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S1 Supporting text

S1.1 Missing source estimate

Following Ghosh et al. (2015), the changes in the H2 source (∆S(H2)) needed to reduce the model
bias (∆H2(sfc)) can be estimated as:

∆S(H2) = K1
d(∆H2(sfc))

dt
+K2∆H2(sfc) (1)

where K1 is the ratio of the simulated H2 burden to the simulated surface concentration of H2, K2

is the ratio of the simulated loss of H2 to the simulated surface concentration of H2, and ∆H2(sfc)
is the difference between observed and simulated H2. Here ∆S(H2) is estimated from the bias as
background sites.

S1.2 REVISED anthropogenic emissions

In the BASE simulation, anthropogenic emissions are assumed to solely originate from combustion
processes and calculated using time-invariant and source-specific H2 to CO emission ratios (Table
S1) that reflect the water–gas shift reaction.

The REVISED emission inventory incorporates a more detailed treatment of H2 emission factors.
In particular, we account for the difference between gasoline- and diesel-powered vehicles and for
the increase in the H2 to CO emission ratio associated with three-way catalytic converters (Bond
et al., 2010, 2011). H2 vehicular emissions are estimated using H2:CO emissions ratio (Table S1) and
ECLIPSEv6 CO region- and vehicle-type specific emissions (Klimont et al., 2017). These changes re-
sult in a model decrease in transportation emissions in 2010 (5.5 Tg/yr vs 5.8 Tg/yr).The REVISED
emission ratio for biofuel and waste are from Andreae (2019). Following Vollmer et al. (2012), we
assume that other residential emissions of CO (e.g., oil and gas stoves) do not produce H2.

The industrial emission ratio is not modified between the BASE and REVISED emissions inven-
tories. However, in the REVISED inventory, we use the Emissions Database for Global Atmospheric
Research (EDGAR) v6.1 industrial CO emissions instead of CEDS to estimate industrial H2 emis-
sions. These inventories exhibit different trends for CO (+8.7 Tg/yr for EDGAR and -30.7 Tg/yr for
CEDS in 2018 relative to 2010), which translate to different trends in H2 emissions (+0.1 Tg/yr and
-0.4 Tg/yr, respectively). We select the EDGAR inventory as we identified the decrease in industrial
H2 as one of the main drivers for the decline in anthropogenic emission in the BASE inventory.

The REVISED inventory also includes a non-combustion source of H2 associated with H2 indus-
trial production (primarily for NH3 production and refining (International Energy Agency, 2019)).
H2 release from such facility is uncertain due to the lack of sensing technology. Recent estimates
range from 0% to 2.7% (Arrigoni and Bravo Diaz, 2022; Fan et al., 2022; Frazer-Nash Consultancy,
2022). Here we assume a 2% release rate (Bond et al., 2011), which yields an estimated source of
1.5 Tg/yr in 2010 and 1.8 Tg/yr in 2019.

S1.3 REVISED natural emissions

In the REVISED inventory, marine H2 emissions are calculated interactively (Johnson, 2010; Paulot
et al., 2021) from the simulated distribution of surface seawater CO (Conte et al., 2019), scaled to
produce a net flux of 6 Tg/yr. We use CO as a proxy for biological activity following Pieterse et al.
(2011). Relative to the BASE inventory, the REVISED inventory exhibits higher emissions in the
tropics and lower emissions in the Southern ocean, which reflects changes in the solubility of H2

(Fig. S3a).
The soil source of H2 is distributed following the simulated land biological nitrogen fixation from

the MIROC-ES2L Earth system model (Hajima et al., 2020). The soil H2 flux is set to 4.5 Tg/yr,
which is at the high end of previous estimates (Ehhalt and Rohrer, 2009). MIROC-ES2L explicitly
accounts for biological nitrogen fixation by crops. This results in much larger H2 emissions in the
Northern mid latitudes relative to the BASE soil emissions.

Biomass burning emissions are kept unchanged from Paulot et al. (2021). However, we note that
using the emission factors of Andreae (2019) would reduce H2 emissions from 8.3 to 6.1 Tg/yr over
the 2010–2019 period. This is less than previous estimates (10–20 Tg/yr) (Ehhalt and Rohrer, 2009;
Andreae, 2019), which may partly reflect an underestimate in the global burned area in GFED4s
(Chen et al., 2023).
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S1.4 Deposition sensitivity

The deposition velocity of H2 can be expressed as

1

vd(H2)
=

1

gi
+

1

gs
(2)

where gi and gs represent the H2 conductance through barriers that reduce the transport of H2

to active sites (e.g., canopy, litter, ...) and in the soil.
The conductance in the soil is expressed after Ehhalt and Rohrer (2013) as

gs =
√
km hT f Ds (3)

where hT and f are the sensitivity of H2 biological uptake to temperature and soil moisture, respec-
tively, Ds is the moisture-dependent diffusivity of H2 in the soil, and km represents the maximum
uptake rate of H2. We assume that km is spatially invariant. All moisture dependencies are evaluated
after Bertagni et al. (2021). Namely, f is expressed as

f(s) =
1

N
(s− sws)

β1(1− sws)
β2 (4)

where sws is the threshold below which H2 consumption is inhibited. sws can be estimated as:

sws =

(
Ψ̃

Ψws

) 1
b

(5)

where the Ψ̃ and b constants can be determined experimentally (Bertagni et al., 2021) and Ψws

is the soil matrix potential below which bacterial uptake is inhibited. Given sws, β1 and β2 can be
estimated based on observational constraints (Bertagni et al., 2021).

For gi, we account for the impact of canopy and above-ground litter. For the canopy, we assume a
time-invariant conductance based on the vegetation type (Makar et al., 2018). The litter conductance
is estimated assuming a litter porosity of 0.62 (Wang et al., 2019). The litter depth is estimated based
on the simulated above ground carbon from the IPSL INCA model historical simulation (Boucher
et al., 2021) assuming a density of 0.03 g/cm3 (Chojnacky et al., 2009).

We carry sensitivity experiments in which the resistance due to litter and canopy conductance
are scaled by a factor between 0 and 2 and Ψws takes values between −105 and −103 kPa (compared
to -3000 kPa in REVISED GLDAS). For each combination, km is optimized to yield the same global
vd(H2) for year 2010. We find that the canopy resistance has little impact on the meridional gradient
and trend and we focus our analysis on the litter resistance.

Fig. S6 shows the measured and simulated vd(H2) at 7 different sites. As noted previously by
Paulot et al. (2021), all parameterizations tend to overestimate the variability in vd(H2) across sites.
In particular, vd(H2) is underestimated at Tsukuba and Mace Head (Fig. S6c and e). In contrast,
seasonality and magnitude are well captured by all parameterizations at temperate sites (a, b, d, g).
The large spread in simulated vd(H2) at the San Jacinto Mountain Reserve (desert) reflects different
degrees of inhibition of HA-HOBs under low soil moisture (Fig. S6f).
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S2 Supporting tables and figures

Table S1: Sector-based molar H2 to CO emission ratio

BASEa REVISED
Industrial 0.2 0.2
Residential

Biofuel 0.3 0.31 b

Other 0.3 0 c

Transportation
Gasoline-powered vehicles (up to EURO3) 0.5 0.5 d

Gasoline-powered vehicles (EURO4 and above) 0.5 1 d

Diesel-powered vehicle 0.5 0.0021 d

CNG-powered vehicle 0.5 0.04 d

Waste 0.07 0.32 b

a Paulot et al. (2021) b Andreae (2019) c Vollmer et al. (2012) d Bond et al. (2010, 2011)
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Figure S1: Location of the ground surface stations used in this study. 1.ALT 2.ASC 3.ASK 4.BHD
5.BMW 6.BRW 7.CBA 8.CGO 9.CIB 10.CPT 11.CRZ 12.DSI 13.EIC 14.GMI 15.HPB 16.HUN
17.ICE 18.IZO 19.KEY 20.KUM 21.LLN 22.LMP 23.MEX 24.MHD 25.MID 26.MLO 27.NAT
28.NMB 29.NWR 30.OXK 31.PAL 32.PSA 33.RPB 34.SEY 35.SGP 36.SHM 37.SMO 38.SPO
39.SUM 40.SYO 41.TAP 42.USH 43.UTA 44.UUM 45.WIS 46.WLG 47.ZEP. Further information
regarding each station can be found at Global Monitoring Laboratory (2023)
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Figure S2: Sectorial H2 anthropogenic emissions in the BASE (a) and REVISED (b) configurations
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Figure S3: Marine and soil H2 emissions in the BASE and REVISED emission inventories.
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Figure S4: Simulated CH2O loss (a) and H2 yield from CH2O and CH4. The yields are estimated
by dividing the 2010–2019 average column-integrated H2 production associated with CH2O and
CH4 photooxidation by the column-integrated chemical and depositional loss of CH2O and by the
phochemical loss of CH4, respectively.
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Figure S5: Changes in snow depth (a), soil temperature (b), soil moisture (as a fraction of pores
(c)) and their impact on H2 soil diffusivity (d), H2 bacterial uptake, (e) and H2 deposition velocity
(REVISED GLDAS, panel f) between years (2017–2019) and years (2010–2012).
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Figure S6: Comparison between simulated and observed H2 deposition velocity at (a) Harvard Forest
(temperate forest, (Meredith et al., 2016)), (b) Gif-sur-Yvette (pasture (Yver et al. (2009) (black);
Belviso et al. (2013) (grey)), (c) Tsukuba (Yonemura et al. (2000) for agricultural land (black)
and forest (grey)) (d) Helsinki (forest, Lallo et al. (2008)), (e) Mace Head (peat, Simmonds et al.
(2011)) (f) San Jacinto Mountain Reserve (desert, Smith-Downey et al. (2008)), (g) Heidelberg (semi-
urban, Hammer and Levin (2009)). Errorbars for the REVISED GLDAS and REVISED GLDAS2
configurations denote the standard deviation in the simulated monthly vd(H2) over the 2010–2019
period.

8



References

Andreae, M. O.: Emission of trace gases and aerosols from biomass burning – an updated assessment,
Atmospheric Chemistry and Physics, 19, 8523–8546, https://doi.org/10.5194/acp-19-8523-2019,
2019.

Arrigoni, A. and Bravo Diaz, L.: Hydrogen emissions from a hydrogen economy and their potential
global warming impact: summary report of the Clean Hydrogen Joint Undertaking expert work-
shop on the Environmental Impacts of Hydrogen, JRC130362, https://doi.org/10.2760/065589,
2022.

Belviso, S., Schmidt, M., Yver, C., Ramonet, M., Gros, V., and Launois, T.: Strong similarities
between night-time deposition velocities of carbonyl sulphide and molecular hydrogen inferred
from semi-continuous atmospheric observations in Gif-sur-Yvette, Paris region, Tellus B: Chemical
and Physical Meteorology, 65, 20 719, https://doi.org/10.3402/tellusb.v65i0.20719, 2013.

Bertagni, M. B., Paulot, F., and Porporato, A.: Moisture Fluctuations Modulate Abiotic and
Biotic Limitations of H2 Soil Uptake, Global Biogeochemical Cycles, 35, e2021GB006 987,
https://doi.org/10.1029/2021gb006987, 2021.

Bond, S., Alvarez, R., Vollmer, M., Steinbacher, M., Weilenmann, M., and Reimann, S.: Molecular
hydrogen (H2) emissions from gasoline and diesel vehicles, Science of The Total Environment,
408, 3596–3606, https://doi.org/10.1016/j.scitotenv.2010.04.055, 2010.

Bond, S., Gül, T., Reimann, S., Buchmann, B., and Wokaun, A.: Emissions of anthropogenic hydro-
gen to the atmosphere during the potential transition to an increasingly H2-intensive economy, In-
ternational Journal of Hydrogen Energy, 36, 1122–1135, https://doi.org/10.1016/j.ijhydene.2010.
10.016, 2011.

Boucher, O., Denvil, S., Levavasseur, G., Cozic, A., Caubel, A., Foujols, M.-A., Meurdesoif, Y.,
Balkanski, Y., Checa-Garcia, R., Hauglustaine, D., Bekki, S., and Marchand, M.: IPSL IPSL-
CM6A-LR-INCA model output prepared for CMIP6 CMIP historical, https://doi.org/10.22033/
ESGF/CMIP6.13601, 2021.

Chen, Y., Hall, J., van Wees, D., Andela, N., Hantson, S., Giglio, L., van der Werf, G. R., Morton,
D. C., and Randerson, J. T.: Multi-decadal trends and variability in burned area from the fifth
version of the Global Fire Emissions Database (GFED5), Earth System Science Data, 15, 5227–
5259, https://doi.org/10.5194/essd-15-5227-2023, 2023.

Chojnacky, D., Amacher, M., and Gavazzi, M.: Separating Duff and Litter for Improved Mass and
Carbon Estimates, Southern Journal of Applied Forestry, 33, 29–34, https://doi.org/10.1093/sjaf/
33.1.29, 2009.
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