This indicates359

that the modelled mixing ratios of OH are realistic as well.Hence, it is unlikely that the360

photochemical removal of H2 is too strong.361

IncreasingDecreasing the photochemical production of H2 is not considered because362

the source magnitude is in line with expectation for scenario S1. A reduction of363

the photochemical source magnitude by the required amount to close the H2364

budget will lead to an overall photochemical source strength for H2 that is365

incompatible with the atmospheric budget of CO [Ehhalt and Rohrer, 2009].366

the reference scenario. Increasing the photolysis reaction rate might lead to an overall367

photochemical source strength for H2 that cannot be supported by the findings of the368

above mentioned studies. Finally, the magnitudes and ranges of uncertainties of the H2369

emissions due to N2 fixation in the soils and oceans are too small to be relevant in view370

of the anticipated changes to reestablish a closed H2 budget.Other separate scenarios,371

i.e. reducing the H2 emissions due to N2 fixation, would require changes that372

are outside the established error margins for these sources.373

2.8. Quantifying the agreement between the model results and observations

In all comparisons discussed in the next sections, the agreement between374

the model results and the measurements is quantitatively analysed by using375

the chi-squared value (χ2) as a metric [Meirink et al., 2008b; Villani et al.,376
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2010], calculated as:377

χ2 ≡
n∑

i=1

(xi − yi)2

σ2
i

, (6)

where i ∈ [1, n] is the index of measurement i with a value of yi approximated378

by the model value xi for a set of n measurements. The square of the variance379

σi is calculated by:380

σ2
i ≡ σ2

x,i + σ2
y,i. (7)

The uncertainty in the observations σy,i is calculated using the following ex-381

pression:382

σ2
y,i ≡ σ2

meas,i + σ2
y,time,i. (8)

The measurement uncertainty σmeas,i is estimated at 2% for the measured H2383

mixing ratios and at 5h for the measured isotopic compositions. In the case384

that time averaging is used to calculate a measured value yi, the standard385

deviation σy,time,i over the time averaging period is calculated. The uncertainty386

in the model results σx,i is calculated by:387

σ2
x,i ≡ σ2

trans,i + σ2
sub,i + σ2

x,time,i. (9)

Here, the uncertainty due to errors in atmospheric transport σtrans,i is esti-388

mated by calculating the standard deviation over a model value xi obtained389

by three different interpolation methods [Bergamaschi et al., 2005]. The un-390

certainty due to sub-grid variability in processes like emissions and planetary391

boundary layer (PBL) height (σsub,i) is estimated at 2% for the H2 mixing392

ratios calculated for background stations, and at 5% for continental stations.393
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For δD [H2], we adopt σsub,i=11h because only a small fraction (≈10%) of the394

uncertainties in the H2 and HD mixing ratios is not correlated. For example,395

H2 and HD and are both emitted as a result of biomass burning. Because396

the isotope signature is a fixed value, a fixed ratio exists between the emit-397

ted amounts of H2 and HD. Therefore, only the uncertainty in the isotope398

signature propagates into the uncertainty in the modelled isotopic composi-399

tion. In the case that time averaging is used to calculate a modelled value xi,400

the standard deviation σx,time,i of the model values is calculated over the time401

averaging period.402

Because the number of observations determine the overall value of χ2, it is403

useful to scale it by the number of degrees of freedom (ν = n− 1) which yields404

the reduced chi-squared value:405

χ̃2 ≡ χ2

ν
. (10)

This way, the goodness of fit of model results to different data sets can be406

compared using a normalised statistical value. Generally, a value of χ̃2 that is407

much larger than unity indicates a poor agreement between the model results408

and the measurement data.409

3. Results

In the following sections, the model results produced by the reference scenario, reduced410

deposition scenario, and increased fossil fuel burning emission scenario (increased fossil411

fuel emission scenario)seven scenarios (see Table 1) are evaluated using available412

measurements. The analysis starts by comparing the modelled and measured seasonal413
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variability in the H2 mixing ratios for a selection of stations from the EuroHydros and414

CSIRO networksstations. Section 3.2 evaluates the modelled latitudinal variability in415

δD [H2] using available measurements. Subsequently, the regional short-term vari-416

ability in the EuroHydros H2 measurements is investigated in Section 3.3.417

The overall implications of this analysis for the global budget of H2 and are418

presented in Section 4.419

3.1. Seasonal variability in H2

In Figure 1, the TM5 model results are compared to the measurements from the Eu-420

roHydros project. Table 2 lists the quantitative measure (χ̃2) for the agreement421

between the model results and the measurements. It is clear that theThe ref-422

erence scenario (S1, black dotted line) consistently underestimates the measured H2423

mixing ratios.424

A global reduction in the calculated dry deposition velocities (S2) from 90% to 75%425

of the values calculated using the original implementation of the scheme [Sanderson et426

al., 2003], leads to the best possible overall agreement between the model results and427

observations (blue lines). This leads to an overall reduction of 5 Tg H2/yr, or 9%, in the428

deposition flux compared to the reference scenario. The reason why this relative change429

in the deposition flux is smaller than in the change in the deposition velocities is caused430

by the inhomogeneous distribution of the calculated H2 mixing ratios in the PBL over431

regions influenced by deposition. The reduction in the deposition velocities is rather large432

but the uncertainty of the underlying measurements [Conrad and Seiler, 1985; Yonemura433

et al., 2000] for the original deposition parametrisation is also significant (>30%). Using434

an effective Earth soil surface area for deposition of 90×106 km2 [Novelli et al., 1999], the435

D R A F T September 14, 2012, 9:49pm D R A F T



G. PIETERSE ET AL.: REASSESSING THE VARIABILITY IN ATMOSPHERIC H2 X - 25

derived global average deposition velocity yields 4.0×10−2 cm s−1. This value is well in436

the range of previously reported deposition velocities, extensively summarised by Ehhalt437

et al. [2009].438

In contrast, increasing the deposition resistance values for snow and water439

surfaces, wetted surfaces, vegetation leaf surfaces and leaf mesophyll tissue440

(S2, black dashed line) leads to a large overestimation in the modelled H2441

mixing ratios. Thus, deposition is clearly underestimated in this scenario.442

Reducing the in-canopy deposition resistance (S3a, blue lines) leads to much443

better agreement with the observations, especially at the background stations (e.g.444

at Mace Head and Jungfraujoch). Remaining discrepancies between the model results445

and the non-background observations in Figure 1 (e.g. at Cabauw and London) can be446

attributed to the limited model resolution and are further explored in Section 3.3and more447

specifically for Mace Head in Section 3.5. As expected, the lower in-canopy resis-448

tance combined with lower ocean H2 emissions due to N2 fixation (S3b, orange449

lines) leads to agreement between the model and the measurements similar to450

scenario S2b. This is also the case when the soil deposition velocities for forest451

and Savannah ecosystems are increased whereas the velocities are decreased452

for agricultural regions (S3cm red lines). Decreasing the fossil fuel emissions453

(S4, magenta lines) leads to a very poor model performance, especially for454

London and the other low-altitude continental stations. Increasing the pho-455

tochemical removal of H2 by OH (S5, purple lines) also appears an efficient456

method to improve the agreement between the model and measurements.457
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These findings are confirmed by the χ̃2-values in the first row of Table 2.458

The value of 0.9 for χ̃2 confirms that scenario S3a is in good agreement with459

the observations and that for scenarios S3b and S3c, a similar performance460

is achieved. The large χ̃2-value of 2.9 obtained for scenario S4 confirms that461

reducing the fossil fuel emissions does not lead to a better model performance.462

Of course, this does not exclude the possibility that a combination of changes463

in the different processes will lead to a better agreement with the observations,464

as for example in scenario S3b, but it clearly suggests that a substantial part465

of the mismatch between scenario S2 and the observations is attributable to466

too little removal of H2, either by deposition or by photochemistry.467

The increased fossil fuel emission scenario leads to an improvement compared to the468

reference case but the gap is not closed completely (red lines in Figure 1). This is469

because an increased mixing ratio in the PBL also leads to an increase in deposition470

and photochemical removal, as will be further detailed in Section 4. The comparison of471

the scenario results with the independent data provided by CSIRO confirms that reducing472

deposition leads to the best overall agreement (blue lines in Figure 2). In particular in the473

Southern Hemisphere (SH), increased fossil fuel emission scenario is less efficient than the474

reduced deposition scenario. Further increasing the emissions related to the use of fossil475

fuels would probably fully close the gap between the model but as Section 4 will show,476

this is not a plausible scenario.477

The comparison of the scenario results with the independent data provided478

by CSIRO shows that scenario S3a (blue lines) slightly overestimates the H2479

mixing ratios for the stations on or near Antarctica. This suggests that either480
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too much H2 is emitted or too little H2 is removed on the SH. In our previous481

study, the model results showed better correspondence with the measurements482

performed at the South Pole. This might have been caused by the erroneous483

uptake of H2 due to deposition to the SH oceans. One budget term that484

can offset these high southern latitude H2 levels are the H2 emissions from485

the oceans. Indeed, reducing the H2 emissions due to nitrogen fixation to the486

oceans (S3b) shows a slight improvement in the agreement between the model487

results and observations. This improvement indicates that the emission source488

strength of 5 Tg H2/yr due to N2 fixation in the oceans might be too large,489

possibly only for the Arctic and Antarctic regions, as suggested earlier by490

Herr et al. [1981, 1984]. Alternatively, the overestimation could be caused by491

the larger vegetation resistances in the corrected deposition scheme resulting492

in much lower deposition velocities calculated the rainforest and Savannah493

ecosystems than calculated in Pieterse et al. [2011]. Indeed, the agreement also494

improves by increasing the deposition velocities for the forest and Savannah495

ecosystem types (S3c). The results obtained with the scenario S4 and S5496

are slightly worse than the results obtained with scenario S3a–S3c, which is497

reflected by the larger χ̃2-values (1.3 and 1.4, respectively) in the second row498

of Table 2. Overall, scenario S3b and S3c lead to the best agreement (χ̃2=1.0).499

Just as in our previous study [Pieterse et al., 2011], the model does not precisely capture500

the seasonal cycle at Alert well because it assumes that little or no deposition will occur501

in (partly) snow covered regions. Hence, deposition will starts affecting the modelled H2502

mixing ratios three months later in the season than observed in the measurements. The503
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measurements at Mauna Loa show more variability than captured by the model because504

of the very coarse model resolution (6 by 4 degrees) at that location. As the largest part505

of the surface of the corresponding grid cell lies above the Pacific Ocean, the modelled506

values cannot capture the effect of local emissions from Hawaii on the measured H2 mixing507

ratios.508

3.2. Latitudinal variability in δD [H2]

Figure 3 shows the modelled latitudinal gradient in δD [H2], sampled at the oceanic509

meridians, compared to available measurement data. The model results using the new510

stratospheric parametrisation yield a much better agreement with the measured isotopic511

compositions, especially when combined with the reduced deposition scenario S2 (blue512

line) and S6 (purple line). Increasing the emissions related to fossil fuel usage (red line)513

also improves the agreement between model and observations on the SH, but in the NH514

the model still underestimates the measured isotopic signature.515

The results of scenario S2–S3c are in much better agreement with the ob-516

servations than scenario S1. This is partly caused by the new stratospheric517

parametrisation. Depending on the CH4 mixing ratio, the parametrised strato-518

spheric values for δD [H2] are >10h larger in this work than the values obtained519

with the parametrisation used in Pieterse et al. [2011]. The actual corrections520

imposed by the new stratospheric parametrisation are discussed in Section 4.521

The χ̃2-values for the isotope results are shown in the third row of Table 2.522

Because the uncertainty in the measurement data is large, it is not possible523

to make a statistically sound distinction between scenarios S2–S3c. It how-524
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ever obvious that scenarios S4 and S5 do not agree with the measurements,525

especially for the NH.526

FurtherA more quantitative comparison between scenarios S2–S3c can be527

found in support for scenario S2 can be found in the seasonal evolution of the modelled528

latitudinal gradient of δD [H2] and H2 mixing ratios measured at 5 stations (Alert, Mace529

Head, Cape Verde, Amsterdam Island, and the South pole) in the EuroHydros project530

[Batenburg et al., 2011], averaged for the years 2007 and 2008 (see Figure 4). Again, it531

is clear that scenarios S4 and S5 do not lead to realistic values for δD [H2] and532

are therefore not further discussed here. The χ̃2-values for the goodness of fit533

of the isotopic compositions in the fourth row of Table 2 show that scenarios534

S2–S3c are in good agreement with the observed mean latitudinal gradient535

of δD [H2]. At the same time, the χ̃2-values for the accompanying H2 mixing536

ratios shown in the fifth row of Table 2 are poor for scenarios S2 and S3a.537

Thus, scenarios S2b and S2c show the best performance for the H2 mixing538

ratios and isotopic compositions that were measured simultaneously at the539

EuroHydros stations.540

The seasonal mean values assigned to the highest NH latitude are obtained using mea-541

surements from Alert. Here, the discrepancy between the results of both model scenarios542

and the observed seasonal cycle is again attributed to the fact that in TM5, it is assumed543

that deposition in the snow-covered regions does not occur (see Section 3.1).544

Another clear feature is the consistent negative bias relative to the observed iso-545

topic composition at the highest SH latitudes (also visible in Figure 3), except546

for scenario S3b., although the H2 mixing ratio is modelled well. At these high547
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SH latitudes, deposition and surface sources cannot directly influence the isotopic548

compositions.However, it appears that reducing the global emission source549

strength for H2 due to N2 fixation processes in the oceans leads to too large val-550

ues for δD [H2] at the mid latitude stations. Possibly, these emissions are only551

overestimated for the Arctic and Antarctic regions [Herr et al., 1981, 1984].552

The larger values for the isotopic composition might insteadalso be explained by the ex-553

change of tropospheric air with stratospheric air that is much more enriched in HD in554

the Antarctic region than at the lower SH latitudes. The modelled isotopic composition555

from 30◦S to 90◦S is very sensitive to the isotopic composition that is assumed for the556

stratosphere from 60◦S to 90◦S [Pieterse et al., 2011]. For this region, a negative bias of557

10h between the modelled surface values and observations, as shown in Figure 4, can558

be explained by underestimating the isotopic composition in the stratosphere by 20h.559

Possibly, this is related to the CH4 background values that are used to calculate the560

stratospheric boundary condition. At latitudes above 60◦S, these fields show CH4 mixing561

ratios at the tropopause that are up to 25% lower than for instance a climatology obtained562

from the Halogen Occultation Experiment [Grooß and Russell III, 2005]. This can be563

the result of model transport errors in the STE [Noije et al., 2004; Pieterse564

et al., 2011]. In view of Equation 1, these discrepancies could easily explain why the SH565

isotopic compositions are underestimated by the current TM5 model setup. As the differ-566

ences between the modelled and observed H2 mixing ratios are small, it is not expected567

that this discrepancy is of large importance for closing the global H2 budget.568

For the reduced deposition scenario, the overall correction is small in terms of569

contribution to the overall isotopic composition up to a pressure height of 100 mbar570
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(+2h instead of +59h), see Table 3 in Section 4. At the same time, the increased571

fossil fuel emission scenario requires a correction of +52h. Thus, the reduced deposition572

scenario driven by ERA-Interim data requires less stratospheric forcing to match the573

model results with the global observations at the surface as well as the lower stratosphere.574

In other words, this scenario explains a significant part of the observed variability in H2575

and δD [H2].576

3.3. Regional scale variability in H2 over Europe

In this section, the model results obtained using the high resolution model sub-domain577

over Europe are analysed for the years 2007 and year 2008.Figure 5 shows the aggregated578

hourly average H2 mixing ratios as a function of ECMWF surface wind direction for a579

selection ofthe 8 EuroHydros stations where continuous measurements were performed.580

The median, upper quartile, 95th percentile, lower quartile, and 5th percentile were cal-581

culated over all values attributed to each wind sector. The median is shown as the white582

horizontal line in each coloured bar that is bound by the lower and upper quartile. The583

5th percentile and 95th percentile are shown as whisker lines. Scenarios S1, S2, S3a584

and S4 and S5 are not shown in the figure because their overall performance585

for the EuroHydros stations was poorer than for scenario S3b and S3c (see586

Section 3.1). Because scenario S3b and S3c showed a similar performance,587

only the results of scenarios S3c are shown here for clarity.588

As before, the reference scenario (black) consistently underestimates the measured H2589

mixing ratios (green) whereas the reduced deposition scenario (blue) shows the best overall590

agreement with the observations. The modelled values for this scenario show a good591

correspondence with the measurements, with the exception of specific wind directions,592
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e.g. the East to South-East wind sector for the station at Cabauw. In these cases, both593

the reduced deposition scenario as well as the increased fossil fuel emission scenario (red)594

either significantly over- or underestimate the measured values and variability. To further595

investigate the causes for these discrepancies, the differences between the modelled median596

values of the reduced deposition scenario and theand observed median H2 mixing ratios597

are shown as coloured wind roses in a map plot in Figure 6.598

At Mace Head [Grant et al., 2010], the modelled median H2 mixing ratios corresponding599

to the marine sector (South to North-West) agree well with the measurement data, whereas600

the model underestimates the observations in the land sector. This indicates again that601

either deposition is overestimated or that the surface emissions are underestimated. The602

results for the station in Egham located West to South-West of London are clearly603

affected by the fact that the model grid cell containing this station also contains a highly604

populated urban area (and the associated emissions) whereas the station itself is located605

in a rural area West of the London city centre. As a result, the measurements affected606

by the emissions from London city (Easterly wind sector) are relatively well captured by607

the model, whereas the model results from the other wind directions overestimate the608

measured H2 mixing ratios. The results of the increased fossil fuel emission scenario are609

slightly better for the measurements affected by the emissions from London city. The610

other wind directions also improve because deposition is also stronger in this scenario.611

The measurements performed at the tall tower station near Cabauw in The Netherlands612

are strongly influenced by urban activity [Popa et al., 2011]. Contrary to the station near613

London, the station at Cabauw is located in a grid cell with much less urban influence614

than representative for this site. In reality, the measurements are severely influenced by615
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emissions originating from the urban and industrial areas in Utrecht (The Netherlands),616

the Ruhr area (Germany), and Antwerp (Belgium), from the Northern to South-Westerly617

wind directions, respectively. Hence, the model results in the marine sector (West to618

North) are in closest agreement with the observations, while the measurements are un-619

derestimated for other wind directions.620

For similar reasons, the measurements at Gif sur Yvette are underestimated in the wind621

sector where the station is influenced by the city of Paris (North to North-East). At622

Weybourne (United Kingdom), the signals arriving from the urban area of Norwich, South-623

East of the station, are adequately captured by the model. For the Southern to Western624

wind directions, the model overestimates the H2 mixing ratios because the emissions in625

the grid-cell containing the Weybourne station are larger than representative for these626

wind directions. Similarly, deposition is overestimated for the Northern to Eastern wind627

directions.628

In Heidelberg and Taunus (Germany), the model results are generally in good agree-629

ment with the observations, as is the case for the observations at the Jungfrau-630

joch in Switzerland [Bond et al., 2011].measurement results, with the exception of631

the measurements influenced by air masses arriving from the area of Stuttgart located East632

to South-East of the station. The overestimated values for the modelled H2 mixing ratios633

in Figure 5 suggest that the emissions that are implemented for this area are probably634

overestimated, while the emissions of other anthropogenic sources such as Heidelberg635

City, or the industrial regions in the North-West are well represented. At Taunus,636

also in Germany, the results for the reduced deposition scenario agree well with the637

measurements, as is the case for the measurements performed at the Jungfraujoch in638
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Switzerland [Bond et al., 2011]. For the station located North-West of Bialystok (Poland),639

the model underestimates the measured H2 mixing ratios arriving from the city nearby640

the tower. The H2 mixing ratios in airAir masses arriving from the East and North-641

East are very likely influenced byare also underestimated, which means that the642

deposition of H2 to the large evergreen forest and arable regions in the direct vicinity East643

and North-East of the station is overestimated.644

The χ̃2-values in the sixth row of Table 2 confirm that scenarios S3b and S3c645

show the best overall agreement with the continuous observations from the646

EuroHydros project. Scenario S5 is not considered here because of its poor647

performance for the comparisons in the previous sections. More detailed anal-648

ysis on the main contributors to the overall χ̃2-values revealed that none of the649

model scenarios produces realistic values for the station at Egham. Indeed,650

removing the data from this station results in χ̃2-values closer to unity, see651

seventh row in Table 2. In all, the model results for the reduced deposition scenario652

compare well with the available measurement data. The remaining discrepancies between653

the model results and the measurement data can in general be attributed to the limited654

representativeness of the relatively coarsely gridded model surface emissions and deposi-655

tion mass fluxes for capturing certain station specific local influences. Such representation656

errors were also found in integrated model studies investigating other species, for example657

carbon dioxide [Patra et al., 2008].658

4. Implications for the global budget

Table 3 shows the global budgets for the year 2008 of the reference scenario, the reduced659

deposition scenario and the increased fossil fuel emissionall seven scenarios, along with660
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a selection of previously derived budgets. The atmospheric burden of 165 Tg H2 asso-661

ciated with the reduced deposition scenario (S2, 165 Tg H2) scenarios that agree best662

with the observations, i.e. scenario S3b and S3c, is significantly larger than the663

burden for the reference scenario (S1, 154 Tg H2). This increase of 7.1% is much larger664

than corrections related to the calibration scale revision (see Section 2.4) and requires665

further explanation.The budget of the two-way nested setup of the TM5 model with a666

high resolution zoom over Europe and the Northern part of Africa used for this study667

yields a slightly different global budget compared to the previous setup. Due to slower668

vertical mixing associated with the use of ERA-Interim data,much steeper near-surface669

gradients are obtained because the calculated PBL heights are on average 10%670

smaller. This leads to near-surface mixing ratios that are muchlarger compared to the671

free tropospheric mixing ratios . This results and, as a consequence, toin stronger672

removal of H2 by deposition compared to the previous model setup (see Table 3). and673

tTherefore, the modelled tropospheric burden is smaller for scenario S1.674

We conclude from this analysis that the deposition velocities used in our previous study,675

despite being scaled down to 90% of the original values from Sanderson et al. [2003]676

already, appear to be too large. Decreasing the deposition velocities further to 75% of677

the original values leads to an increase of 11 Tg H2 in the tropospheric burden. The678

new stratospheric parametrisation (see Section 2.5) for the H2 mixing ratio adds another679

2 Tg H2, leading to an overall increase of 11 Tg H2 in the tropospheric burden.680

The difference between the results of scenarios S1 and S2 shows the impact681

of using larger resistance values (1·105 ms−1 sm−1) for the deposition of H2 to682

snow and water surfaces, wetted surfaces, vegetation leaf surfaces, and leaf683
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mesophyll tissue. Clearly, the values for the tropospheric burden and atmo-684

spheric lifetime (176 Tg H2 and 2.6 years) obtained with scenario S2 are too685

large. At the same time, the correction required for the stratospheric iso-686

topic compositions of -137h also shows that values obtained for δD [H2] in the687

stratosphere are unrealistic. Reducing the in-canopy resistance term (scenario688

S3a) drastically improves the overall model performance. The results in the689

previous sections showed that the remaining gap of 2 Tg H2 between scenario690

S3a and scenario S3b or S3c is likely caused by either too little removal or691

too large emissions on the SH; reducing the H2 emissions due to N2 fixation692

in the oceans (scenario S3b) further improves the model performance. The693

approach of decreasing the soil deposition resistances for forest and Savannah694

ecosystem types (scenario S3c) leads to a comparable improvement. Alterna-695

tively, decreasing the biomass burning emissions could improve the agreement696

between the model and the observations of H2. This would probably also697

increase the isotopic compositions on the SH, leading to a better agreement698

with the observations of δD [H2], as was the case for scenario S3b.699

Overall, the updated stratospheric boundary conditionparametrisation imposes a700

smaller correction on the results produced by the stratospheric H2 chemistry scheme701

in scenario S3a–S3c than the previous version implemented in the reference scenario702

(less thanaround 1.0 instead of 2.4 Tg H2). Also, the results produced by scenario703

S3c using the new stratospheric boundary condition require only a small no correction704

in the isotopic composition from the stratospheric parametrisation of 2h. Thus,705

the slower vertical transport in the driving ERA-Interim meteorology results in a more706
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consistent H2 budget predicted by the TM5 model. That is, scenario (S3c) driven by707

ERA-Interim data explains an important part of the observed variability in708

H2 and δD [H2].709

An increase of 9 Tg H2 in the fossil fuel usage related emissions would be required to710

match the tropospheric burden calculated by the reduced deposition scenario. The analy-711

sis in Section 3.1 and Section 3.2 showed that the agreement between the mod-712

elled H2 mixing ratios and isotopic compositions and the observations from713

the EuroHydros network was very poor for scenario S4. Moreover, theThe714

resulting overall fossil fuel emission source magnitude of 26.0 Tg H2/yr3.2 Tg H2/yr is715

outside the reported range of 75–25 Tg H2/yrreported by a large number of studies (see716

Table 3), and is therefore considered unrealistic.less probable. Moreover, the resulting717

isotopic composition up to 100 mbar without the correction due to the stratospheric718

parametrisation is estimated at +96h. This value is much smaller than the value of719

+140-2=+138h produced by the reduced deposition scenario.720

For similar reasons, it is also not obvious to close the global budget by721

increasing the photochemical removal (scenario S5). In order to obtain the722

required increase of 9.5 Tg H2/yr in the photochemical removal of H2, the rate723

coefficients of the reactions of H2 and HD with OH had to be increased by 53%.724

This perturbation is outside the range of uncertainty of ±10% reported by725

Sander et al. [2006]. Furthermore, the resulting overall sink of 34.1 Tg H2/yr726

is outside the range of 14–24 Tg H2/yr reported in earlier studies, see Table 3.727

A scenario to investigate the impact of reducing the photochemical source to728

23 Tg H2/yr was not considered because this approach would imply an unreal-729
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istically low photochemical source for CO from formaldehyde. Like H2, CO is730

photochemically produced from formaldehyde and therefore, the photochem-731

ical source magnitudes of both species are intertwined [Sander et al., 2006].732

Contrary to H2, the photochemical source magnitude of CO is well constrained733

because deposition plays only a minor role in the removal of CO from the at-734

mosphere [Houghton et al., 2001]. In this TM5 model setup, 1.24 Pg CO/yr735

is produced from formaldehyde, which is in good agreement with the photo-736

chemical source magnitudes of 1.24 and 1.29 Pg CO/yr reported by Houghton737

et al. [2001] and Kopacz et al. [2010], respectively. In all, the TM5 chemistry738

scheme produces 34 Tg CO per Tg H2 from formaldehyde, which also agrees739

well with the expected ratio of 36 Tg CO per Tg H2 reported by Ehhalt and740

Rohrer [2009]. A reduction of the photochemical source strength for H2 to the741

above mentioned value would therefore yield a photo chemical source strength742

for CO between 0.78 and 0.83 Pg CO/yr. These values would be too small in743

view of the reported values.744

For similar reasons, Ehhalt and Rohrer [2009] have postulated that the budgets745

reported by Rhee et al. [2006] and Xiao et al. [2007], see Table 3, might be compro-746

mised by an unrealistically large photochemical source of H2 compared to what is ex-747

pected from the photochemical source of CO. The modelled background CO mixing ratios748

presented in Section 3.5 are too low because the CO emissions used in this model version749

of TM5 are too small (Huijnen et al., 2010). The CO emissions due to fossil fuel, bio750

fuel, and biomass burning add up to 706 Tg CO/yr instead of the established value of751

1350 Tg CO/yr (Houghton et al., 2001; Kopacz et al., 2010). It is also lower than the752
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value of 1110 Tg CO/yr recently estimated using the 4D-Var data assimilation system753

implemented in TM5 (Hooghiemstra et al., 2012). However, only the photochemical754

source magnitude of CO is relevant to validate whether the photochemical production of755

H2 is realistically modelled by TM5.Using the ratio of 34 Tg CO per Tg H2, the photo-756

chemical source magnitudes for H2 of Rhee et al. [2006] and Xiao et al. [2007] in Table 3757

imply photochemical source magnitudes of 2.17 and 2.61 Pg CO/yr, respectively. These758

magnitudes are a factor of 1.7 and 2.1 larger than the present-day estimates and indicate759

that a photochemical source magnitude of 37 Tg H2/yr would have been more realistic.760

Because this analysis is performed by using a chemical reaction mechanism761

implemented in a full global CTM, these results form an independent confirma-762

tion of the conclusion by Ehhalt and Rohrer [2009] that the above mentioned763

large estimates for the removal of H2 by deposition should not be used for764

future studies.765

Therefore, also from the perspective of the isotopic compositions,Since the reduced766

deposition scenario S3c produces the most realistic values for the H2 mixing767

ratios, requires lesslittle stratospheric forcing for the H2 mixing ratios and768

isotopic compositions, deposition is identified as the most sensitive parameter769

to re-establish a closedthe global H2 budget. Because of the high impact of770

deposition on the budget, the vertical transport in the model plays a very771

important role for H2 in the troposphere. The magnitude of the deposition772

term in the budget shows a strong dependency on the vertical transport,773

indicating that H2 and its isotopic signature put important constraints on774

atmospheric transport processes such as STE.stratosphere-troposphere exchange.775
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5. Conclusions

We have further tested and updated the molecular hydrogen (H2) isotope chemistry776

scheme in the two-way nested TM5 model [Krol et al., 2005; Pieterse et al., 2011].using777

measurements from the European EuroHydros project and measurements of the isotopic778

composition in the stratosphere performed within the CARIBIC program. Additional779

CSIRO data were used to independently evaluate the model performance. All H2780

measurements used in this study are calibrated to the MPI-2009 calibration scale recently781

adopted from Jordan and Steinberg [2011]. At the start of this study,In a first sim-782

ulation (scenario S1) with the reference H2 chemistry scheme underestimated the at-783

mospheric burden of H2 was underestimated by 7.1%. This percentage is larger than784

the differences of 2.0–3.5% between the MPI-2009 scale and the old calibration scales.785

The additional gap is a consequence of using ERA-Interim meteorology for the model786

simulations described in this study. These data show less resolved vertical exchange than787

the operational data used in our previous study, and produce larger show more at-788

mospheric stability resulting in increased values for the near-surface H2 mixing789

ratios compared to the free tropospheric mixing ratios. As a result, the removal of H2 by790

deposition increases , leading to the observed decrease in and the modelled atmospheric791

burden of H2 decreases.792

During this research, we found that our previous study [Pieterse et al.,793

2011] overestimates the H2 deposition to snow, water and vegetation surfaces.794

Avoiding deposition to these surfaces leads to an overestimate of the tropo-795

spheric burden of 6.7% (S2). We propose a reduced in-canopy resistance,796

corresponding with canopy mixing times of 1–2 hours, to describe the trans-797
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port of H2 through the canopy to the soil underneath. We further explored798

scenarios in which the H2 emission from N2 fixation is reduced. Indeed, we799

are able to close the H2 budget and to obtain a good correspondence with800

available H2 and δD [H2] observations. Deposition is identified as the process801

to which the H2 budget is most sensitive. Other processes, such as fossil fuel802

emissions and oxidation by OH require much larger perturbations to close the803

H2 budget. Thus, uncertainties in these parameters may play a role, but the804

required perturbations for single processes are often outside their established805

uncertainty ranges.806

Two scenarios were considered to re-close the H2 budget. In the first scenario,807

the removal by deposition was reduced by 5 Tg H2/yr whereas in the second scenario,808

the emissions related to the usage of fossil fuels were increased by an equal amount.809

Comparison of the modelled H2 mixing ratios with the monthly median values of the810

data from the EuroHydros and CSIRO networks show a much better performance for811

the reduced deposition scenario than for the increased fossil fuel emission scenario, see812

Section 3. Additionally, the modelled values of δD [H2] in the increased fossil fuel emission813

scenario require a much larger stratospheric correction to match the model results to the814

measured stratospheric isotopic compositions. The reduced deposition scenario requires815

only a small correction of +2h. The performance of the reduced deposition scenario is816

also very satisfactory for the regional scale. Discrepancies between the model results and817

the measurements are mainly related to the limited representativeness of the model for818

capturing certain station specific local influences due to limited resolution.819
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Because the reduced depositionAll in all, scenario S3c produces the most realistic820

model results for H2 and δD [H2], it is adopted to update the global budget of H2 pre-821

viously reported in Pieterse et al. [2011]. The tropospheric burden is now estimated at822

165 Tg H2, and the magnitudes of removal of H2 by deposition and photochemical oxida-823

tion at 53 and 23 Tg H2/yr, respectively. This results in a tropospheric lifetime of 2.2 yr.824

The photochemical production is estimated at 37 Tg H2/yr. Perturbing the magnitudes of825

the above mentioned sources and sinks by more than a few Tg H2/yr, leads to significant826

differences between the modelled values and observations of H2 mixing ratios and isotopic827

compositions.The obtained agreement between the modelled and measured H2828

mixing ratios and isotopic compositions is very sensitive to relatively small829

perturbations (≤5 Tg H2/yr) in the removal of H2 by dry deposition. It is830

therefore expected that the proposed budget provides a sufficiently accurate baseline sce-831

nario to evaluate the impact of increasing H2 emissions on tropospheric chemistry and832

climate.833
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Figure 1. Comparison of modelled monthly median H2 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 S6 (purple). The shaded areas indicate the lower and upper quartile of the variability in the
measurements and model results. Dates on the x-axis are shown in MM-YY format.
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Figure 2. Comparison of modelled monthly median H2 mixing ratios with available measurements from the flask sampling CSIRO
network. The circles represent the event samples. The following model scenarios are shown: S1 (dotted), S2 (dashed), S3a (blue), S3b
(orange), S3c (red), S4 (magenta) and S6 (purple). The shaded areas indicate the lower and upper quartile of the variability in the
model results. Dates on the x-axis are shown in MM-YY format.
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Figure 3. Comparison of the modelled free oceanic latitudinal gradient of δD [H2] in marine air 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 represent 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 S6 (purple). The latter twoScenario S2-S6 use
the updated stratospheric parametrisation derived from the CARIBIC measurements [Batenburg et al., 2012] as upper boundary condition.
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Figure 4. Comparison of the modelled seasonal mean latitudinal gradients of the H2 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 measurements and model results. The following model
scenarios are shown: S1 (dotted), S2 (dashed), S3a (blue), S3b (orange), S3c (red), S4 (magenta) and S6 (purple). Scenario
S2-S6 use the updated stratospheric parametrisation derived from the CARIBIC measurements [Batenburg et al., 2012] as
upper boundary condition.
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Figure 5. Comparison of modelled H2 mixing ratios obtained with scenario S3c 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.
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Figure 6. Overview of the difference between the modelled and measured H2 median mixing ratios of the reduced deposition scenario
S3c(top) and increased fossil fuel emission scenario (bottom), calculated per wind sector and shown as a coloured wind rose around the
location of each station (white circle). Urban areas shown in grey were obtained from the Corine Land Cover (CLC) 2006 database [EEA,
2007]. The 1 by 1 degree grid cells that belong to each station are shown as dashed red squares.

Table 1. Overview of scenarios aiming at closing the global budget of H2 and δD [H2].

Name Explanation Change in Change in
Budget terma Burdenb

S1 Different meteorologyc - −1.9%
S2 Corrected deposition parametrisation - +12.1%
S3a Reduced in-canopy deposition resistance +16.8% +6.4%
S3b Reduced in-canopy deposition resistance + +15.7% +5.1%

Decreased ocean N2 fixation emissions −40.0%
S3c Adjusted depositiond +20.2% +5.1%
S4 Decreased fossil fuel burning emissions −81.3% +5.1%
S5 Increased photochemical removal +39.2% +5.1%

a This is the observed relative change in the corresponding budget term compared to scenario S2, see Table 3.
b The changes in the burden for scenario S1 and S2 are calculated relative to the burden of 157 Tg H2/yr reported in Pieterse et al. [2011].
c This is the unchanged implementation of the model described by Pieterse et al. [2011] driven by ERA-Interim meteorology.
d In order to reduce the inter-hemispheric 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 H2 mixing ratios decrease, whereas the NH mixing ratios remain more or less the same.

D R A F T September 14, 2012, 9:49pm D R A F T



X - 64 G. PIETERSE ET AL.: REASSESSING THE VARIABILITY IN ATMOSPHERIC H2

Table 2. Overview of χ̃2–valuesa for different model scenarios for H2 and δD [H2].

Sampling
Parameter n

χ̃2

method S1 S2 S3a S3b S3c S4 S5

Performance per comparison study

Section 3.1, EuroHydros data noon-timeb H2 10426 4.5 2.3 0.9 1.0 1.1 2.9 0.8

Section 3.1, CSIRO data event H2 663 4.5 9.7 1.6 1.0 1.0 1.3 1.4

Section 3.2, Mean latitudinal gradient c δD [H2] 48 1.5 0.4 0.4 0.8 0.4 1.7 4.3

Section 3.2, Seasonal latitudinal gradient event δD [H2] 321 3.0 0.9 0.9 0.8 1.0 3.9 5.1

Section 3.2, Seasonal latitudinal gradient event H2 382 6.8 12.1 1.7 1.2 1.1 1.5 2.3

Section 3.3, EuroHydros data continuous H2 72026 5.9 4.7 1.1 1.1 1.2 3.7 1.2

Section 3.3, EuroHydros data (w/o London) continuous H2 63392 6.4 4.7 1.0 1.0 1.1 3.5 1.0

Overall performance for H2

83497 5.8 4.5 1.1 1.1 1.2 3.6 1.1

Overall performance for δD [H2]

369 2.8 0.9 0.9 0.8 0.9 3.6 5.0

a See Equation 10 in Section 2.4.
b The local noon-time model results were sampled for this comparison, see Section 2.4.
c 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.
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